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1. INTRODUCTION  

 

The power of Nanoscience and Nanotechnology is present in our modern life. This 

mysterious force, which exists at the colloid and molecular level, can be designed, 

engineered, and operated. It brings tangible and impressive benefits to almost every aspect 

of life. This was made manifest in unique, previously unavailable state-of-the-art 

technologies. Therefore, the potential of nanoscience and nanotechnology have awakened 

the interest of many scientists from different fields, such as materials science, chemistry, 

engineering, physics, and biology.  

Since anti-reflective coatings are important for a variety of applications, my goal was to 

develop new types of silica coatings with a low reflection index and a mesoporous structure. 

The foremost priority was the sustainable preparation of the coatings. Therefore, my goal 

was to find a solution with an environmentally friendly preparation technique and a non-

toxic solvent. 

In September 2014, I joined the Colloid Chemistry group as a doctoral student under the 

supervision of Prof. Dr Zoltán Hórvölgyi. One of our main research areas is to develop nano-

modified materials for practical applications. In September 2015, I started to work on the 

PearlLight+ project (Horizon 2020) to develop nano-coatings on plastic for outdoor 

applications. It was a challenge to accomplish all tasks, work packages, and keep the 

deadlines in parallel with the priorities of the doctoral program. However, it helped me to 

grow at a rate that I could not otherwise have achieved. During the PearlLight+ project, I 

signed a non-disclosure agreement to protect the novelty of our research results. In June 

2016, the national patent application (HU1600384) provided us with the provisional 

protection of the invention, and it also allowed me to start publishing our results. As a result, 

I had four first-author publications ([1], [2], [3], [4]) and I am the co-inventor of a national 

(HU1600384/13) [5] and an international (WO2017216592) patent application. In 2021, 

our patent was granted in Europe (EP3472248) [6], Canada (CA3028375), and the United 

States of America (US11029514).  

The doctoral program and the PearlLight+ project contract ended in August 2017. I 

applied to the Deutsche Bundesstiftung Umwelt (DBU) fellowships program, which funds 

innovative and solution-oriented research projects on environmental protection. The DBU 

financed my research (30017/751) in Germany for one year.  

In September 2017, I started my research project in Saarbrücken, Germany. My basic 

concept was to replace organic solvents with water in a sol–gel process. I worked in the 

Optical Materials Group headed by Dr Peter William de Oliveira and under the supervision 

of Dr Mohammad Jilavi. My stay at the INM – Leibniz Institut for New Materials was 

productive, I learned new techniques, my English and German language skills improved, and 

I had two more first-author publications ([7], [8]).  

During my PhD years, I also contributed to other fields of research and development. I 

dived into other nanotechnology-related topics and expanded my knowledge of hybrid silica 

coatings [9], corrosion-resistant protective coatings [10], core/shell nanocomposites [11], 

and decorated nanowires [12]. 
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2. LITERATURE REVIEW 

This chapter contains basic concepts and terms used in nanotechnology. It is an overview 

on sol–gel technology, mesoporous materials, eco-friendly approaches, coating technologies, 

anti-reflective coatings and other functional coatings.  

 

 

2.1 SOL–GEL TECHNOLOGY 

 General overlook 

The book "Colloid Chemical Principles of Nanotechnology" [13], written by my supervisor 

in 2011, has accompanied me through my academic years and will continue to guide me in 

my professional commitment to nanotechnology. Another relevant book is "Sol–Gel Science. 

The Physics and Chemistry of Sol–Gel Processing" [14] written by C. J. Brinker and G. W. 

Scherer. Both contain the basic concepts and the fundamentals of sol–gel processes. 

In a colloidal system, the continuous medium contains the dispersed phase with at least 

one dimension in the nanometre range. The size or the structure of the dispersed phase is 

between 1 and 1000 nm. The dispersed phase comprises colloid particles. We can define 

different types of colloids based on the type of colloid particles: dispersions (microphase), 

macromolecular solutions (macromolecules) and association colloids (micelles). 

Colloids are neither a homogeneous, real solution (e.g. salt in water) nor a heterogeneous 

mixture of two or more components of a suspension (e.g. sand in water). 

Sols and gels are the relevant colloid systems from the point of view of this thesis. Sol is 

a colloid dispersion. It is widely accepted in the literature that the sol is the synonym of a 

colloidal solution in a sol–gel process.  

Between the colloid nanoparticles, two electrostatic forces act: the repulsive force and 

the attractive force. The repulsive force maintains the dispersion state and the distance 

between the colloid nanoparticles. It is the dominant force in the sol state. The attracting 

force diminishes the distance between the colloid nanoparticles, increases the interaction 

between the species, reduces stability and causes the aggregation of the colloid suspension. 

The physical state of the colloid dispersion changes during the growing, aggregation, and 

complex branching of the colloid nanoparticles. These changes cause the gelation of the sol. 

Gels are soft solid materials consisting of the extended, three-dimensional network of the 

colloid nanoparticles. A transition can be observed starting from lyogel with high liquid 

content to xerogel with no liquid content. The lyogel to xerogel transition is often achieved 

with heat treatment. 

A colloidal system containing nanoparticles has two different dispersion states: colloids 

and aggregates (Figure 1a) [15]. In both states, the attractive and repulsive interactions act 

on the individual colloid particles in a fluid. It is desirable to preserve the stability of the 

colloid state of a nanoparticle-based sol. Stability can be maintained with the protective 

action of additive molecules. The additive molecules are often macromolecules and 

surfactants and act as protective colloids. The function of the protective colloids is to hinder 

the aggregation of the colloid nanoparticles. The colloid nanoparticles are covered by 
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protective colloids. This protective action increases the strength of the repulsive force. 

Therefore, it prevents the nanoparticles colliding and cohering. 

 

 
Figure 1. (a) The representation of the aggregated and the individual colloid nanoparticles in a sol. Typical 
potential energy between two nanoparticles, which have weak repulsive force (left) and strong repulsive 

force (right)*. (b) The Tyndall effect of a hybrid silica sol prepared at 30 °C (adapted from the MSc 
dissertation of D. Varga).  

*Reproduced from ref. [15]. Copyright 2016, permission provided by The Chemical Society of Japan. 

 

The Tyndall effect is the light scattering of colloid nanoparticles. The scattering of light is 

detectable when the size of the nanoparticles is not bigger than one-tenth of the wavelength 

of visible light (400–700 nm). The path of blue light is visible through the transparent sol 

against the black background (Figure 1b). We can observe intensive analogue light 

scattering in our everyday life when we look at the blue sky. In the presented example, the 

ethanolic sol contains silica nanoparticles with a size of 20 nm and the source of light was a 

microscope lamp. 

 

 Sol–gel chemistry 

In sols, the continuous medium is a liquid, and the dispersed phase consist of colloid 

particles. Colloid nanoparticles can be originated from different inorganic salts or metal 

alkoxides. The most widely used metal alkoxides as precursor compounds are silicon 

alkoxides, titanium(IV) alkoxide, aluminium alkoxide, and zirconium(IV) alkoxide. The 

central atom is Si, Ti, Al or Zr and the central atom is directly linked to the oxygen atoms. The 

corresponding oxides of the above-mentioned metal alkoxides are silica (SiO2), titania 

(TiO2), alumina (Al2O3) and zirconia (ZrO2). Silica sols are often referred to as precursor sols 

of the final coatings. The primary focus of this study is on silicate chemistry, more precisely 

on silica sols and silica coatings.  

There are two important silicon alkoxides from the point of view of this thesis: tetraethyl 

orthosilicate (TEOS) and tetrakis(2-hydroxyethoxy)silane (THES). 

In 1846, Jacques–Joseph Ébelmen was the first who described the synthesis of tetraethyl 

orthosilicate (TEOS). He observed that the anhydrous silica chloride (SiCl4) reacts with 

ethanol through an esterification step and forms a silicon alkoxide, more precisely the silicon 
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tetraethoxide (Equation 1). He also observed that this new product, when it is exposed to 

moisture from air, slowly hydrolyses and becomes a glass-like gel. Scientists date the 

beginning of the sol–gel chemistry of silicates from this finding. Interestingly, more than 150 

years have passed, but in this time, the synthesis of TEOS has been mostly based on the 

presented method. Nowadays, researchers have also reported on the direct synthesis of 

tetraalkoxysilanes from silica and alcohols (Equation 2) [16]. There are several alternatives 

to produce TEOS, such as using esters of succinic acid or glutaric acid [17] or using a reactive 

distillation system [18]. Both technologies have economic and environmental benefits.  

 
Equation 1. Synthesis of tetraethyl orthosilicate (TEOS). 

        

SiCl4 + 4  CH3CH2OH → Si(OCH2CH3)4 + 4 HCl  

    TEOS    
        

Equation 2. Direct synthesis of tetraalkoxysilanes. 
        

SiO2 + 4  ROH ⇌ Si(OR)4 + 2 H2O  

    Tetraalkoxysilanes    
        

Tetraethyl orthosilicate (TEOS) is one of the most widely investigated silicon-based 

starting material. The central silicon atom is directly connected to four oxygen atoms. The 

ethoxy groups (∙OCH2CH3) are reactive and sensitive to moisture. In presence of water and 

a catalyst, they will start the conversion of the molecule. The acid or alkaline catalyst drives 

the controlled hydrolysis and condensation reaction of TEOS in a non-aqueous medium. The 

liquid medium of the reaction is usually ethanol, less frequently 2-propanol or water.  

A completely water-soluble silicon-based starting reagent expands the potential range of 

silica-based products. In 1967, Mehrotra and Narain first described the reaction route of 

producing water-soluble silicon alkoxide [19]. It is based on the transesterification reaction 

of tetraethyl orthosilicate with ethylene glycol to produce tetrakis(2-hydroxyethoxy)silane 

(THES) (Equation 3). The substitution of ethoxy groups with glycol requires an inert 

atmosphere, such as argon. The by-product of the transalkoxylation reaction is ethanol, 

which is continuously removed by distillation. As the last step, the unmodified TEOS and the 

unreacted ethanol are removed in a vacuum.  

 
Equation 3. Synthesis of tetrakis(2-hydroxyethoxy)silane (THES). 

        

Si(OCH2CH3)4 + 4HO − CH2CH2OH → 𝐒𝐢(𝐎𝐂𝐇𝟐𝐂𝐇𝟐𝐎𝐇)𝟒 + 4 CH3CH2OH  

    THES    
        

Almost 30 years have passed since Sattler and Hoffmann first exploited the benefits of the 

application of ethylene glycol modified silane for the synthesis of mesoporous materials [20]. 

Nicola Hüsing and her research group have also thoroughly investigated the properties of 

THES, particularly on hierarchically organized porous materials [21,22].  

THES is a less common silica compound in research studies and industrial applications. 

Only a few scientists take advantage of THES to produce monolithic [23–28], hierarchically 

organized [29], or mesostructured silicas [30], or non-shrinking silica gels [31]. None of 

these studies focuses on studying the preparation of anti-reflective coatings from THES and 
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investigating their properties. Thus, the development of water-based synthesis routes for 

silica sol–gel coatings have not been fully explored. 

In a sol–gel process, the main reactions are the hydrolysis and the polycondensation of 

the silicon alkoxides and their derivatives to produce the silica precursor sol. These 

derivatives are metal oxide polymeric molecules or microphases, depending on whether an 

acidic or alkaline catalyst has been employed. The condensation reactions and the Si–O–Si 

bond formation occurs between the partially and completely hydrolysed molecules 

(Equation 6a–c). In these examples, TEOS is in an ethanolic medium and THES is in an 

aqueous medium. Therefore, the reaction route of TEOS differs from that of THES. 

The first reaction step is the formation of silanols (Si–OH). During the sol–gel process, the 

hydrolysis of TEOS is induced in the presence of water and the leaving molecule is ethanol 

(Equation 4). However, the hydrolysis and the entire reaction of THES takes place in water 

and the leaving molecule is ethylene glycol (Equation 5). THES is sensitive to moisture due 

to the highly reactive hydroxy-ethoxy group (–O–CH2CH2–OH). Therefore, it can easily 

hydrolyse and condensate without any catalyst in an aqueous medium.  

These reactions result in the polymerization of the units containing Si–O–Si and cause the 

growth in spheres or chains because all the four functional groups are linked to the reactive 

central atom. In both reactions, the stoichiometric ratio of organosilicon to reagent is 1:4. 

The reaction medium of THES is acidic. However, the hydrolysis and condensation reactions 

of the molecule do not require a catalyst. 

 
Equation 4. The hydrolysis reaction of TEOS in presence of water. 

        

≡ Si − OCH2CH3 + H2O ⇌ ≡ Si − OH + CH3CH2OH  
        

Equation 5. The hydrolysis reaction of THES in water. 
        

≡ Si − OCH2CH2 − OH +  H2O ⇌ ≡ Si − OH + HO − CH2CH2 − OH  
        

Equation 6. Self-condensation reactions and Si–O–Si bond formation reactions. 
        

≡ Si − OH + HO − Si ≡ ⇌ ≡Si–O–Si≡ + H2O  

        

≡ Si − OCH2CH3 + HO − Si ≡ ⇌ ≡Si–O–Si≡ + CH3CH2OH (a) 

or        

≡ Si − OCH2CH2 − OH + HO − Si ≡ ⇌ ≡Si–O–Si≡ + HO − CH2CH2 − OH (b) 

        

We can summarise the sol–gel process in four main steps (Figure 2). The first step is the 

hydrolysis and polycondensation of the precursor compounds in a liquid medium. The 

second step is the transition of the sol into a gel. The third step is an alternative to the second 

step, and it occurs for example during the liquid deposition of the sol onto a solid substrate. 

The lyogel comprises the solvent, the additives, and the oligomers, polymers or aggregates 

of colloid nanoparticles. The last step is the ageing and drying of the lyogel on a solid 

substrate. The final product is a colloid material with reduced or no liquid content. 
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Figure 2. The sol–gel process. 

 

Silicon-based chemistry can be considered an analogue to carbon-based organic 

chemistry. However, the main difference in silicate chemistry is that an oxygen atom bonds 

two Si atoms (Si–O–Si), therefore there is no direct connection between the two Si atoms. 

Organic molecules have a direct C–C bond. An alternative class of compounds to pure silica 

is the partial or full replacement of Si–O bonds with Si–C bonds. The direct silicon–carbon 

bond is an essential part of organosilicon compounds. Organosilicon compounds are part of 

the chemistry of hybrid silica. In this thesis, I cover only a small part of hybrid silica 

chemistry. 

A sol–gel coating specialist intends to maintain the precursor sol in a sol state (dispersion 

or colloidal solution). To avoid the sol turning into a gel, we can use additives in different 

quantities, which influence the surface of the colloid particles. The speed of this transition 

also depends on the pH and the temperature. It is a challenge to find the optimal recipe and 

it requires strategic planning. Otherwise, the sol will turn into a gel in a short time.  

 

 

2.2 SILICON OXIDE COATING TECHNOLOGIES 

Liquid deposition techniques and vacuum deposition techniques are two main routes to 

apply silica precursor compounds to a solid substrate. The conventional vacuum deposition 

techniques are the following: atomic layer deposition, physical vapour deposition or 

chemical vapour deposition. These processes are excellent for nanopatterned materials, 

although they work under high vacuum conditions and the precursors are in the gas phase. 

Liquid deposition techniques are the alternatives to vacuum deposition techniques and their 

processing temperature is low. The focus of this thesis is on liquid deposition techniques, as 

these techniques are the more cost-effective alternatives. 

Sol–gel chemistry is a wet chemical technique. The most common liquid deposition 

techniques are dip-coating, spin-coating, and spray-coating. Besides, there are other coating 

techniques, such as wiping-coating, meniscus-coating, laminar-flow-coating, doctor blade, 

and roll-to-roll coating. The roll-to-roll coating is more profitable for large and flexible 

substrates [32]. However, the advantages and limiting factors of each method depend on the 

shape, area, and flexibility of the substrate. This thesis focuses on the application of dip-

coating and wiping-coating techniques.  
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 Dip-coating 

The dip-coating technique is a simple but effective liquid deposition technique. The main 

advantage is the simultaneous formation of the layer on both sides of the substrate. It does 

not require vacuum or carrier gas, but a stepper motor is needed to provide control over 

layer thickness.  

The main components of the dip-coating technique are a dip-coating device, a solid 

substrate, a sol, and a tank (Figure 3a). The tank is usually made from glass or thermoplastic 

polymers such as polyethylene terephthalate (PET) or chemically resistant polyether ether 

ketone (PEEK).  

The main steps of the dip-coating process are:  

(1) immersion the solid substrate into the sol; 

(2) withdrawing the substrate from the sol at a constant speed; 

(3) evaporation of the excess solvent. 

 

Small and medium-size samples with even surfaces are the most suitable for dip-coating. 

Microscope glass slides are the basic substrates at a laboratory scale, and they are typically 

small. Increasing the size of the substrate can lead to layer inhomogeneity and a fluctuation 

of layer thickness.  

When large substrates (e.g. 2 x 1 m) have to be coated, dip-coating is not advantageous. 

as it would require a large amount of solvent, which is no longer cost-effective. Moreover, a 

large amount of sol has to be handled after coating. The disposal of unused sol requires 

special precautions and has to be treated as organic solvent waste. 

 

 
Figure 3. (a) An example of the dip-coating device with a transparent tank. (b) Schematic diagram of the 

wiping-coating device and sol tank with mounted rubber as the reservoir of sol. * 
*Reproduced from ref. [36]. Copyright 2017, permission provided by Elsevier and Copyright Clearance Center, 

license number: 5062120890337. 
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 Wiping-coating 

The wiping-coating technique is an alternative wet-chemical coating process [33]. At INM 

– Leibniz Institute for New Materials, an innovative coating device based on wipe coating 

technology has been invented. It offers an advantageous route to coat large areas with a very 

small amount of coating material (<20 ml/m2). The invention was first disclosed as a German 

patent application in December 2013. Since 2018, it has been a granted European patent 

(EP3084524) under the name of "Apparatus for coating flat substrates" [34].   

The brilliance of this setup is that here, the moving part is the reservoir that contains the 

sol, and the position of the substrate is fixed as opposed to dip-coating, where the reservoir 

is fixed, and the substrate moves. In wiping-coating, the substrate is sucked against a 

polycarbonate plate with a vacuum (Figure 3b). The reservoir is placed at the top of the 

substrate. During coating, the reservoir moves downward. The speed of "wiping" movement 

can be controlled similarly to dip-coating. The parameters are given in mm/s, therefore the 

speed of the two technologies is comparable. During the coating process, there is no leakage 

or evaporation of the sol from the tank. At the end of the coating process, the tank reaches 

the bottom of the substrate and the sol is completely utilised. Therefore, the entire initial 

amount of sol is used to cover a large surface in the wiping-coating process. This process 

generates no solvent waste.  

The drawbacks of this process are the necessity of the vacuum because only one side of 

the substrate can be coated at a time, and the process is limited to flat substrates. 

 

 Characteristic deposition ranges 

In a sol–gel process, withdrawal speed can be varied in the following three characteristic 

deposition speed ranges: 

(i) capillary; 

(ii) intermediate; 

(iii) viscous drag or Landau−Levich draining. 

 

This categorisation of the withdrawal speeds in a dip-coating process was first 

introduced in 2011 by Prof. D. Grosso [35]. 

The withdrawal speed in the capillary regime is the lowest, it is below 0.1 mm/s. The 

capillary regime of deposition is suitable for the preparation of ultrathick sol–gel films from 

highly diluted solutions, preferably from water. Thick sol–gel coatings have multiple 

transmission maxima, but an optimum single-layer anti-reflective coating has only one 

transmission maximum. Therefore, thick sol–gel coatings fail to comply with the 

requirements of a single-layer anti-reflective coating. Therefore, the latter two ranges of 

deposition are the interesting ranges in this thesis.  

The withdrawal speed in the intermediate regime is between 0.1 mm/s and 1 mm/s. 

Within this speed range, an ultra-thin sol–gel coating can be prepared without the dilution 

of the initial solution. The intermediate regime is an important speed range in this thesis 

because I have prepared most of the 2-propanol-based silica coatings with 0.125 mm/s 

(0.75 cm⋅min−1).  
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The withdrawal speed in the viscous drag regime is between 1 mm/s and 10 mm/s. It 

corresponds to the Landau−Levich draining regime. The thickness of the sol–gel coating is 

predictable within this speed range. The thickness of the freshly deposited coating is 

proportional to the 2/3 power of withdrawal speed [36]. The predominant steps are 

gravitational draining, the evaporation of the solvent, and the adhesion of the sol to the 

substrate [37]. The surface tension, density and the dynamic viscosity of the sol also have an 

impact on layer thickness. Landau−Levich draining is the other important speed range in this 

thesis because I have prepared most of the water-based silica coatings with 1.4 mm/s. 

The slow withdrawal speed is favourable from the point of view of the technical 

performance of an optical coating. A single layer coating prepared at low speed usually has 

one light transmission maximum that covers the whole visible range. Thus, it provides high 

light transmission. 

 

 

2.3 EVAPORATION-INDUCED SELF-ASSEMBLY 

The evaporation of the solvent from the wet coating on a substrate begins during the last 

step of the liquid deposition process. The sol is typically an alcoholic solution, less frequently 

an aqueous solution or other poorly volatile compounds.  

The freshly deposited wet coating on a substrate is often called a lyogel. The lyogel is 

continuously thinning as the substrate is removed from the sol, and the colloid nanoparticles 

become more and more concentrated on the surface of the substrate as long as the lyogel 

reaches an equilibrium thickness. During solvent evaporation, two forces act: the capillary 

force and the viscous drag force (gravitational draining) (Figure 4b). 

At low and ultralow withdrawal speeds, capillarity is present, and the predominant force 

is the capillary force. The capillary force can support the weight of the solution on the 

substrate against gravity. The evaporation of the solvent is fast, the capillarity feeding is 

continuous, therefore multiple drying lines appear on the surface and it results in striped 

coatings. This phenomenon is analogous to the "coffee-ring" effect [38]. 

At high withdrawal speeds, the draining regime dominates, where drainage is gravity-

driven. Layer thickness is predictable with the Landau-Levich equation, and it is within the 

third type of characteristic deposition range (See 2.2.3.). 

After the evaporation of the solvent, the condensation reactions of metal oxide materials 

are fully completed at higher temperatures. The dry layer (xerogel) is coherent ("compact") 

or voids and cavities ("porous") can be present in the system. 

The thickness of the thin film at the top of the coated sample can be different from that of 

the bottom. Grosso and Faustini reported on the critical role of the atmosphere and 

explained that uncontrolled solvent evaporation is responsible for this phenomenon [39]. 

Uchiyama et al. reported on spontaneously formed stripe patterns on the surface of the 

dip-coated films and they explained it with the stick-slip motion of the contact line of sol 

(Figure 4a) [40].  
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Figure 4. (a) Silica coating with stripe pattern on silicon prepared at ultralow speed (0.05 cm⋅min−1)*, and (b) 

the schemes of the dip-coating at low (capillarity) and fast withdrawal speed (draining)**. 
*Reproduced from ref. [40]. Copyright permission provided by The Royal Society of Chemistry, license ID: 

1136872-1. 
**Reproduced from [41]. Copyright 2021, permission provided by American Chemical Society. 

 

Thickness also depends on the configuration of the dip-coating experiment, such as 

geometry, dimensions, and the liquid level in the reservoir, the position of the meniscus at 

the beginning and the lowering of the liquid level during the experiment. They found that the 

equilibrium thickness can be controlled in the solvent-saturated atmosphere. Thus, their 

observation is valid for a silica anti-reflective coating on glass prepared with 0.3 mm/s 

withdrawal speed where the total coated area is only 8 × 4 cm. 

 

 The soft-template method 

The soft-templating approach requires porogen molecules. Porogen molecules are 

surfactants, polymers, or biopolymers, although a porogen can also be a gaseous nanobubble 

generated during the process. The collective term for these molecules is "template", but they 

are also called structure-directing agents. In specific circumstances, the molecules of the 

template form supramolecular structures. Supramolecular structures are formed above 

critical micelle concentration.  

The self-assembly of the molecules within a thin film occurs during the evaporation of 

the solvent. The self-assembly is driven by the interaction of intermolecular and 

intramolecular forces (e.g. hydrogen bonding, chemical bonding, static electricity) between 

the molecules. The decreasing volume of the solvent results in increasing concentration of 

the molecules. The aggregated molecules form a closely packed structure and become more 

and more surrounded by the inorganic species (i.e. the silica matrix). Soft template molecules 

are the tool for a highly ordered porous structure. 

Some of the influencing factors of a supramolecular structure are the length of the 

template molecule, the polarity of the headgroup (cationic, anionic, non-ionic, or mixtures), 

the quantity and the quality of the template, the evaporation rate, the temperature. We can 

plan and predict the outcome of the final porous structure.  

The first step of the soft-templating procedure is to deposit a thin film on a solid substrate 

from a metal oxide precursor sol, in this case with the dip-coating technique (Figure 5). 
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Figure 5. Schematic representation of the preparation of a silica nanopattern layer with the face-centred 

cubic structure on a solid substrate. 

 

The precursor sol contains the inorganic precursor material and the template. In the 

present example, the inorganic precursor is a silica, and the template is a Pluronic-type 

copolymer. The second step is to remove the template molecules from the thin film for 

example with calcination. At a high temperature (> 200 °C), the organic template molecules 

decompose, the residual solvent evaporates, whereas the number of siloxane bridges (Si–O–

Si) increases. Thus, an ordered, porous, and nanopatterned structure with 3D channels is 

created. The face-centric cubic symmetry nanopattern with an 𝐹𝑚3̅𝑚  space group is 

characteristic of FDU–12 mesoporous silica materials, first published in 2003 [42]. 

The hard templating method is another way of creating porous nanomaterials. This 

approach uses a fixed, rigid template with different structures, which provide uniform 

morphology and better control over the formation of the porous structure [43]. It is a useful 

tool in the preparation of nanoparticles, nanorods, nanowires or nanotubes.  

The design of the hierarchically porous systems created with template molecules 

has been extensively studied in materials science [44]. The special arrangement of the 

surfactant in the inorganic matrix results in uniform and well-organized structures. 

Research on periodic mesoporous silica, introduced in 1992 [45], underlines the 

importance of the templating mechanism and opens up new pathways for applied 

materials science and engineering. 

The focus of this thesis is on soft-templated mesoporous silica coatings, where the 

ordered mesoporous structure is designed with non-ionic surfactant molecules. 

 

 Techniques for soft-template removal  

Lyogel thin films contain not only the inorganic colloid species but also the porogen 

molecules. It is necessary to remove the template molecules and preserve the desired porous 

structure within a short operation time, with high efficiency and without hazardous 

chemicals. Therefore, different template removal methods have gained attention in the last 

decades. They all address the need to effectively remove the surfactant from silica materials 

and result in a mesoporous structure.  
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2.3.2.1 Thermal treatment and calcination 

High-temperature thermal treatment or calcination in air is the conventional way to 

remove surfactants. Several studies discuss the degradation mechanism of triblock 

copolymer templates with the use of calcination in oxygen or thermal degradation in an inert 

atmosphere [46]. High-temperature thermal treatment facilitates the formation of the Si–O–

Si network, removes the solvent and decomposes the additional chemicals. The quality of the 

silica thin film can be improved more at higher temperatures, but the limiting factor is the 

melting temperature of the substrate. The solvent evaporates during the thermal treatment, 

the condensation reactions of the inorganic network are accelerated, which results in layer 

densification. 

 

2.3.2.2 Solvent washing 

The removal of template molecules by solvent washing is an alternative method to 

calcination. The most commonly used liquids for extraction are organic solvents [47], water, 

and supercritical fluids [48]. The type of the liquid depends on the polarity of the template.  

Hitz and Prins employed three categories of extraction media to remove 

hexadecyltrimethylammonium chloride from the MCM–41 parent material. Pure solvent 

(ethanol and isopropanol) and an ethanol–heptane azeotropic mixture was less effective, 

although they were able to extract about 70% of the template by applying 0.05 M sulfuric 

acid in ethanol or small cationic proton donors (0.1 M NaNO3 or NH4NO3) in ethanol [49]. 

The efficiency of solvent extraction depends on the size and the mobility of the solvent within 

the close-packed micellar aggregates.  

The focus in this thesis is on the extraction of a non-ionic surfactant. This non-ionic 

surfactant is a Pluronic-type triblock copolymer, namely the low-foaming Pluronic PE10500 

with 50% poly(ethylene oxide) content. According to the technical information from BASF, 

Pluronic PE10500 is fully soluble in water, 10% hydrochloric acid, ethanol and isopropanol 

[50]. A water-soluble surfactant is advantageous for coatings on polymers. In addition, this 

thesis includes thin films templated with a water-soluble surfactant on polycarbonate. 

 

2.3.2.3 Plasma-assisted template removal 

Plasma is considered the fourth state of matter and comprises partially or fully ionized 

gas particles. Plasma can be generated by microwave or radiofrequency excitation. Thermal 

(equilibrium) or cold (non-equilibrium) plasma can be used for various purposes. It is a 

powerful tool for molecular cross-linking, cleaning, activating, and etching polymer surfaces 

[51,52]. Plasma etching causes the degradation of the few, upper molecular layers of the 

polymer and the appearance of new functional groups. The pressure and performance of 

cold plasma are widely adjustable. Radiofrequency-generated cold plasma operates at room 

temperature. It is non-destructive and only changes the surface of the material. Kitova et al. 

found that after radiofrequency-generated plasma treatment, the surface of polycarbonate 

is covered with polar groups [53]. The reactive species generated with low-pressure 

(<1.3 mbar) and high-frequency (>1 MHz) plasma treatment at room temperature have 

enough kinetic energy to break covalent bonds [54]. Gomez-Vega et al. first announced the 
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possibility of removing an organic template from a silica framework by radiofrequency-

induced plasma [55]. They found that the oxygen plasma splits the C–C, C–H, and the C–O 

bonds in Pluronic-type organic molecules without damaging the inorganic structure. It also 

resulted in a hexagonally packed mesoporous structure of silica coating on silicon. There 

have been other studies on low-temperature oxygen [56] and argon [57] plasma treatment, 

which effectively removed the organic species from thin films. The limiting factor was the 

penetration depth of plasma into the thin film (10–12 nm) [56]. Pootawang et al. eliminated 

the Pluronic P123 template from the inside of the mesoporous silica powder using active 

species generated by the solution plasma process (OH·, O·, and H· radicals, UV radiation, and 

high-energy electrons). The template was removed in an aqueous solution in 15 minutes 

[58,59]. Liu et al. reported on using dielectric barrier discharge plasma initiated at room 

temperature under atmospheric pressure for removing the template from the mesoporous 

MCM–41 molecular sieve. The plasma-forming gas was air. They found that it is faster than 

conventional thermal calcination, although the treatment had to be repeated 25 times and it 

lasted a total of 75 minutes [60]. Therefore, plasma-assisted template removal has an 

advantage over calcination and solvent extraction. 

 

2.3.2.4 Other techniques 

Other techniques for template removal are the decomposition of the surfactant by 

ozone treatment [61], rapid microwave-assisted digestion [62], ultraviolet light-

induced photocalcination [63], non-ozone-generating UV radiation at 254 nm [64], or 

the Fenton oxidation technique [65]. The presented alternatives may offer other features 

compared to the above-mentioned three techniques, but these techniques are not included 

in this thesis. 

 

 

2.4 MESOPOROUS SILICA 

 Mesoporous silica nanoparticles 

Mesoporous silica nanoparticles attract more and more interest in a variety of 

applications because of their high stability, such as molecular filtration and separation, 

chromatography, drug delivery, sensors, imaging, or catalysis. They can be also applied as a 

catalyst carrier, a dye removal agent, a templating agent, or an adsorbent. Most of these 

molecules are commercially available under the umbrella term of mesoporous molecular 

sieves. The most widely used mesoporous molecular sieves are the SBA-type (SBA = Santa 

Barbara Amorphous), MCM-type (MCM = Mobil Composition of Matter), KIT-type (KIT = 

Korea Advanced Institute of Science and Technology) and FDU-type (FDU = Fudan 

University) mesoporous silica. All of them have ordered porous structure and various pore 

symmetry. 

The porous structure can be redesigned for improved properties and possibilities for new 

applications [66]. The research group of François Fajula first introduced the concept of 

pseudomorphic synthesis in 2002. During the synthesis, the amorphous silica nanospheres 

are converted into an ordered mesoporous structure [67,68]. The two main components that 
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induce morphological changes are the alkaline medium (NaOH aqueous solution) and the 

presence of porogen molecules (CTAB surfactant). They have studied and reported the 

process of self-assembly in particles and monoliths [69], but not on thin films.  

Grosso et al. investigated the influence of ammonia vapour treatment on anti-reflective 

sol–gel coatings. They concluded that for an optimal rearrangement of silica units in the 

presence of surfactant (F127 Pluronic), at least 1 hour in a 28% ammonium hydroxide 

solution is recommended. The Ostwald ripening-driven structural change increases porosity 

[70]. Xing and Rankin observed a pore expansion of the ordered mesoporous silica material 

induced by the ammonia post-treatment with a mixture of surfactants [71].  

The Ostwald ripening mechanism is the spontaneous transformation of crystals of 

different sizes. Small crystals are more soluble; therefore, they dissolve and precipitate on 

the surface of larger crystals. The transformation increases the size of the larger crystals and 

the small crystals disappear. 

Ostwald ripening can be used in colloidal synthesis to create hollow inorganic 

nanostructures. Scientists converted solid nanospheres of TiO2 [72] or SiO2 [73] into hollow 

nanospheres in an aqueous solution with the use of the Ostwald ripening mechanism 

(Figure 6). The catalyst required for the solid-to-hollow conversion was a 1.33 mM TiF4 

solution and a 0.06 gm/L NaBH4 solution.  

One of the specific features of nanoparticles is the bimodal porous arrangement having 

two distinct areas with different pore sizes. These structures can be obtained through a 

pseudomorphic transformation process in which an existing pore system is reorganised so 

that the original particle size and shape remain intact [67–69,74]. In some cases, the two 

porous domains are interconnected with bottleneck pores [75,76]. 

 

 
Figure 6. (a) The schematic illustration of the Ostwald ripening mechanism: the cross-sectional view of a 

nanosphere*, and (b) TEM images of monodispersed solid SiO2 spheres converted into a hollow structure**. 
*Adapted from [72]. Copyright 2004, permission provided by American Chemical Society.  

**Reproduced from ref. [73] Copyright 2008, permission provided by WILEY-VCH, licence number: 
5118131089569. 
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The formation of a bimodal porous system depends on the applied starting materials, and 

a porogen molecule is required [25]. Among the reported bimodal silica systems can be 

found modified SBA–15 with micropores connected to large mesopores (micro–meso) [77], 

mesopores with similar pore sizes (meso–meso) [78], or hierarchical mesoporous and 

macroporous silica monoliths (macro–meso) [79].  

 

 Mesoporous silica thin films 

Mesoporous silica thin films with three-dimensional pore connectivity and accessible 

porosity are essential for various industrial devices, such as optical, electronic, or sensing 

devices. Mesoporous silica thin films are functional coatings; therefore, I provide more 

details in the next chapter, more precisely about mesoporous silica thin films with low 

reflective index. 

 

 

2.5 FUNCTIONAL COATINGS 

The purpose of a functional coating is to improve, protect, and decorate the substrate. 

Recent studies have shown that numerous fabrication techniques (e.g. sol–gel processing, 

glancing angle deposition, chemical vapour deposition, etching or lithography) and designs 

(e.g. porous, patterned, gradient, textured or biomimetic nanostructures) are available for 

the production of functional coatings [80,81]. Among the many commercially available 

examples, there are anti-reflective coatings for eye glasses or photovoltaic coatings for solar 

systems. 

One of the areas of this thesis focuses on anti-reflective coatings for the transparent cover 

of luminaires prepared with the sol–gel technique.  

 

 Anti-reflective coatings 

The durability and optical performance of anti-reflective thin layers play a crucial role in 

application-oriented technologies [82], for instance, flat-plate solar collectors [83], smart 

windows [84], displays [85], lighting elements [86], and optical elements [87].  

Anti-reflective coatings on polymers are particularly useful as protective covers of street 

lightning LED fixtures [88], other protecting covers [89], or automobile displays [90]. 

They also contribute to reduced carbon-dioxide emissions and lower power consumption, 

as well as increased performance. 

The refractive index (𝑛ARC ) and the thickness (𝑑𝐴𝑅𝐶 ) of a single-layer anti-reflective 

coating can be predictable by  

(a) the geometric mean of the refractive index of the substrate and the air (Equation 7a); 

(b) the quarter-wave thickness on the desired wavelength (preferably at λ = 550 nm) 

(Equation 7b). 

The optimal quarter-wave thickness for single-layer coatings on glass is 112 nm and for 

polycarbonate is 109 nm. The corresponding refractive index is 1.2325 and 1.2589, 

respectively. 
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Equation 7. The quarter wavelength formula. 
  

𝑛ARC =  √𝑛substrate  ∙ 𝑛air (a) 
  

𝑑𝐴𝑅𝐶 =  
𝜆

4 ∙ 𝑛𝐴𝑅𝐶
 (b) 

  

The other possible option to estimate the refractive index of the thin layer is to define the 

specular reflection (R0) from the maximum light transmission (Equation 8a) and use it in 

Equation 8b. Both equations are good for the rough approximation of the refractive index. 

 
Equation 8. The manual calculation of the refractive index. 

  

𝑅0 =  
1 − 𝑇𝑚𝑎𝑥

1 + 𝑇𝑚𝑎𝑥
 (a) 

  

𝑛𝐴𝑅𝐶 =  √𝑛𝑔𝑙𝑎𝑠𝑠 (
1 + √𝑅0

1 − √𝑅0

) (b) 

  

A compact optical thin film (e.g. silica) on both sides of the glass can significantly increase 

the light transmission in the visible region (Tmax = ~95%, n = 1.45). In order increase light 

transmission, the refractive index of the silica thin layer has to be further reduced. One of the 

available methods of reducing the refractive index is to incorporate pores into the bulk 

material. These pores are usually mesopores (2–50 nm) and are filled with air (nair = 1.000).  

 

 Multifunctional coatings 

High light transmission can be boosted by combining it with hydrophobic, photocatalytic, 

or anti-fogging properties. Multifunctional coatings are especially useful for outdoor uses 

because they increase the efficiency of the device (Figure 7). Despite the research on 

mesoporous silica thin films, there is considerable potential for new structures and 

applications.  

With the sol–gel technology, functional coatings can be created on various surfaces [91]. 

Functional coatings can be classified based on their function as [92]: 

• optical coatings (e.g. anti-reflective, photoluminescent, photochromic, UV/IR 

blocking); 

• thermal barrier coatings (e.g. heat-resistant);  

• coatings with improved physico-chemical properties (e.g. photocatalytic, 

hydrophobic or hydrophilic, corrosion-resistant, self-cleaning, self-healing, anti-

fouling, anti-fogging, flame retardant); 

• mechanical coatings (e.g. abrasion-resistant, scratch-resistant, hard coatings); 

• electrical or magnetic coatings (e.g. anti-static, conductive coatings); 

• hygienic coatings (e.g. anti-microbial). 
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Mono-, bi- or multifunctionality with a special focus on silica-derived sol–gel coating is 

also of high priority, especially when long-term optical stability, improved hardness, and 

weather resistance are needed in industrial applications. 

Using a variety of functional coatings on transparent substrates expands the range of 

applications. It is highly desirable to have sol–gel coatings on engineering plastics (e.g. 

polycarbonate, poly(methyl methacrylate)) with high stability, durability, and optical 

transparency. A multifunctional coating on polycarbonate extends service life and 

maximises efficiency in an outdoor application.  

A sol–gel silica coating for outdoor use has to endure high humidity and extreme 

temperatures. The accelerated ageing test is one of the most reliable tests that provide an 

accurate prediction of the service life of an outdoor product. Weathering tests are usually 

carried out according to standardised methods. Possible tests include cold, heat, humidity, 

solvents, mechanical stress, dust, solar radiation, contamination, and salt fog tests. The list is 

not exhaustive. 

Hard sol–gel coatings are crucial in an outdoor application. Researchers have reported 

different approaches to the production of sol–gel hard coatings. They involve the use of 

colloidal silica fillers in the sol–gel matrix on glass [93] or an acrylate/colloidal silica topcoat 

on polycarbonate substrates [94]. 

 

 
Figure 7. Diverse functional coatings for automotive components*. 

*Reproduced from ref. [90]. Copyright 2017, permission provided by Springer Nature and Copyright Clearance 
Center, license number: 5111220967826. 
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2.6 WATER-BASED SILICA SOL 

New directions in the development of optical coatings should be geared towards 

discovering ways of mass-producing anti-reflective coatings. It is desirable to use 

sustainable resources with minimal impact on the environment. The Green Chemistry 

principles [95] are a practical guideline for those who select the starting materials and 

techniques for the production of sustainable sol–gel thin films. 

There is an urgent need to reduce the carbon footprint globally and also in the chemical 

industry. In general, organic solvents can be problematic or hazardous; it is difficult to collect 

the residue separately and to treat solvent waste [96]. Replacing the organic solvent with 

water in a sol–gel process, where the liquid phase is predominantly alcohol, reduces the 

impact on the environment. Wherever possible, water is the best replacement for volatile 

organic solvents. Water is well researched as a reactant in a silica sol–gel process, but not as 

a solvent [26,31].  

It has become standard in sol–gel chemistry to use an alcoholic or an organic medium for 

the synthesis of nanoparticles and the production of thin layers [97]. However, this standard 

could be replaced in an environmentally friendly way if the chemical reactions take place in 

an aqueous medium. Water is an alternative reaction medium for the synthesis of silica sol 

from water-soluble compounds. Water is a non-toxic, inexpensive, and abundantly available 

solvent.  

A novel and completely water-soluble silicon alkoxide, tetrakis(2-hydroxyethoxy)silane 

(THES) is able to replace the commonly used starting silicon materials, such as 

tetramethoxysilane or tetraethoxysilane. This is an excellent way to reduce or avoid organic 

solvent waste. Moreover, water-based sol has minimal impact on the environment but is still 

perfectly suited for the mass-production of silica anti-reflective coatings. The combination 

of water as a medium in a sol–gel process and THES as a silicon starting material can provide 

sustainable production of anti-reflective coatings.  

In this sol–gel reaction, the leaving molecule is ethylene glycol (Equation 5). Ethylene 

glycol has good rheological properties and is frequently used as a chelating or stabilizing 

agent, reaction moderator, or co-solvent. 

Energy efficiency can be increased even further with the wiping-coating process. It 

requires only 20 ml of sol to cover a large, 50 × 100 cm substrate entirely [33]. It generates 

no solvent waste because the total quantity of the sol is used.  

A water-based silica sol would be an adequate baseline option for a diversity of products 

and applications. WattGlass was founded in the USA in 2014. They sell water-based anti-

reflective coatings [98,99]. However, their coatings require an intermediate step, since the 

commercially available colloidal silica solution in WattGlass coatings is deposited on the PVP 

adhesion layer. 

The goal of this thesis is to explore the beneficial properties of water-based silica sol and 

to develop a strategy for sustainability in accordance with the principles of Green Chemistry 

[95].  



 

 
 

25  25 

3. CHALLENGES TO BE ADDRESSED 

The main objective of this thesis was to develop sustainable anti-reflective coatings with 

the use of the sol–gel method. These coatings are designed to have an optically stable 

structure and withstand outdoor conditions on various substrates. 

 

I intended to achieve the following objectives: 

 

(i) developing new anti-reflective coatings for polymer substrates with long-

lasting stability and potential industrial applications  

 

(ii) developing an optimal and time-effective consolidation process for porous 

coatings on plastics 

 

(iii) developing an effective and time-saving process to remove the porogen 

molecules and produce porous silica thin films on plastics 

 

(iv) improving the optical stability and environmental resistance of the anti-reflective 

coatings with vapour treatments 

 

(v) reducing the amount of consumed silica sol by replacing the dip-coating technique 

with an alternative technique (wiping-coating) 

 

(vi) replacing the alcoholic medium (organic solvent) with an environmentally 

friendly alternative (water) and developing a new colloidal system, where the 

continuous medium is water, and all chemical components are water-soluble 

 

(vii) stabilising the silica nanospheres in water, providing homogeneous coatings on a 

large scale and improving the hardness and abrasion resistance of the silica 

coatings 

 

(viii) contributing to the sustainable production of sol–gel derived anti-reflective 

coatings 

 

(ix) boosting the property of the silica thin films with additional functional properties 

(water-repellent coating, diffusion barrier coating, molecular hosting coating). 
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4. EXPERIMENTAL SECTION 

4.1 MATERIALS AND EQUIPMENT  

 Chemicals and reagents 

Organosilane reagents  

• Tetraethyl orthosilicate (TEOS, Acros Organics, 98%) 

• Tetrakis(2-hydroxyethoxy)silane (THES, abcr GmbH, 90%) 

 

Solvents 

• 2-Propanol (2-PrOH, Reanal, >99.7%) 

• Ethanol (EtOH, Reanal, >99.7%) 

• Ultrapure water (18.2 MΩ·cm) 

o Millipore Simplicity 185 Filtration, BME 

o Milli–Q, Millipore GmbH, Eschborn, Germany, INM 

 

Surfactants 

• BYK–349 (non-ionic surfactant, BYK Chemie GmbH, 100%) 

• Cetyltrimethylammonium bromide (CTAB, cationic surfactant, Acros Organics, >99%) 

• Pluronic P123 (non-ionic surfactant, BASF) 

• Pluronic PE10300 (non-ionic surfactant, BASF) 

• Pluronic PE10500 (non-ionic surfactant, BASF) 

 

Other chemicals 

• (3-aminopropyl)triethoxysilane (APS, Reanal, 97%) 

• Ammonia solution (NH4OH, Reanal reagent, 25%) 

• Dichlorodimethylsilane (DMDCS, Merck, >99%) 

• Hexamethyldisilazane (HMDS, Sigma–Aldrich, ≥99%) 

• Hydrochloric acid (HCl, Honeywell Fluka, 37%) 

• Levasil CS30–516P (Nouryon Industrial Chemicals, colloidal silica 40 wt%)  

• Levasil CS40–222 (Nouryon Industrial Chemicals, colloidal silica 30 wt%) 

• Methyltriethoxysilane (MTES, Sigma-Aldrich, >99%) 

• Rhodamine 6G (R6G, Sigma–Aldrich, 95%)  

 

 

 Solid substrates  

Glass (G) 

• Microscope glass slides (7.6 × 2.6 cm, thickness 1.0 mm, Thermo Scientific, Menzel–

Gläser, BME) 

• Microscope glass slides (7.6 × 2.6 cm, thickness 1.0 mm, Marienfeld–superior, INM) 

• Low-iron display glass (9 × 9 cm, thickness 1 mm, INM) 

• Float glass (80 × 160 cm, thickness 4 mm, INM) 
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Polycarbonate (PC) 

• 5.0 × 2.5 cm, thickness 2.1 mm, LEXANTM, XL102UV Sheet, BME  

• 10 × 10 cm, thickness 3 mm, INM 

 

Polymethyl methacrylate (PMMA)  

• 7.5 × 2.5 cm, thickness 3 mm, INM 

 

Silicon (Si) 

• 4 × 2 cm, thickness 525±20 µm, original diameter: 100±0.3 mm, Czochralski growth, 

orientation: <100>, p-type, dopant: B, double side polished, resistivity: 1–30 Ω∙cm, 

prime grade, Siegert, BME 

 

Quartz (Q) 

• 4 × 3 cm, thickness 1.05 mm, Suprasil 1, Optilab Kft., BME 

 

 Equipment and instruments for sample preparation 

• Analytical balance (KERN 120–4NM) 

• Accelerated Weathering Tester 

o Climate test chamber (WEISS WK3 340/70, Department of Electron Devices, VIK, 

BME) 

o Environmental stress chamber (ARS 390, ESPEC Corporation, INM) 

• Dip coater  

o Plósz Engineering Ltd., Hungary, BME 

o Constructed with a linear motor, isel Automation, Eiterfeld, Germany, INM 

• Cooled Incubator (POL–EKO Aparatura, ILW 115, BME) 

• Desiccator (filled with ammonia solution or hydrochloric acid vapours, BME) 

• Drying oven (Memmert, UNB 100–500, BME) 

• Muffle furnace 

o Nabertherm L3/11/B170, BME 

o Nabertherm 30–3000˚C and Heraeus NTL 125/200, INM 

o Industrial oven: Heraeus NTL 125/200, 3.12 m3 volume, INM 

• Oxygen concentrator (DeVilbiss Healthcare, model 525KS, O2 = 93±3%, BME) 

• Plasma system  

o Radiofrequency-generated low-pressure plasma, SmartPlasma 10, (plasma 

technology GmbH), generator: 40–100 kHz, 300W; the inner volume of the 

vacuum chamber: 2.4 litres, BME  

o Low-pressure oxygen plasma, Tetra 30–LF–HA (Diener electronic GmbH + Co. 

KG), INM 

• Heating circulation thermostat (Huber KISS 104A–E, BME) 

• Ultrasonic bath 

o Elma Elmasonic S60 and S15H, BME 

o Sonorex RK 100 H, Bandelin electronic GmbH & Co. KG, INM 
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• Washing machine (Professional IR6001, Miele GmbH) equipped with a Miele aqua 

purificator (G7795/1), INM 

• Wiping-coating device (constructed at INM) 

 

 International standards 

• ASTM D1003–13: Standard Test Method for Haze and Luminous Transmittance of 

Transparent Plastics (INM) 

• ASTM D3363–20: Standard Test Method for Film Hardness by Pencil Test (INM) 

• ISO 2409:2020: Paints and varnishes — Cross-cut test (INM) 

• ISO 9211–3:2008: Optics and photonics — Optical coatings — Part 3: Environmental 

durability (BME) 

• ISO 9211–4:2012: Optics and photonics — Optical coatings —Part 4: Specific test 

methods (BME)  

• ISO 9022–2:2015: Optics and photonics — Environmental test methods — Part 2: Cold, 

heat and humidity (BME) 

• IEC 61215: Terrestrial photovoltaic (PV) modules — Design qualification and type 

approval (INM) 

• DIN EN 1096–2:2012: Glass in building — Coated glass — Part 2: Requirements and 

test methods for class A, B and S coatings (INM) 

 

 

4.2 SAMPLE PREPARATION 

 The synthesis of the silica sols 

Silica sol can be synthesized with the alkali catalysed or the acid catalysed method. I 

obtained each sol by one-pot synthesis and controlled hydrolysis, and the condensation 

reaction of the silicon-based starting material was catalysed with acid.  

The first type of silica sol was an alcohol-based sol (2-propanol) and the silicon-based 

starting material was tetraethyl orthosilicate (TEOS). The second type of silica sol was a 

water-based sol, and the silicon-based starting material was tetrakis(2-

hydroxyethoxy)silane (THES).  

For the preparation of the first type of silica sol, I used the following molar ratio of the 

components [1]: 
                    

TEOS : 2-PrOH : HCl : H2O : PE10500 = 1 : 14.49 : 0.01 : 5.61 : 0.01  M 

  solvent                  

                    

 

 As a first step, I dissolved 2.26g Pluronic PE10500 non-ionic surfactant in 33 ml 2-

propanol and 3 ml 0.1 M HCl and stirred the mixture in a glass beaker at room temperature. 

The Pluronic PE10500 is a white, waxy solid, thus I scraped off small pieces with a spatula 

from the block material. Depending on the size of the surfactant pieces, their dissolution took 

25−55 minutes without heating. Then, I slowly added 3.7 ml TEOS to the clear mixture and 
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stirred it continuously for another 30 minutes. During the synthesis, the sol was in a water 

bath with a thermostat control set at 25±1 °C. 

I repeated the experiment multiple times and concluded that for reproducible results, the 

sol has to be aged for at least 24 hours. Therefore, I aged each alcohol-based silica sol for one 

day before depositing the layer, and in the meantime, I kept them in an incubator at 25 °C. 

During the dip-coating process, I paid attention to maintaining the temperature at 25 °C, 

therefore I placed the glass beaker in a thermostat with a jacketed glass beaker. Relative 

humidity varied between 30% and 40%. 

Pluronic PE10500 was the pore generator in this soft-templating approach. The leaving 

molecule was ethanol in this sol–gel reaction (Equation 4). 

I prepared fresh sol for every experiment to get the best results with the smallest error. I 

prepared most of the samples multiple times and present the representative spectrum. 

For the preparation of the second type of silica sol, I used the following molar ratio of the 

components [7]. I varied the molar ratio of the water to find the optimum for a stable and 

transparent aqueous silica sol. Coatings prepared from a sol with THES:H2O = 1:119 

provided the highest light transmission in the visible range. 
                

THES: H2O: HCl: PE10500:  BYK–349 = 1 : 83–119 : 0.001 : 0.015 : 0.03–0.42 M 

solvent              

 

As a first step, I dissolved 6.75g Pluronic PE10500 surfactant in 140 ml ultrapure water 

and 9 ml 0.1M HCl, and stirred the mixture in a glass beaker at room temperature to obtain 

a homogeneous solution. After the complete dissolution of the surfactant, I added the silica-

starting material (THES) to this solution in small quantities and stirred the mixture for a 

further 1 hour. During stirring, the sol was sealed with Parafilm® foil to prevent the 

evaporation of the solvent. The laboratory temperature was a constant 22±2 °C and relative 

humidity varied between 20% and 45%. I stored the water-based sol in a laboratory cabinet 

before depositing the layer and during ageing.  

In this sol, I used the Pluronic PE10500 for stabilizing the colloidal dispersions and not 

as a porogen molecule. The amount of Pluronic PE10500 was under the critical micelle 

concentration (CMC at 25 °C is 0.3% w/v [100]), therefore I can assume that unimers and 

not micelles were adsorbed on the silica interface.  

BYK–349 is a polyether-modified siloxane and it is completely miscible with water. BYK–

349 ensured uniform film formation on a solid substrate. It significantly decreases the 

surface tension of the sol and improves the wetting of the glass substrate. The mixing ratio 

recommended by the manufacturer is between 0.05 vol% and 0.50 vol% of the total volume 

of the solution [101]. The tested amount of BYK–349 varied between 0.03 vol% and 0.42 

vol% of the total volume of the solvent. I found that 0.14 vol % was the lowest ratio of BYK–

349 in the aqueous sol that was still effective in providing homogeneous coatings. When I 

mixed less additive with the sol, the aqueous silica layer did not spread evenly on the glass. 

As a last step of synthesis, the water-based sol was aged for a defined period of time and 

before the coating step, the BYK–349 was mixed with the aged sol (Table 1). Without BYK–

349, the nanoparticle-based aqueous silica sol turned into a gel within 5 days. 
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Table 1. The ageing and the appearance of the aqueous silica sol without BYK–349 wetting promoter. 

 
Diluted sol by 0% 10% 20% 30% 40% 

THES:water 1:83 1:93 1:101 1:109 1:119 
0 day Transparent Transparent Transparent Transparent Transparent 
1 day Opaque Transparent Transparent Transparent Transparent 

2 days Opaque Transparent Transparent Transparent Transparent 
3 days Whitish Transparent Transparent Transparent Transparent 
4 days Whitish Transparent Transparent Transparent Opaque 
7 days Milk-white Opaque Opaque Opaque Whitish 
9 days Milk-white Opaque Opaque Opaque Whitish 

11 days Milk-white Whitish Whitish Whitish Milk-white 
14 days Gel Milk-white Milk-white Milk-white Gel 
21 days Gel Milk-white Gel Gel Gel 
25 days Gel Milk-white Gel Gel Gel 
27 days Gel Gel Gel Gel Gel 

 
To improve the hardness of the silica coatings, I selected commercially available 

amorphous colloidal silica in water [102]: 

• Levasil CS40-222 (alkaline aqueous dispersion, pH = 9.8, 40 % by weight SiO2, 

specific surface area 220 m2/g, non-modified particles), and  

• Levasil CS30–516P (acidic aqueous dispersion, pH = 4.0, 30% by weight SiO2, 

specific surface area 160 m2/g, cationic particles).  

I mixed one of them into the water-based silica sol as a last step of synthesis. The size of 

the Levasil nanoparticles (Levasil CS40-222: 12 nm and Levasil CS30–516P: 20 nm) is 

comparable to the size of the particles in water-based sol (15–20 nm). 

 

 The repeatability of the preparation of the sol 

I also investigated the repeatability of the preparation of the sol. I proved that both 

recipes (2-propanol-based sol and water-based sol) are reproducible and independent of the 

location of the laboratory and the person who is making them. 

 

 The cleaning of the solid substrate 

Glass and polycarbonate are essential transparent solid substrates for optical coatings. 

However, precise structural and morphological information can only be gained from a 

coating on silicon. Additionally, I also coated quartz and PMMA with the silica sols. In this 

section, I describe the cleaning methods of the substrates. 

 

• Microscope glass slides were soaked in 1% detergent solution, rinsed with distilled 

water, neutralized with dilute sulphuric acid, rubbed with 2-propanol moistened 

cellulose paper, rinsed with 2-propanol and ultrapure water. The cleaned substrates 

were dried at 70 °C in a drying oven.  
 

• Low-iron display glass was cleaned in a Miele Professional IR6001 washing machine 

without detergent. 
 

• Float glass was received cleaned and sealed. 
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• Quartz was cleaned with 2-propanol and rinsed with ultrapure water. 
 

• Silicon wafers were cleaned with tissue paper impregnated with 2-propanol, then 

rinsed with 2-propanol and ultrapure water.  
 

• Lexan PC was ultrasonicated in 1% detergent solution for 5 minutes, then rinsed with 

ultrapure water.  
 

• PC and PMMA: The polymers were cleaned in an ultrasonic bath (Sonorex RK 100 H), 

rinsed with ultrapure water and dried with an air nozzle. 

 

I put the clean small substrates in a plastic microscope slide box and stored the boxes in 

a dust-free storage cabinet. I stored the bigger samples in a special plastic box with a UV 

filter. If it was required, I blew off the dust from the substrates with an anti-static air gun 

before dip-coating. The name of the detergent was Ultra dishwasher powder (DunaChem 

Kft.), and it contains <60% sodium carbonate. 

 

 The activation of the solid substrate 

It is desirable to activate the polymer substrates before layer deposition. Activation 

provides optimal adhesion between the silica layer and the surface. Activation generates 

reactive groups on the surface of the substrate and increases the number of binding sites, 

therefore a strong interface-layer interaction is created. The activation of the substrate also 

contributes to homogeneous coatings.  

In special cases, I implemented the activation step after the cleaning step. I treated the 

substrate with a strong alkali solution, silanisation solution or plasma. 

 

4.2.4.1 Wet-chemical treatment 

I activated the surface of the low-iron glass in a 12% KOH aqueous solution for 24 hours 

or 120 hours. The strong alkali medium helped increase the number of polar groups on the 

surface (e.g. –OH, –COOH). These polar groups promoted the formation of primary bonds 

between the substrate and the layer. The wet chemical pre-treatment can ensure a 

sufficiently resistant coating, for instance against abrasion. However, excessive soaking of 

the glass (> 24 hours) resulted in opaque layers not suitable for optical characterization. 

 

4.2.4.2 Plasma activation  

I exposed the PC and PMMA substrates to low-pressure oxygen plasma (Tetra 30–LF–

HA) for less than 15 minutes before layer deposition. I placed the cleaned polymer substrates 

in a plasma chamber and activated them with oxygen for 5 min (1 mbar O2, 1000 W, 40 kHz). 

During plasma activation, the surface of the polymer is chemically changed and anchoring 

polar groups are deposited on it. These polar groups increased the wettability and adhesion 

of PC and PMMA. 
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4.2.4.3 Silanisation solution 

I prepared a silanisation solution to obtain covalent bonds between the sol–gel silica 

coating and the substrate. The silanisation agent was an aminosilane compound. The 

silanisation solution was a 1% solution of (3-aminopropyl)triethoxysilane (APS) in 2-

propanol. I soaked the Lexan PC substrates in the silanisation solution for 1 hour, then 

washed them with 2-propanol and dried them at room temperature. Before layer deposition, 

I prepared freshly activated Lexan PC substrates. 

 The terminal amine groups (NH2–R) of APS reacted with the carbonate groups  

( ) of the PC chain and formed urethane links ( ), and the leaving 

molecule was an alcohol derivate (R2–OH) [103]. This silane monolayer acted as a coupling 

agent between the PC and the TEOS and its derivates. 

We confirmed the presence of the APS molecules on the treated PC substrate by X-ray 

photoelectron spectroscopy, which showed 0.6% Si and 0.7% N on the surface.  

I applied the APS aminosilane to obtain crack-free coatings on Lexan polycarbonate. It 

eliminates the disadvantageous effects caused by the thermal expansion differences 

between the polymer and the silica coating. 

We collected separately the residual silanisation solution, purified the 2-propanol with 

distillation, and reused it for the further pre-treatments. 

 

 Layer deposition 

During my research, the primary type of layer deposition process was dip-coating, which 

is perfect for small, flat substrates and results in samples coated on both sides. I also intended 

to coat large surfaces effectively without large amounts of sol. Therefore, I used the 

wiping-coating process.  

Unless otherwise stated, I prepared at least three samples from each type of silica sol. 

 

4.2.5.1 The dip-coating process 

Sol–gel thin films were prepared from the silica sols by the dip-coating method on 

polycarbonate, glass, quartz, PMMA and silicon substrates. I immersed the cleaned and dried 

substrates into the 2-propanol-based or water-based sol and then withdrew it at a constant 

speed.  

The withdrawal speeds for the 2-propanol-based silica samples varied between 0.75 

cm⋅min−1 and 30 cm⋅min−1 depending on the experiment and the characterisation.  

The withdrawal speeds for the water-based silica samples varied between 1.0 and 2.0 

mm/s (6 cm⋅min−1 and 12 cm⋅min−1).  

 

4.2.5.2 The wiping-coating process  

I coated the medium-size and large glass substrates on one side with a wiping-coating 

machine (constructed at INM), using an aluminium tank filled with an aqueous sol aged for 

1 day (Figure 3b). I used two tanks of different sizes. The width of the first tank was 40 cm 
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and the amount of sol needed to fill the tank was 20 ml. The width of the second tank was 80 

cm and the amount of sol needed to fill the tank was 35 ml. A perforated polycarbonate sheet 

provided thermal isolation between the metal plate and the glass substrate. The deposition 

speed of wiping coating can be varied between 0.05 mm/s and 600 mm/s. I tested it between 

1.0 mm/s and 2.0 mm/s for medium-size glass (with 0.2 mm/s steps) to find the optimum 

thickness, and selected 1.4 mm/s for the large substrate. 

 

 

4.3 POST-TREATMENTS 

A freshly prepared sol–gel film needs several additional treatments to increase the 

number of cross-linking and to consolidate the inorganic network.  

 

 Vapour treatment 

4.3.1.1 Ammonia vapour treatment  

The silica networks of sol–gel thin films can be strengthened in an ammonia atmosphere 

to increase the number of cross-links. Ammonia vapour treatment generates the mesophase 

restructuration of the silica. It also improves the mechanical properties and stability 

[70,104,105] of the silica nanoparticles and coatings.  

I placed the freshly prepared 2-propanol-based silica lyogels in a desiccator above an 

aqueous ammonium hydroxide solution (2 M) at room temperature (23–26 °C). The optimal 

ammonia treatment time is between 1 hour and 3 hours. The light transmission of the 

samples decreased when I extended the exposure time of ammonia vapour. The volume of 

the desiccator was 11 L and I prepared 250 ml 2M ammonium hydroxide solution. The 

mechanism of base catalysed condensation of silicon alkoxide is: 

 
Equation 9. Base catalysed condensation of silicon alkoxide [97]. 

 
 

4.3.1.2 Hydrochloric acid vapour treatment  

Acids catalyse the sol–gel reactions. The purpose of this treatment was to strengthen the 

silica network. Therefore, I exposed the freshly prepared 2-propanol-based silica lyogels to 

hydrochloric acid vapours at room temperature (23–26 °C) in equilibrium with a 6 M 

hydrochloric acid solution for 1 hour in a closed desiccator. The volume of the desiccator 

was 8 L and I prepared 100 ml 6M hydrochloric acid solution. The mechanism of acid 

catalysed condensation of silicon alkoxides is: 
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Equation 10. Acid catalysed condensation of silicon alkoxides [97]. 

 
 

 Plasma treatment 

Radiofrequency-generated low-pressure plasma is a useful tool to change the 

composition and structure of the molecular layers and surface properties of silica coatings. 

The adjustable parameters are process time, pressure, and power. I set the pressure of 

the plasma treatment to 0.15 and 0.40 mbar, the power to 30% (90 W), 50% (150 W), 70% 

(210 W) and 100% (300 W), and the operation time to 1 minute, 5 minutes, and 10 minutes. 

The process gas was air or oxygen. I connected an oxygen concentrator to the plasma system. 

The oxygen concentrator separates the oxygen from the atmospheric air and the generated 

oxygen percentage is 93±3%. The inner volume of the vacuum chamber is 2.4 L. 

 

4.3.2.1 Oxygen plasma treatment 

The optimal parameters for the oxygen plasma treatment were 0.15 mbar, 30%, and 5 

minutes. The purpose of using oxygen plasma on polycarbonate was to generate a porous 

structure at least as good as a structure obtained from calcination or solvent leaching.  

 

4.3.2.2 Air plasma treatment 

The optimal parameters for the air plasma treatment were 0.40 mbar, 30%, and 1 minute. 

The application of air plasma to silica coatings in this thesis had a twofold purpose: 

• to replace the heat treatment necessary for consolidation; 

• to increase the mechanical resistance of the coatings on polycarbonate. 

 

 Heat treatment  

4.3.3.1 Low-temperature treatment 

Low temperature corresponds to an accelerated drying step. Depending on the type of 

the substrate, the temperate was set to 90 °C, 120 °C, 215 °C or 250°C.  

I dried the substrates for a long time, at least 10–13 hours with one hour of warming up 

to avoid thermal shock and consolidate the thin films adequately on PC and PMMA. I set the 

consolidation temperature for PMMA samples to 90 °C and PC samples to 120 °C.  

The freshly deposited thin films contained Pluronic PE10500 surfactant, which 

decomposes at 215 °C. In addition, the coatings from water-based sols contained the BYK–

349 co-surfactant with a boiling point above 200 °C. The layer also included ethylene glycol, 

the by-product of the sol–gel reaction, which has a boiling point of 197 °C. It is much higher 



Experimental section 

 
 

35  35 

than the boiling point of ethanol, the common leaving molecule in a sol–gel reaction, which 

has a boiling point of only 87 °C. The inadequate removal of these molecules (Pluronic 

PE10500, BYK–349 and ethylene glycol) can make the silica coatings softer. Moreover, I 

found that an intermediate, pre-dying of water-based coatings on glass at 215°C is 

advantageous and the coatings were crack-free.  

The maximum operating temperature of the industrial oven was 250 °C and the large 

float glass sample was heat-treated in one piece, therefore I set the highest temperature to 

consolidate this sample. 

 

4.3.3.2 High-temperature treatment 

The high-temperature treatment of thin films is the calcination of the silica matrix and it 

removes the volatile and organic residues from the inorganic network. I applied a shorter 

treatment (1 hour) and set the temperature to 450 °C or 480 °C.  

At temperatures above 550 °C, the sintering of the porous structure starts, resulting in 

shrinkage or the closure of pores and in consequence, a decrease in light transmission. At 

temperatures above 1000 °C, a complete loss of porosity was observed [106]. 

In general, the oven was ramped to 480 °C at 15 °C/min and kept this temperature for 1 

hour for coatings on glass, silicon and quartz, prepared from a 2-propanol-based sol.  

 

4.3.3.3 Mixed heat treatment 

Occasionally, during the one-step heating at 450 °C, the water-based silica coatings were 

damaged and curvy microcracks developed. Depending on layer thickness, they appeared at 

the edges or extended over the entire surface of the films. I decided to switch to a different, 

two-step annealing procedure to avoid microcracks and used an intermediate heat 

treatment step before calcination. The two-step heat treatment ensures a gentle removal of 

the additional compounds from the silica network. Before one- and two-step thermal 

treatments, I placed the samples in the oven at room temperature. During the one-step 

treatment, the oven was ramped to 450 °C at 7 °C/min and kept at that temperature for 1 

hour. During the two-step treatment, initially, the oven was ramped to 215 °C at 3 °C/min 

and held at that temperature for 1 hour. Afterwards, it was heated to 450 °C at 4 °C/min and 

held at this temperature for another hour. 

 

 Porogen extraction 

Coatings on polymers after heat treatment require an additional treatment step. In this 

thesis, the porogen molecule was Pluronic PE10500, which is a water-soluble molecule, 

therefore it can be removed from the silica coatings by washing with water.  

In my experiments, I used thin layers (d < 260 nm) and soaked the samples in water for 

30 minutes under constant stirring at room temperature for effective porogen extraction. 

In certain cases, samples after calcination were also immersed in distilled water for 30 

minutes under constant stirring. The purpose of this step was to remove the potential 

decomposition products from the pores. 
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 Vapour-phase silanisation 

Vapour-phase silanisation was an intermediate step between the ammonia treatment 

and the low-temperature heat treatment. I placed some of the ammonia-treated 2-propanol-

based silica lyogels on polycarbonate in a desiccator above 0.5 ml of hexamethyldisilazane 

(HMDS) at room temperature (23–26 °C). The exposure time was 1 hour or 3 hours. After 

silanisation, I heat-treated the lyogel samples at low temperature. The volume of the 

desiccator was 8 L. 

 

 

 

4.4 CHARACTERISATIONS  

In this chapter, I characterise the physical and chemical properties of the silica sol and 

the silica thin films that I produced. 

 

 Atomic force microscopy 

Instrument: Dimension D3100 Atomic Force Microscope in tapping mode, equipped 

with a Veeco Nanoscope IIIa controller. A Nanosensors Pointprobe–Plus silicon tip was 

used, and the typical resonance frequency was 204–497 kHz, the Force Constant was 

10–130 N/m, and tip radii were typically 7 nm or smaller.  

All results presented were obtained on a 10 × 10 μm scanning area, and a resolution of 

512 × 512 was used at a scan rate tuned for optimal accuracy for each sample.  

Measured topography data were processed by the Bruker NanoScope Analysis 1.2 

software. Coatings on polycarbonate and silicon were corrected with second-order 

plane fit to remove tilt and second-order bow.  

Location: MTA, TTK, Institute of Materials and Environmental Chemistry, Plasma 

Chemistry Research Group. 

Parameters: surface topography, surface area (A, %), average roughness (Ra, nm), and 

root mean square roughness (Rq, nm). 

 

 

 Abrasion test 

Tool: Abrasion test was performed with a Coating Hardness Kit (Summers Optical, a 

division of EMS Acquisition Corp.). I cut and arranged 32 layers of cotton cheesecloth 

(MIL CCC-C-440) into a stack. I covered the head of the aluminium tester with a pad of 

cheesecloth and carried out 100 rubs on the coating on PC according to ISO 9211-

4:2012. 

Location: BME. 

Characteristic property: abrasion resistance. 
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 Contact angle measurement 

Instrument: DSA30 Drop Shape Analyzer (KRÜSS GmbH, Germany), equipped with a 

tempering device, analysing the shape of the image of a sessile drop. Advancing angles 

were determined with a drop volume of 10 µl, and for receding angles 5 µl of ultrapure 

water was taken back with the drop-build-up technique. During the measurement, the 

drop was in a closed chamber at constant relative humidity (>95%) and temperature 

(25 °C). 

Location: BME. 

Parameters: advancing contact angle (CAA), receding contact angle (CAR), and contact 

angle hysteresis (HCA). 

 

 Cross-cut test 

Tool: mtv cross-cut test CC 5000–1, classified by the ISO 2409 standard. I applied grid 

incision (six parallel cuts) with a cutter, then applied an adhesive tape to cover the cut 

area and removed it. Classification of the test results is from 0 to 5, where 0 means that 

the edges of the cuts are completely smooth and without detaching the coating from the 

substrate.  

Location: INM. 

Characteristic property: adhesion of the coatings to the substrate. 

 

 Ellipsometric porosimetry 

Instrument: Semilab PS–2000 ellipsometric porosimeter (constructed at Semilab 

Semiconductor Physics Laboratory Co. Ltd.). The adsorptive material was toluene and 

2-propanol. The refractive index of the substrate at 632.8 nm was specified from 

reference values: 3.881 for silicon, 1.5151 for glass, 1.457 for quartz, and 1.580 for PC 

[107]. The layer thickness and the effective refractive index of the coatings were 

determined with the Cauchy model. Pore radius distribution was calculated with the 

modified Kelvin model for mesopores. The adsorption and desorption isotherms were 

taken at 30 °C in a vacuum chamber. All silica samples were outgassed at 140–150 °C 

for 10 min before analysis.  

Location: Semilab Semiconductor Physics Laboratory Co. Ltd. 

Parameters: adsorption and desorption isotherms, pore size distribution (–, nm), layer 

thickness (d, nm), effective refractive index (n, –), porosity (P, %), pore radius (rads and 

rdes, nm), Young’s modulus (E, GPa). 

 

We calculated the Young’s modulus of thin porous films using the experimental data 

according to the method described by K. P. Mogilnikov and M. R. Baklanovz [108]. We fitted 

the experimental curves using the combination of Kelvin and Young-Laplace equation 

(Equation 11), where p is the vapour pressure above a concave meniscus, p0 is the vapour 

pressure above a flat interface, 𝜋𝑐  is the microscopic capillary pressure, E is the Young’s 

modulus. 
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Equation 11. The calculation of Young’s modulus [108]. 
 

             𝑑 = 𝑑0 ∙ (
1− 𝜋𝑐

𝐸
) = 𝑑0 − 𝑘 ∙ ln

𝑝

𝑝0
                                                 𝑘 =  

𝑑0 𝑅𝑇

𝐸 𝑉𝐿
 

 

𝐸 =  
𝑑0 𝑅𝑇

𝑘 𝑉𝐿
 

 

The value of the relative pressure (p/p0), which corresponds to the maximum shrinkage, 

depends on the pore radius and the surface tension of the liquid. The change in film thickness 

(d) is attributed to capillary forces and affects the high-pressure reversible zone of the 

isotherms. The root mean square of the calculations was between 0.967 and 0.995. 

 

 Environmental durability 

Tests: Specific conditions for carrying out the scratch resistance and weathering test 

are described in ISO 9022-2:2015, ISO 9211-3:2008 and ISO 9211-4:2012. From the 

available environmental durability test series, I selected "Category C" to define the 

categories of use of coatings on PC and the degree of severity of each test. This category 

includes coatings for outdoor applications that do not have high abrasion resistance. 

The coatings are subjected to eight tests: adhesion, abrasion, solubility, cold, dry heat, 

damp heat, slow temperature change and solvent solubility.  

I measured light transmission before and after the specific tests. Cold, damp heat and 

slow temperature change required a climate test chamber (WEISS WK3 340/70), 

where temperature and humidity were adjusted precisely, while the other tests were 

carried out in a laboratory environment. 

Location: BME. 

Characteristic property: environmental durability of coatings 

 

 Infrared spectroscopy 

Instrument: InfraRed Tensor 37 Spectrometer (Bruker Optik GmbH) in ATR-IR mode, 

spectral range between 4000 and 600 cm−1, resolution 4 cm−1, TDGS detector.  

Location: BME. 

Parameters: ATR-IR spectrum of coatings on PC. 

 

 Grazing incidence angle X-ray diffraction  

Instrument: X’pert Pro MPD diffractometer (Philips PAN analytical B.v.), equipped with 

X’celerator detector. Thin films on the solid substrate were scanned with Cu Kα 

radiation (λ = 1.54 Å) at 1° of grazing incidence angle in a range of 0.5 to 5.0° (2Θ) with 

a step size of 0.008° and a step time of 30 s. The tube voltage and tube current were set 

to 40 kV and 30 mA, respectively. 

Location: BME. 

Parameters: 2Θ (–, °), d-spacing (–, nm), and unit cell constant (𝑎0, nm).  
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 Optical microscopy 

o Instrument: Nikon Eclipse LV100ND with camera DS–Fi2 (Nikon GmbH), with 

episcopic or diascopic illumination. Software: NIS–Elements BR–4–30. I adjusted 

the sample position, focus, light brightness and xy position and examined the 

coatings on glass with reflected (episcopic) illumination.  

Location: INM.  

o Instrument: Keyence VHX–2000 digital optical microscope with 20–2 500 X zoom 

lens. Gain, electronic shutter, and white balance were set to automatic. I adjusted 

the movement in all three axes by using a control pad. 

Location: Bay Zoltán Nonprofit Ltd. for Applied Research. 

Characteristic property: images from the surface of the coatings. 

 

 

 Pencil hardness 

Tool: pencil hardness test Mod. 291 (Erichsen GmbH & Co. KG) according to ASTM 

D3363. The pencils (19 different pencils 8B–6H, Staedtler Mars GmbH & Co. KG) were 

placed at 45° to the surface with a loading of 750 g. Their hardness ranged from 8B 

(soft) to 6H (hard). I sharpened the tips of the pencils with a special sharpener and 

shaped them with 400 grit sandpaper before each test. I evaluated the surface 

aesthetics of the coating with an optical microscope after applying a pencil of known 

hardness at constant force (7.5 N). I have presented two images: the first is after the 

pencil that did not scratch the sample, and the second is after the following pencil that 

scratched the coating. The degree of hardness of the pencil tip that did not damage the 

surface (first image) is taken as a measure of scratch hardness. 

Location: INM. 

Parameters: hardness of the water-based coatings.  

 

 

 Photon correlation spectroscopy 

Instrument: ALV/CGS–3 Compact Goniometer System (Pseudo Cross Correlation 

Version) with ALV/LSE–5004 Light Scattering Electronics (ALV–GmbH). The scattering 

angle was between 12° and 152°, with an angular resolution of 0.025°. The light source 

was a helium–neon laser. 

Location: INM. 

Parameters: the size of the silica particles in the aqueous sol (–, nm). 

 

 

 Scanning electron microscopy 

o Instrument: LEO 1540 XB Field Emission Scanning Electron Microscope operating 

at 5.00 keV acceleration voltage. 

Location: MFA, EK, Chemical Nanostructures Laboratory. 
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o Instrument: Environmental Scanning Electron Microscope (ESEM), Quanta 400 

FEG (FEI, Hillsboro, USA) operating in low vacuum mode (pH2O = 100 Pa) and 

with a 10 kV accelerating voltage. 

Location: INM. 

Parameters: plan-view, top-view, and cross-sectional images. 

 

 

 Spectroscopic ellipsometry  

o Instrument: Woollam M 2000 DI spectroscopic ellipsometer (J. A. Woollam Co.). 

The recorded range was from 375 to 1500 nm. The complex refractive indices of 

the applied substrates were preliminarily determined from bulk measurements 

with the Cauchy dispersion model and the Cauchy parameters were fixed during 

subsequent evaluations. We created a Brugemann effective medium 

approximation (EMA)-based model and optically characterised the porous silica 

structure with a double-layer EMA model. The double-layer EMA model uses the 

combination of SiO2 and void. The ellipsometric models had the following 

structure: the substrate (polycarbonate, glass, and crystalline silicon (c-Si)); the 

lower layer (EMA1: void1 (%), thickness 1 (nm), SiO2 + void (–)); and the upper 

layer (EMA2: void2 (%), thickness 2 (nm), SiO2 + void (–)). 

o Location: MTA, MFA, EK, Photonics Department. 

o Instrument: Woollam M 2000 DI spectroscopic ellipsometer (J. A. Woollam Co.). 

The analysis method was Effective Medium Approximation (Maxwell–Garnett). 

Location: INM. 

Parameters: layer thickness (d, nm), refractive index (n, –), and porosity (P, %). 

 

 

 Thermogravimetric analysis and differential thermal analysis 

Instrument: SDT 2960 simultaneous DTA-TGA (TA Instruments, Inc., USA). The 

instrument has a combined thermal analytical technique: simultaneous 

thermogravimetric (TG) and differential thermal analysis (TG/DTA). The temperature 

range was from 10 °C to 700 °C.  

The 11.07 mg (initial mass) 2-propanol-based silica powder was placed in a platinum 

pan and thermal decomposition occurred in an air atmosphere (130 ml/min). The 

temperature was scanned between 10 °C and 700 °C at a rate of 10 °C/min. Before the 

thermogravimetric analysis, the silica sol was aged for 27 hours, then poured into a 

Petri dish and the 2-propanol was left to evaporate at room temperature for five days. 

The silica powder (xerogel) was prepared from the dried silica sol. The solid content of 

the silica sol was 96.425 mg/ml. 

Location: BME. 

Parameters: decomposition temperature of Pluronic PE10500 (°C). 
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 Transmission electron microscopy 

o Instrument: JEOL transmission electron microscopy (Akishima, Tokyo, Japan) 

JEM–2100 LaB6 operating at an accelerating voltage of 200 kV. 

Location: INM. 

o Instrument: JEOL 3010 high-resolution transmission electron microscope 

operated at 300 kV, point resolution 0.17 nm. Plan view and cross-sectional 

samples for HRTEM were prepared by conventional mechanical and Ar-ion beam 

thinning [109].  

Location: MTA, MFA, EK, Thin Film Physics Laboratory. 

Parameters: Plan view and cross-sectional images, morphology, and size of silica 

coatings and particles. 

 

 

 Transparency, transmission, and haze 

Instrument: Haze-gard plus haze meter (BYK Garder GmbH) with a CIE–C light source 

(ASTM D1003), calibrated at 0% and 100% transmission with standards. 

Location: INM.  

Parameters: total transmission, total haze, and clarity of the coatings. 

 

 

 UV–VIS spectrophotometry 

o Instrument: Specord 200–0318 UV–VIS spectrophotometer (Analytic Jena 

GmbH). I measured the light transmission of the samples in the 350–1100 nm 

wavelength range, with a resolution of 1 nm, a slit of 1 nm, an integration time of 

0.20 s, and a scanning speed of 5 nm/s at normal incidence. I fitted the data with 

the geometric optical solution for samples coated on both sides of a transparent 

thick substrate with the Hild model ("geodnew") [110] and the Levenberg–

Marquardt algorithm [111]. The Hild model presumes monolayers because it 

cannot separate layers with similar refractive indices. Dr Erzsébet Hild wrote the 

"hdouble" algorithm for samples with two layers. The calculation by "hdouble" is 

accurate only for samples where the thickness and refractive index of one of the 

layers is known. Both "geodnew" and "hdouble" can determine n and d or simulate 

a spectrum. I set the refractive index of glass to 1.519, the refractive index of 

polycarbonate to 1.585, and the refractive index of non-porous silica layer (the 

reference bulk material) to 1.462 at 632.8 nm. The porosity of the coatings was 

estimated from the refractive index with the use of the Lorentz–Lorenz formula 

[112,113]. Lexan PC contains a UV protection additive, and its characteristic 

absorption peak appears in every transmission spectrum at 682 nm. 

Location: BME. 

Parameters from the transmission spectrum: average transmission increment (ATI, 

%), maximum light transmission (Tmax, %), layer thickness (d, nm), refractive 

index (n, –), and porosity (P, %). 
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o Instrument: Cary 5000 UV–VIS–NIR spectrophotometer (Agilent Technologies, 

Inc.).  

(a) Transmission spectra 

Recorded in a range of 200 nm to 3000 nm, with a light transmission 

reference of 100% and 0%. 

(b) Reflectance spectra 

Recorded in a range of 200 nm to 1000 nm, with light reflection references of 

100% and 0%. The reflectance results of one side of the samples were most 

accurate when I scratched the opposite side of the coated surface with fine 

sandpaper, taped with a black tape and shaded with a black marker. 

Location: INM. 

Parameters from the transmission and reflection spectra: average maximum light 

transmission (Tmax) and minimum reflectance (Rmin). 

 

The average transmission increment (ATI) is the difference of the integrated area of the 

transmission spectrum of the coating and that of the substrate divided by 370, which 

corresponds to the difference between the start and end of the investigated wavelength 

range (410 – 780 nm) (Equation 12). I calculated the mathematical area of the spectra in 

OriginLab (data analysis and graphing software). The area is the algebraic sum of trapezoids. 

I expressed the ATI with the use of an absolute scale that begins at zero point (0% 

transmission) and ends at 100, which correspond to 100% transmission. The selected region 

between 410 nm and 780 nm is particularly significant for LED street lights.  

 

 
Equation 12. The calculation of the average transmission increment. 

 

𝐴𝑇𝐼 (%) =  
𝐼𝑛𝑡𝑒𝑔𝑟𝑎𝑡𝑒𝑑 𝑎𝑟𝑒𝑎 𝑜𝑓 𝑐𝑜𝑎𝑡𝑖𝑛𝑔 (𝑛𝑚 ∙ %) − 𝐼𝑛𝑡𝑒𝑔𝑟𝑎𝑡𝑒𝑑 𝑎𝑟𝑒𝑎 𝑜𝑓 𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒 (𝑛𝑚 ∙ %)

(780 𝑛𝑚 −  410 𝑛𝑚)
 

 

 

 

 X-ray photoelectron spectroscopy – Scanning auger microscopy 

Instrument: CLAM 2 analyser (VG Microtech, Fisons Instruments, UK) with two 

detectors, X-ray sources: VG XR70X (Mg, Al), 300W, area of the sample: 4 × 4 mm, 

energy analyser: Specs Phoibos 150, electron gun: VG Microtech LEG200. 

Location: BME. 

Parameters: atomic percentage values (%). 
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4.5 THE SUMMARY OF THE PREPARATION STEPS 

The summary of the preparation steps, pre- and post-treatments, and characterisation 

type of different samples is presented on a block diagram (Figure 8). 

 

 

 

 
Figure 8. The block diagram of the preparation steps of the porous silica coatings. 
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5. RESULTS AND DISCUSSION  

5.1 2-PROPANOL-BASED SILICA SOL AND COATINGS 

Most of the results reported in the following sections are based on my publications on the 

topic of 2-propanol-based silica coatings on various substrates [1,3–6].  

In this chapter, I prepared all samples with the use of dip-coating and from a 2-propanol-

based silica sol. The sol was aged for one day before layer deposition.  

Silica coatings without a coupling agent on polycarbonate substrates were covered with 

micro-cracking after the heat treatment. Therefore, I prepared a fresh silanisation solution 

and pre-treated the PC substrate with it before the layer deposition and that resulted in 

crack-free, homogeneous coatings. All the samples were washed with water after the heat 

treatment, and this is not indicated in the name of the sample. 

In the following sections, I interpret and discuss the results of the freshly deposited 

coatings, and present the investigations of their optical, mechanical, and morphological 

behaviour as well as their stability. 

 

 The classification of the samples 

To provide precise information about the experimental conditions, I introduced a naming 

system in which most of the samples are classified as below: 

a) A capital letter 

The first letter of the name stands for the type of substrate:  

"G" – glass,  

"P" – polycarbonate,  

"S" – silicon, 

"Q" – quartz.  

b) A number with one decimal 

The second part is the withdrawal speed, expressed in cm⋅min−1 (1.0–4.5).  

c) A small letter 

The third part of the code refers to the type of post-treatment:  

"b" – base-catalysed treatment (ammonia vapour),  

"a" – acid-catalysed treatment (hydrochloric acid vapour),  

"air" – air plasma treatment (0.40 mbar, 30%, 1 minute),  

"ox” – oxygen plasma treatment (0.15 mbar, 30%, 5 minutes),  

"w" – solvent washing (distilled water). 

d) A number 

The fourth part of the code is the duration of the vapour treatment expressed in hours, if 

applicable: 1 hour or 3 hours. 

e) A capital letter 

The last letter indicates the curing temperature expressed in degrees Celsius. The letter 

"L" stands for the low-temperature heat treatment at 120 °C and "H" stands for the high-

temperature heat treatment at 480 °C.  
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For example, code "G1.5–b1L" refers to a layer on a glass substrate (G), where the speed 

of dip-coating was set to 1.5 cm⋅min−1 (1.5), the samples were exposed to ammonia vapours 

(b) for 1 hour (1), then heat-treated at 120 °C (L). 

 

 The investigation of the cause of double-layer formation 

Silica thin films prepared from 2-propanol-based sol and treated with ammonia vapour 

have a unique structure (Figure 9). It consists of two layers, where the first layer (1) is in 

direct contact with the substrate (3) and the second layer (2) is on the first layer (1). The 

second layer is in direct contact with the first layer and with air. The refractive index of the 

first layer is lower than that of the second layer within the wavelength range of 350 to 1100 

nm. 

 

 
Figure 9. The layer structure of a two-layer anti-reflective coating on a transparent substrate. The drawing is 

adapted from the EP3472248 [6]. 

 

I examined the prepared samples with various nanotechnology instruments to find out 

the origin of the double-layer mesostructured film. 

  

 Electron microscopy studies 

In this section, I prepared silica thin films on silicon substrates and consolidated them at 

low and high temperatures. The smooth surface topography of silicon allows us to precisely 

define and visualise the structure of the porous silica layers with high-resolution equipment 

such as field emission scanning electron microscopy (FE-SEM) and high-resolution 

transmission electron microscopy (HRTEM).  

S1.5–b1H samples: the withdrawal speed was 1.5 cm⋅min−1, the time of the ammonia 

vapour treatment was 1 hour, and the temperature of the heat treatment was 480 °C.  

S1.0–b3L samples: the withdrawal speed was 1.0 cm⋅min−1, the time of the ammonia 

vapour treatment was 3 hours, and the temperature of the heat treatment was 120 °C.  

The FE-SEM top-view image of the sample S1.0–b3L (Figure 10a) shows fewer surface 

defects compared to the S1.5–b1H surface (Figure 10d). The mild temperature condition 

for the removal of the surfactant micelles and the shorter exposure time to ammonia resulted 

in less surface damage. The surface damage seen in Figure 10d is not only due to the high 

calcination temperature but also to the excessive ammonia vapour treatment, which is 

known to rearrange the silica film surface. Therefore, dense micro-holes appeared on the 
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surface, and the size of these holes was ~1–2 μm (Figure 10a and Figure 10d). The 

measured thickness from the cross-sectional image of the layer on sample S1.0–b3L was 

between 135 nm and 140 nm (Figure 10b) and that of sample S1.5–b1H was ~135 nm 

(Figure 10e).  

Cross-sectional TEM micrographs were recorded from the silica layers on the silicon 

substrate. Figure 10c and Figure 10f showed the presence of well-ordered and reasonably 

ordered 3D periodic patterns of the mesoporous structure, respectively. The analysis of the 

FFT diffractograms obtained from the HRTEM images showed a distorted face centred cubic 

(fcc) pore structure with an Fm3m symmetry and a lattice constant of about 15.5 nm. Fan et 

al. reported earlier on modified FDU-12 mesoporous silica with enlarged pore sizes (10–12 

nm) of a cubic (Fm3m) structure prepared with hydrothermal treatment (100–140 °C), in 

the presence of a nonionic block copolymer (Pluronic F127), a swelling agent (1,3,5-

trimethylbenzene), and an inorganic salt (KCl) [42].  

In the present study, pore thickness was about 9.2 nm, and average pore wall thickness 

was 3 nm. The layer consisted of domains showing various distortions of the fcc structure 

built up from silica and pores that were slightly elongated parallel to the substrate. This 

elongation modified the ratio of 002 (planes parallel with the surface) and −220 lattice 

distances with respect to cubic structure and also, instead of 54.7° , larger and smaller angles 

can be measured between 002 and −111 and between 002 and 111 reflections, respectively. 

 

Figure 10. The FE–SEM and HRTEM images of the porous silica coatings on silicon, heat-treated at 120 °C 
(S1.0–b3L, top row, a–b–c) or 480 °C (S1.5–b1H, bottom row, d–e–f). Top-view (a and d) and cross-sectional 
(b and e) SEM images, and cross-sectional HRTEM micrographs and their fast Fourier transform insets (c and 

f) representing the oriented mesoporous structure. 

 



Results and discussion 

 
 

47 

In addition, unlike the perfect cubic structure, the 002 and −220 reflections of the pore 

structure were not perpendicular to each other. A possible explanation for this angular 

distortion can be a shear effect that occurs when substrate is pulled from the sol during dip 

coating [114]. Another explanation for the deformation of both the spherical pore shape and 

the fcc structure can be given by Lowe and Baker [115], who reported the collapse of the 

pore structure due to high-temperature treatment.  

One of the most important observations was the increase in pore size as a consequence 

of ammonia treatment. Pore sizes of silica coatings prepared without ammonia treatment 

were only in the range of 3–4 nm (Table 4). The increase in pore size can be attributed to 

the pseudomorphic transformation of mesoporous silica coatings, intensively studied by the 

research group of Grosso [70]. The pseudomorphic transformation of the silica-micellar 

phase can be induced with the alkaline treatment of the silica nanospheres [74,116].  

In my case, the transformation was induced with aqueous ammonia vapours. The 

proposed mechanism relates to the dissolution and re-precipitation of the silica species [76] 

and the interaction of silica aggregates and surfactant molecules. These are induced by the 

base catalyst, such as NaOH or aqueous ammonia [117] and take place mainly in aqueous 

solutions.  

According to Grosso et al. [70], a mesostructure reorganization can also take place inside 

freshly prepared silica coatings containing micelles, which are kept in a saturated vapour of 

15 M aqueous ammonia. They observed that the as-prepared coatings have a body cubic 

centred (lm3m) structure. After 30 minutes of vapour treatment, it turned into a wormlike 

structure, and after 1 hour into a 2D hexagonal structure. The overexposure of the samples 

(>5 hours) resulted in a disordered structure. They reported on the ammonia-induced 

structure reorganization, but not on layer separation. 

Comparing Figure 10c to Figure 10f, the high-temperature treatment has an additional 

effect on the formation of the porous structure. Figure 10f shows a double-layer silica 

coating, where the upper layer is about three times as thick as the lower layer. In some areas, 

a Moiré–pattern appeared due to the interference of overlapping domains with differently 

oriented ordered pore structures. Such superimposed layer structure of mesoporous 

materials are reported in the literature [118–121].  

The HRTEM micrograph in Figure 10f shows that the boundary between the two layers 

is irregular. The indexing of the FFT inset in Figure 10f is the same as that of Figure 10c, 

except that it shows arcs instead of point reflections. The arcs in the FFT inset indicate 

remarkable orientational change of the pore structure of the bilayer. 

 

 Spectroscopic ellipsometry studies 

Spectroscopic ellipsometry provides comparative information of coatings on transparent 

substrates (polycarbonate, glass, and quartz) as well as on non-transparent substrates 

(silicon).  

I applied different withdrawal speeds (1.0–4.5 cm⋅min−1) to prepare silica thin layers on 

four different substrates. I treated all samples in an ammonia atmosphere (b) for 1 hour or 

3 hours, then heat-treated the samples at 120 °C (L) or 480 °C (H). Table 2 includes the 

results of spectroscopic ellipsometry.  
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I compared the results of the single-layer optical model with those of the two-layer 

optical model. The analysis of the fitted data showed that the two-layer optical model 

provided the best fitting results.  

The layer thickness correlates with the deposition rate and the curing temperature 

(Table 2). The higher the deposition rate, the thicker the coating. The same applies to 

reduced thickness at a higher temperature. The layer on the airside (upper layer = UL) had 

lower porosity than the layer on the substrate side (lower layer = LL). 

The duration of the ammonia treatment and the temperature of the heat treatment 

influenced the porosity of the lower layer and the upper layer. The optimal ammonia 

treatment time was between 1 hour and 3 hours. The light transmission of the layers 

decreased as the duration of the exposure to ammonia vapour increased. Therefore, I 

proposed that this phenomenon can be analogous to pseudomorphic transformation 

observed in silica nanoparticles.  

Fajula et al. reported on the pseudomorphic transformation of amorpous silica spheres 

into MCM-41 (hexagonal, p6mm) or MCM-48 (cubic, Ia3d) mesostructures. They exposed 

silica nanoparticles (5–15 μm in diameter) to an alkaline solution in the presence of a 

surfactant with a molar composition of SiO2: CTAB:NaOH:H2O = 1:0.10–0.18:0.10–0.38:50–

160. Synthesis time longer than six days resulted in hollow silica spheres. The authors 

proposed that pseudomorphic synthesis could be also applied to thin films [67]. 

 
Table 2. The layer thickness, refractive index, and porosity of the upper layer (UL) and the lower layer (LL) of 
the silica coatings. 

 

Sample 
Total 

thickness 
[nm] 

Thickness [nm] Refractive index [–] Porosity [%] 

UL LL UL LL UL LL 

S1.0–b3L 180 180±2 1.2235±0.0018 49.59±0.40 

S1.5–b1H 151 140±2 11±1 
1.2131± 
0.0033 

1.1084± 
0.0247 

51.80±0.71 74.70±5.52 

P1.0–b3L 122 85±5 37±7 
1.3448± 
0.0066 

1.1726± 
0.0185 

23.80±1.41 60.55±4.03 

P1.5–b3L 157 84±1 73±7 
1.3277± 
0.0043 

1.1761± 
0.0054 

27.43±0.95 59.80±1.15 

P2.0–b3L 186 103±8 83±4 
1.3109± 
0.0127 

1.2203± 
0.0355 

31.00±2.68 50.30±7.64 

P3.0–b3L 251 41±4 210±11 
1.3016± 
0.0203 

1.2658± 
0.0209 

32.95±4.31 40.55±4.45 

G1.5–b3L 153 83±13 70±16 
1.3139± 
0.0075 

1.1512± 
0.018 

30.36±1.58 65.23±3.91 

G1.5–b1H 112 58±2 54±4 
1.2948± 
0.0005 

1.1195± 
0.0067 

34.40±0.14 72.25±1.48 

G1.5–b3H 122 77±4 45±5 
1.3382± 
0.0062 

1.1330± 
0.0064 

25.20±1.30 69.23±1.41 

G3.0–b1H 167 79±3 88±4 
1.2957± 
0.0007 

1.1091± 
0.0046 

34.2±0.14 74.55±1.06 

G4.5–b1H 221 91±2 130±1 
1.2938± 
0.0019 

1.1067± 
0.0022 

34.6±0.42 75.05±0.49 

Q1.5–b3L 152 96±2 56±2 
1.2962± 
0.0049 

1.1253± 
0.0006 

34.15±1.06 70.9±0.14 

Q1.5–b3H 127 76±3 51±4 
1.3131± 
0.0061 

1.1018± 
0.0026 

30.55±1.34 76.20±0.56 
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The distribution of the mesoporous layer on silicon showed a dependence on the applied 

curing temperature. When the heat treatment temperature was only 120 °C, there was no 

layer separation (S1.0–b3L). The ordered structure observed in the HRTEM image (Figure 

10c) confirmed this analysis and showed a single layer on silicon. The layer separation on 

silicon occurred only at high temperature: it consisted of a thin lower layer with 75% 

porosity and a thick upper layer with 52% porosity (S1.5–b1H, Table 2 and Figure 10f).  

The coatings on silicon are exceptions because a double layer formed on all other 

samples. The layers on glass, PC and quartz were distinguishable by the double-layer fitting 

model. 

Polycarbonate and glass substrates were coated at different withdrawal speeds. Speed 

affected porosity. On PC, the porosity of the upper layer increased slightly (from 24% to 

33%) and the porosity of the lower layer decreased significantly (from 60% to 40%) as 

withdrawal speed increased (Table 2).  

On glass, the thickness of the upper layer and the lower layer were similar and seemed to 

be independent of the layer deposition rate. The average porosity of the lower layer was 71% 

and that of the upper layer was 31% (Table 2). The porosity ratio was independent of the 

total thickness.  

Coatings on glass had a lower refractive index than coatings on polycarbonate. Coatings 

on quartz consist of two layers and their optical parameters correlate well with those of 

coatings on glass.  

In conclusion, regardless of deposition speed and the substrate, double-layer silica was 

formed. The layer at the substrate side (lower layer) had higher porosity (41–76%) whereas 

the porosity of the airside layer (upper layer) was lower (24–52%). 

 

 Ellipsometric porosimetry studies 

In this section, I prepared coatings on silicon (S), polycarbonate (P), glass (G) and quartz 

(Q), and exposed them to ammonia vapour for 3 hours. The withdrawal speed was 1.5 

cm⋅min−1 and the temperature of the heat treatment was 120 °C (L) or 480 °C (H). These 

samples were characterised with an ellipsometric porosimetry fitting model designed for 

double-layer systems.  

We introduced the vapour of the adsorptive material into the open pore system and 

recorded the absorption–desorption isotherms. Toluene was used for the coatings on silicon 

substrates, which had a high refractive index and thus pore filling caused a higher change in 

the effective refractive index of the porous layer leading to increased sensitivity. 2-propanol 

was used for the coatings on the other substrates to prevent degradation.  

Due to the thin lower layer on silicon (11±1 nm), the Cauchy optical model offered no 

reliable results for the double-layer approach (the thickness was measured by spectroscopic 

ellipsometry). Therefore, the double-layer ellipsometric porosimetry fit provided 

parameters from the other three systems where the differences in thickness were significant. 

The presented results from coatings on silicon in Table 3 were calculated with the single-

layer approach, i.e. one layer with a refractive index dispersion described by the Cauchy 

formula. Both refractive indices were calculated from the ellipsometry results. 
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Table 3. Layer thickness, refractive index, porosity, and pore radius (rads – measured during adsorption and rdes 
– measured during desorption) of the upper layer (UL) and the lower layer (LL) on various substrates.  

 

 

Thickness 
[nm] 

Refractive 

index [–] 

Porosity 
[%] 

Pore radius [nm] 

rads rdes rads rdes 

UL LL UL LL UL LL UL LL 

S1.5–b3L* 185±4 – 
1.193± 
0.005 

– 
53.8± 

0.2 
– 

5.4± 
0.2 

3.7± 
0.1 

– 

S1.5–b3H* 155±2 – 
1.181± 
0.001 

– 
56.4± 

0.3 
– 

4.5± 
0.2 

3.5± 
0.1 

– 

P1.5–b3L 105 52 1.337 1.176 18.7 68.9 9.2 4.9 7.8 6.2 

G1.5–b3L 93±16 60±12 
1.321± 
0.023 

1.163± 
0.017 

20.1± 
1.9 

68.4± 
0.7 

9.94± 
1.02 

7.03± 
1.05 

7.09± 
3.10 

5.72± 
0.68 

G1.5–b3H 74±7 51±8 
1.331± 
0.009 

1.167± 
0.009 

16.2± 
0.6 

67.2± 
1.2 

6.19± 
0.92 

4.20± 
0.29 

4.89± 
1.15 

3.40± 
0.46 

Q1.5–b3L 87±1 64±3 
1.287± 
0.004 

1.134± 
0.002 

25.6± 
0.4 

69.6± 
1.4 

13.05± 
1.59 

6.75± 
0.05 

10.91± 
1.18 

6.16± 
0.88 

Q1.5–b3H 70±0 53±6 
1.299± 
0.005 

1.117± 
0.001 

20.3± 
0.1 

77.7± 
2.2 

12.08± 
0.00 

5.29± 
0.65 

9.64± 
1.06 

4.85± 
0.01 

* Ellipsometric porosimetry optical model provided a single layer for coatings on Si. 

 

The steps of the ellipsometric porosimetry measurement were the following:  

(1) performing ellipsometry on all samples;  

(2) outgassing the samples at 140–150 °C;  

(3) performing ellipsometric porosimetry on all samples.  

The second step is a short and the extra heating step might affect the thickness and 

porosity of silica samples cured at 120 °C. 

The pore sizes in Table 3 are in good agreement with the results of HRTEM investigations 

(See 5.1.3). The ammonia treatment resulted in a significant increase in pore size because 

the pore sizes of silica coatings prepared without ammonia treatment were only in the range 

of 3–4 nm (Table 4).  

The results of ellipsometric porosimetry confirmed that the ammonia vapour treatment 

caused the layer separation of the coatings on PC, glass, and quartz (Table 3). A catalysed 

transformation and rearrangement of the Si–O skeleton took place when the samples were 

exposed to the ammonia atmosphere. Grosso et al. proposed that the increased number of 

deprotonated hydroxyl groups (R–O–) support the Ostwald ripening process, particularly on 

the micelle/silica interfaces [70].  

I propose that the ammonia vapour post-treatment of the lyogels on a solid substrate, 

which consist of a combination of surfactant micelles and a silicon-dioxide matrix, induced 

the structural modification, and caused layer separation. This induced structural 

modification is analogous to the formation of hollow spheres [67]. The rearrangement of the 

layer caused increased interior pore content on the side of the substrate.  

I have experimentally shown that regardless of the open porosity and the polar surface, 

the samples treated with ammonia vapour have improved stability due to the increased 

number of siloxane (Si–O–Si) links compared to the non-treated samples. The stability of the 

optical coatings is discussed in detail in 5.1.8.  
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Figure 11. The volume adsorption–desorption isotherm and pore radius distribution of the double layers of 
G1.5–b3L (a, b) and G1.5–b3H (c, d) on glass. 

 

Both layers have a mesoporous structure; only the distribution of porosity is different. 

The porosity of the lower layer is always higher than the porosity of the upper layer. The 

interconnected pores after the pseudomorphic transformation are not only present in silica 

layers with mesopores, but also in mesoporous silica nanospheres. Brühwiler et al. reported 

on partial pseudomorphic transformation of SBA–15 and SBA–16 parent materials into 

interconnected large mesopore ( 𝑎0
𝑆𝐵𝐴−15  = 9.7 nm and 𝑎0

𝑆𝐵𝐴−16  = 13.0 nm ) and small 

mesopore (𝑎0
𝑆𝐵𝐴−15 = 4.3 nm and 𝑎0

𝑆𝐵𝐴−16 = 5.2 nm ) domains in the presence of CTAB and 

NaOH prepared with hydrothermal treatment [75,76]. 

Figure 11 shows the characteristic volume adsorption-desorption isotherms, and the 

corresponding pore radius distribution curves calculated from the modified Kelvin model 

for mesopores. From the different types of coatings, I only presented coatings on glass after 

consolidation at 120 °C (G1.5–b3L) and 480 °C (G1.5–b3H).  

At first, the upper layer was blocked with capillary condensation and formed a triangular 

hysteresis loop of type H2 according to the IUPAC classification. Neimark et al. [122] and 

Grosso et al. [123] have studied intensively the pore blocking or percolation effect in 

mesoporous silica materials and thin films, respectively. Pore radii reported in Table 3 are 

slightly larger in the upper layer, which should prevent pore blocking during water vapour 

adsorption and delayed adsorption in the lower layer.  
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Figure 12. The schematic illustration of (a) the two layers with an interconnected pore system, and (b) the 

arrangement of the upper layer and the lower layer on a solid substrate. 

 

I propose a schematic illustration of the upper and lower layers with an interconnected 

pore system (Figure 12). The lower layer showed an adsorption isotherm type IV regardless 

of the curing temperature.  

The main reason for the double-layer structure is that ammonia vapour concentration (2 

M) was lower than in the study reported by Grosso et al. [70] (15 M) and thus the 

pseudomorphic transformation was not complete. The pseudomorphic transformation 

utilized the higher solubility of silica at elevated pH and temperature to rearrange the 

silica/block co-polymer structure (i.e. minimize overall energy). 

As a next step, I prepared porous silica coatings on glass substrates that were not exposed 

to acidic or alkaline vapours for ellipsometric porosimetry. Withdrawal speed was 1.5 

cm⋅min−1 and heat treatment temperature was 120 °C (L) or 480 °C (H). The coatings were 

tested under atmospheric conditions and in a vacuum, and the adsorptive material was 2-

propanol. 

The untreated coatings on glass were monolayers and we fitted the parameters with the 

single-layer Cauchy formula. The G1.5–L and G1.5–H samples had type IV adsorption 

isotherms according to the IUPAC classification, which is specific to mesoporous materials 

(Figure 13a and Figure 13b). The adsorption–desorption hysteresis loops were type H1.  

Saturation appeared at a higher relative pressure for samples treated at a high 

temperature (G1.5–H, Figure 13b, p/p0 = 0.45) compared to the samples treated at a low 

temperature (G1.5–L, Figure 13a, p/p0 = 0.39). This can be explained with the larger pore 

size of the G1.5–H samples. 

The normalized pore radius distribution showed narrow pore size distributions (Figure 

13c and Figure 13d). The pore radius of the samples treated at 480 °C (G1.5–H, rdes = 1.80 

nm) is higher than that of samples treated at 120 °C (G1.5–L, rdes = 1.53 nm)(Table 4).  

Independently of the type of heat treatment, both samples had high porosity. One 

explanation for the slightly lower porosity (22.20±0.44%) of the G1.5–L samples is that the 

pores are less interconnected within the film. The pore system of both coatings was 

accessible to the small 2-propanol molecules, which means that these types of monolayers 

had open pores. 
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Table 4. The porosity, pore radius, and Young’s modulus of untreated coatings on glass.  

 

 

The Young’s moduli of the coatings were calculated from the film thickness isotherm 

taken during the ellipsometric porosimetry desorption cycle as it was described by K. P. 

Mogilnikov and M. R. Baklanov [108]. The stiffness of the G1.5–H coatings is higher (2.9±0.1 

GPa) than that of G1.5–L coatings (1.7±0.1 GPa). This value indicated that the consolidation 

of the silica films after a high-temperature treatment is at a more advanced stage, whereas 

the coatings treated at 120 °C remained softer (Table 4). 

 

 

 
Figure 13. The adsorption–desorption isotherms and the normalized pore size distribution of the untreated 

G1.5–L (a) (c), and G1.5–H (b) (d) silica coatings on glass. 

 

 

The wettability of polycarbonate is low, the advancing contact angle for distilled water is 

92–94°. In contrast, the surface of the glass substrate is hydrophilic, so the distilled water 

spread over the surface, and the advancing contact angle is 2–10°. The surface of pure silicon 

is covered by a thin layer of native SiO2. The advancing contact angle of silicon (CAA = 86–

88°) is similar to that of polycarbonate, while the advancing contact angle of quartz (CAA = 

Sample 
Porosity 

 [%] 

Pore radius (rads)  

[nm] 

Pore radius (rdes)  

[nm] 

Young's modulus  

[GPa] 

G1.5–L 22.20±0.44 2.09±0.04 1.53±0.00 1.7±0.2 

G1.5–H 30.15±0.35 2.07±0.00 1.80±0.05 2.9±0.1 
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32–34°) is similar to that of glass. In conclusion, the substrate effect can be excluded, since 

the pseudomorphic transformation mechanism was detected regardless of the type of 

substrate. 

The refractive indices of samples P1.5–b3L, G1.5–b3L, G1.5–b3H, Q1.5–b3L, and Q1.5–

b3H in Table 2 and Table 3 differed in the second decimal place. I selected G1.5–b3H to 

simulate its transmission spectra with "hdouble" using the n and d from Table 2 and Table 

3. The maximum light transmission at 749 nm from the first simulation was 99.772% 

(ellipsometry), and 99.805 % from the second simulation (ellipsometric porosimetry). From 

a practical point of view, a difference of 0.033% in light transmittance is acceptable. 

This difference can be attributed to the different fitting models. We calculated the 

refractive index in Table 2 with the EMA formula and in Table 3 with the Cauchy formula. 

The porosity of the samples in Table 2 and Table 3 are not identical. The EMA model 

provided information about the entire pore system, and therefore the porosity values in 

Table 2 are higher. On the contrary, the Cauchy model took into account open pores 

accessible to the adsorptive material (toluene and 2-propanol). Therefore, the porosity of 

the samples in Table 3 is smaller. 

 

 Atomic force microscopy studies  

My concept was to find an effective and time-saving process to produce porous silica thin 

films on plastic. I used oxygen plasma to remove the template from the silica layers that have 

a thickness of 80–150 nm. This process can be more effective than consolidation by heat 

treatment or the chemical leaching of the water-soluble surfactant. Another goal was to 

shorten the time of template removal and increase the efficiency of pore formation. I also 

investigated the potential of air plasma treatment to produce weather-resistant and 

abrasion-resistant silica coatings on polycarbonate. 

This section presents AFM images of the topography of silica films on PC or Si after the 

post-treatment. The withdrawal speed was 0.75 cm⋅min−1 on PC and 1.00 cm⋅min−1 on 

silicon. The speed is not indicated in the classification. 

 I performed different post-treatments on lyogels on polycarbonate and silicon 

immediately after layer deposition and included their order in Table 5: 

• b: Ammonia vapour treatment (2M NH4OH solution, 3 hours at room 

temperature); 

• air: Air plasma treatment (0.40 mbar, 30%, 1 minute); 

• ox: Oxygen plasma treatment (0.15 mbar, 30%, 5 minutes); 

• L: Heat treatment at 120 °C for 13 hours; 

• H: Heat treatment at 480 °C for 1 hour; 

• w: Solvent extraction (washing in distilled water for 30 minutes). 

 

I used the post-treatments in various orders and combinations. Coatings on PC were not 

exposed to post-treatment "H". 
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Table 5. Experimental steps and conditions of silica coatings on PC and Si. The template removal of the Pluronic 
PE10500 surfactant was plasma-assisted decomposition (ox), calcination in air (H) or solvent extraction (w). 
The RF/O2 abbreviation refers to the radiofrequency oxygen plasma. 

 

Sample 
Post-treatments 

Template removal Expected features 
b air ox L H w 

PC-0 – – – – – – - as-prepared samples (lyogel) 

PC-1 – air – – – w washing in water air plasma assisted consolidation 

PC-2 b air – – – w washing in water air plasma assisted consolidation 

PC-3 – – ox – – w RF/O2 RF/O2 assisted template removal 

PC-4 b – ox – – – RF/O2 RF/O2 assisted template removal 

PC-5 b – ox – – w RF/O2 RF/O2 assisted template removal 

PC-6 – air – L – w washing in water air plasma assisted consolidation 

PC-7 b air – L – w washing in water air plasma assisted consolidation 

PC-8 b air* – L – w washing in water air plasma assisted consolidation 

Si-1 b – – – – – - - 

Si-2 – – ox – – – RF/O2 RF/O2 assisted template removal 

Si-3 b – ox – – – RF/O2 RF/O2 assisted template removal 

Si-4 b – – – H – calcination reference samples 

Si-5 b – – L – w washing in water reference samples 

* PC-8: the air plasma treatment was the last post-treatment step. 

 

I carried out a comparative analysis between the thin films on PC and silicon to define the 

surface structure of the as-deposited layer, ammonia-treated layer, and oxygen plasma 

treated layer. The scanned surface area was 10 × 10 μm and thin layers on Figure 14a–f had 

specific patterns.  

Figure 14a shows the surface morphology of as-deposited films on the PC surface (PC-0). 

The film has multiple planes that differ in height. Due to slight imperfections in the deposited 

layer, two or three levels are distinguishable:  

• bright yellow: "island/spinodal island/domain";  

• brownish: "background"; 

• deeper dark: "area of holes".  

The optical measurements showed that the total thickness of the PC-0 lyogel is 147±2 

nm and its refractive index is 1.4599±0.0012. The height difference between each plane is 

around 8–11 nm. The roughness of a bare PC substrate is around 1.5 nm [124]. The self-

assembly of the Pluronic PE10500 surfactant in a silica lyogel with a thickness of ~150 nm 

is strongly influenced by surface energetics. The patterns of silica coatings on PC and Si are 

similar to the spinodal patterns in block copolymer film Smith et al. observed on Si [125]. J. 

N. L. Albert and T. H. Epps found that microstructure stability and orientation during solvent 

evaporation depends on the degree of confinement and leads to spinodal islands/hole 

domains on the free surface [126].  

Figure 14a shows segregation into holes and silica islands and a discontinuous 

arrangement of silica lyogel (PC-0). Figure 14b was made from PC-2* at stage "lyogel + b". 

The ammonia treatment improved the measurability of the surface by AFM, as it induced 

structural hardening at the atomic level. After ammonia treatment, layer thickness 

decreased slightly (d = 140±3 nm), and the coating still contained the surfactant molecules 

(n = 1.4578±0.0021). The surface preserved the characteristic feature of lyogel and showed 
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separated silica islands. The difference in altitude between the highest and the lowest point 

of an island remained unchanged (8–12 nm). It can be attributed to the local rearrangement 

of silica-based units induced by ammonia vapour treatment.  

A comparison of Figure 14a (non-treated lyogel) with Figure 14b (ammonia-treated 

lyogel) shows that the height difference has changed from place to place. The maximum 

height difference is less after the ammonia treatment (Table 6). It can be attributed to the 

changes in the malleable silica network. 

The oxygen plasma treatment of ammonia-treated layers on PC caused a further change 

in surface morphology (Figure 14c). After oxygen plasma treatment, the layer thickness 

decreased by 30 nm compared to the as-deposited layer (d = 117±4 nm). The etching effect 

of the oxygen plasma was detectable. It decomposed the template and generated pores 

(n = 1.3543±0.0120). The porosity of the layers was 20.85%. The difference in height 

between the two silica ridges was 5–7 nm, which corresponds to a more uniform etched 

surface. In contrast, the plasma-treated lyogels on PC without ammonia (PC-3) were soft and 

some matter immediately adhered to the tip of the AFM probe and so these lyogels were not 

suitable for tapping mode AFM analysis.  

Figure 14d-f are silica coatings on silicon and the substrate was more favourable for AFM 

study. Figure 14d shows an ammonia-treated lyogel on Si (Si-1) and the surface 

arrangement is similar to that of the lyogel on PC, where the spread of sol was not uniform. 

The silica islands are wider, fewer defects are present, and the difference in planes is around 

8–10 nm. Si-2 in Figure 14e shows coatings treated with oxygen plasma. 

 

Figure 14. The 2D atomic force microscope images of the top surface of the silica thin film on polycarbonate 
(a) PC-0 (freshly deposited coating, lyogel), (b) PC-2* (Lyogel + b) and (c) PC-5 (Lyogel + b + ox + w), and on 
silicon (d) Si-1 (Lyogel + b), (e) Si-2 (Lyogel + ox), and (f) Si-3 (Lyogel + b + ox). PC-2* is an ammonia-treated 

lyogel and PC-5 (c) is a 5 × 5 μm scan. 
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The plasma etching damaged the uniform silica islands and opened the channels of the 

pores (linear uniform coloured/uniform level formations on the AFM image). Surface 

roughness and porosity increased, and the height of silica islands is less than 6–7 nm.  

Figure 14f shows the silica layers post-treated with ammonia and oxygen plasma (Si-3). 

On coatings on PC-2*, the ammonia treatment increased the hardness of the layer and made 

the silica structure more resistant to oxygen plasma etching. The surfactant was decomposed 

with minimal damage to the silica structure.  

AFM indicated that the plasma treatment did not significantly change surface roughness. 

However, the morphology changed after the plasma treatment: pores were formed. The 

ammonia treatment helped the AFM analysis of the plasma-treated coatings.  

Average roughness (Ra) and root mean square roughness (Rq) were calculated with 

Equation 13 and Equation 14, respectively, where z(x,y) is the two-dimensional height 

function of the scan area, and "i" and "j" are the rows and columns from 0 to N or M [127]. 
 
Equation 13. Average roughness. 

 

𝑅𝑎 =  
1

𝑀𝑁
∑ ∑ |𝑧𝑖,𝑗|

𝑀−1

𝑗=0

𝑁−1

𝑖=0

 

 

Equation 14. Root mean square roughness. 
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The maximum height difference is smaller in PC-2* and PC-5 compared to PC-0, due to 

the respective treatments (ammonia/oxygen), and the roughness decreased too (Table 6, 

Hmax, Ra, and Rq). There is a significant increase in surface area difference from PC-0 to PC-2* 

and from PC-0 to PC-5 due to the oxygen plasma treatment, which confirms that a more 

scannable surface is exposed (considering the limiting factor of the size and shape of the AFM 

tip).  

In the case of PC-5, the larger scannable surface area (Table 6, A = 0.6840%) can be 

explained by the oxygen plasma treatment etching away the chemically degradable residues 

and structures on the surface. 

 
Table 6. The image surface area difference (A), average roughness (Ra), root mean square surface roughness 
(Rq) and maximum height difference (Hmax) of silica coatings on PC and Si were analysed by AFM. PC-2* is an 

ammonia-treated lyogel (at stage "lyogel + b"). 

 

 A [%] Ra [nm] Rq [nm] Hmax [nm] 
PC-0 0.0365 3.86±0.43 5.13±0.45 34.8 

PC-2* 0.2060 2.19±0.28 3.11±0.29 22.1 
PC-5 0.6840 2.39±0.24 3.08±0.28 21.5 
Si-1 0.0937 3.12±0.08 3.61±0.06 20.1 
Si-2 0.1110 1.99±0.09 2.50±0.11 15.2 
Si-3 0.1010 2.82±0.31 3.45±0.27 20.7 
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Wertheimer et al. found that the peroxy intermediates in oxygen plasma are capable of 

bond breakage and generate a wide variety of oxidation products, including hydroxyl groups 

(–OH) [51,54]. The formation of hydroxyl groups is also observed in polydimethylsiloxane 

exposed to corona discharges [128].  

Plasma treatment not only induces the molecular fragmentation of surfactants but also 

consolidates silica on PC by increasing the number of intermolecular bonds (Si–O–Si).  

Both ammonia and plasma treatment reduced the roughness of freshly deposited coating 

(lyogel, Table 6). I also measured layer thicknesses by UV–VIS spectroscopy and observed 

shrinkage: from 147 nm (PC-0) to 140 nm (PC-2*), and 117 nm (PC-5).  

Fajula et al. intensively studied the pseudomorphism of silica spheres [68]. The alkalinity 

and the presence of the surfactant facilitate the selective dissolution and re-precipitation of 

the silicate species [76]. This alkaline-induced structural inorganic rearrangement was also 

observed in as-prepared coatings on PMMA [70]. 

Considering that the time interval between the two post-treatments (first ammonia 

vapour, then oxygen plasma) is only a few minutes, the silica lyogel still contains the 

ammonia molecules during the oxygen treatment. I propose that this unique feature 

observed in this type of silica thin film is due to the consecutive order of post-treatments.  

As coatings on Si were easier to analyse by AFM due to the less optical interference and 

the more ordered structure, the lyogel-plasma interaction can be understood better. 

Comparing Si-1 with Si-2 showed that the plasma treatment of the lyogel without ammonia 

treatment decreased average roughness, which correlates with the roughness of the etched 

surface, while plasma treatment after ammonia Si-3 resulted a minimal decrease in 

roughness (Table 6). Using plasma treatment on silica lyogel after ammonia treatment 

yielded a more controlled and smooth etching result.  

 

 

 Grazing incidence angle XRD studies 

I performed grazing incidence angle XRD analysis on thin films on PC and Si substrates 

and investigated the porous structure generated by the different template removal methods. 

I used two methods to remove the Pluronic PE10500 template from coatings on silicon: it 

was decomposed through calcination in air (Si-4) or extracted with water after a mild, 120 

°C heat treatment (Si-5). I was removing the template from the as-prepared sol–gel thin films 

on PC (PC-4) in the presence of 93% pure oxygen for 5 minutes. Before template removal, 

all three types of samples were exposed to ammonia vapour treatment for 3 hours at room 

temperature.  

Figure 15a presents XRD patterns of sol–gel silica coatings on PC and Si in the low angle 

region. The intense peak suggests that all three methods lead to an ordered mesoporous 

structure. 

I calculated the d-spacing of each peak from Braggs’ law (Equation 15, Table 7). These 

intensive peaks, which are present in all silica coatings, have a face-centred cubic (fcc) 

structure. Base on this, the three Miller indices, h, k, l, must all be even, or they must all be 

odd. The detected intensive two peaks can be indexed as (111) and (222) reflection. I used 

Equation 16 for the cubic system to index the diffraction patterns manually. I expressed 𝑑ℎ𝑘𝑙 

from Bragg’s law and calculated the unit cell constant (a0) with Equation 17. 



Results and discussion 

 
 

59 

 

Figure 15. The grazing incidence angle XRD patterns of (a) template-removed silica layers on silicon (Si-4 and 
Si-5) and polycarbonate (PC-4), and (b) air plasma treated PC-6, PC-7, and PC-8 samples. The surfactant was 
removed by calcination at 480 °C, washing in water or oxygen plasma. 

 

 
Equation 15. Bragg's law. 

 

𝑛𝜆 = 2𝑑 𝑠𝑖𝑛 𝜃 
 

Equation 16. The calculation of d-spacing. 
 

𝑑ℎ𝑘𝑙 =
𝑎

√ℎ2 + 𝑘2 + 𝑙2
 

 
Equation 17. The calculation of unit cell constant. 

 

𝑎0 =  𝜆 ∙ (
√ℎ2 + 𝑘2 + 𝑙2

2 ∙ 𝑠𝑖𝑛𝜃
) 

 

 

The allowed (hkl) of the face-centred cubic lattice is (111) and (222), therefore 

√ℎ2 + 𝑘2 + 𝑙2  is √3  and √12 , respectively. The intense (111) peak of the coating on PC-4 

reflects a d111-spacing of 8.25 nm, corresponding to a large unit pore structure. When the 

template was removed by calcination in air at 480 °C, pore size was slightly smaller 

(7.49 nm). High-temperature treatment can cause this shrinkage. When water extraction 

was used (one of the mild template removal methods), the coatings had a slightly larger pore 

size (9.35 nm) (Table 7).  

 
Table 7. The structural properties of the template-removed PC-4 (oxygen plasma), Si-4 (calcined in air) and 
Si-5 (washed in water) silica thin films were obtained from XRD. The peak positions, d spacing and unit cell 
constant (a0) of (111) and (222) diffraction. (λCu Kα = 0.154 nm). 

Sample 
(111) (222) 

2θ [°] d-spacing [nm] a0 [nm] 2θ [°] d-spacing [nm] a0 [nm] 
PC-4 1.0691 8.25 14.29 2.0717 4.26 14.75 
Si-4 1.1776 7.49 12.97 2.2889 3.86 13.35 
Si-5 0.9436 9.35 16.19 1.8294 4.82 16.71 
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In conclusion, these results show an ordered pore system on PC and Si, regardless of 

whether the surfactant was washed out with water at room temperature, decomposed by 

oxygen plasma or at high temperature. 

I also measured the air plasma–treated coatings on PC with grazing incidence angle XRD: 

i. PC-6 at different stages: air plasma treatment (air), heat treatment at 120 °C (L), and 

solvent extraction (w); 

ii. PC-7: after ammonia vapour treatment (b), air plasma treatment (air), heat treatment 

at 120 °C (L), and solvent extraction (w); 

iii. PC-8: after ammonia vapour treatment (b), heat treatment at 120 °C (L), solvent 

extraction (w), and air plasma treatment (air). 

Neither the air plasma treatment alone (Figure 15b, red line), nor the heat treatment at 

120°C after the air plasma treatment (Figure 15b, blue line) generated an ordered structure. 

When the last preparation step of PC-6 was water washing, it resulted in a weakly detectable 

periodic pattern (Figure 15b, green line). One possible explanation is that the air plasma 

sealed the silica surface and prevented the water molecules from reaching the surfactant. I 

propose that the air plasma sealed the channels to the pores and trapped the porogen 

molecules in the silica layer.  

Even if the interface was compact, the ammonia vapour treatment produced larger 

mesopores, which allowed better access of the water molecules to the surfactant and 

resulted in a slightly stronger peak (Figure 15b, orange line). However, the optimal 

sequence of post-treatment is to first remove the porogen molecules with water after the 

ammonia and heat treatment, and then to apply air plasma. This latter sequence of post-

treatments resulted in an intense peak (Figure 15b, purple line). 

 

 

 Optical stability of silica coatings 

5.1.8.1 The UV–VIS transmission of the post-treated coatings 

In this section, I prepared coatings on glass and polycarbonate with a withdrawal speed 

of 1.5 cm⋅min−1 or 1.0 cm⋅min−1, respectively. The speed is not indicated in the name of the 

samples. I placed the lyogels into a desiccator above a Petri dish filled with 2M ammonium 

hydroxide solution (B) or 6 M hydrochloric acid solution (A). The samples received a low-

temperature heat treatment (120 °C) or high-temperature heat treatment (480 °C). All 

lyogels were exposed to the vapour treatment except for samples P–120B because the 

ammonia treatment was applied as a final treatment of the heat-treated porous coatings.  

The different post-treatments resulted in different light transmissions (Figure 16). P–

120B samples had the lowest light transmission (Figure 16a), and it was due to the order 

of the post-treatments. In this case, the last step was to expose the porous (xerogel) coatings 

into the ammonia atmosphere. It generated the total collapse of the pores (P–120B, 0%) 

because the porosity of the untreated samples (P–120) was 18%. 

The acidic atmosphere had no additional effect on the lyogels on PC, the P–A120 samples 

had the same porosity as the untreated ones (P–120, 18%). In contrast, the highest porosity 

was recorded for the ammonia-treated lyogels (P–B120, 27%).  
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Figure 16. The UV–VIS transmission spectra of the post-treated coatings on PC (a) and glass (b). 

 

In comparison, coatings on glass had high light transmission and porosity after the post-

treatments (Figure 16b). Both vapour post-treatments resulted in high porosity (32–37%) 

compared to the untreated samples (G–480, 28%). This result also demonstrated that the 

consolidation at elevated temperature was advantageous and it provided the highest light 

transmission on glass (G–B480, 99.78±0.05%)  

Floch and Belleville reported a 20% shrinkage of layer thickness after the alkaline 

treatment of the silica layer [104]. Their layers consisted of 20 nm diameter amorphous silica 

particles and the concentration of the aqueous ammonium hydroxide solution was 28 wt%. 

The earlier reported shrinkage effect was not present in our 2-propanol-based coatings. 

After the 2M ammonia vapour treatment, layer thickness increased by 11% on PC (P–120 

vs. P–B120), and by 20% on glass (G–480 vs. G–B480) (Table 8). 

 
Table 8. The average transmission increment (ATI), maximum light transmission (Tmax), effective refractive 
index (n) at 632.8 nm, layer thickness (d) and porosity (P) of the silica coatings on PC and glass substrates after 
different post-treatments. 

 

Samples 
The order of the post-treatment 

ATI [%] Tmax [%] n [–]  d [nm] P [%] 
1. 2. 3. 4. 

P–120 – 120 °C 
water 

washing 
– 

7.72± 
0.04 

97.17± 
0.11 

1.368± 
0.002 

101±1 18 

P–A120 
HCl,  

1 hour 
120 °C 

water 
washing 

– 
7.69± 
0.04 

97.57± 
0.16 

1.367± 
0.001 

107±3 18 

P–B120 
NH3, 

3 hours 
120 °C 

water 
washing 

– 
8.36± 
0.05 

98.57± 
0.03 

1.323± 
0.002 

112±2 27 

P–120B – 120 °C 
water 

washing 
NH3, 

3 hours 
5.36± 
0.08 

94.91± 
0.24 

1.453± 
0.006 

96±1 0 

G–480 – 480 °C 
water 

washing 
– 

6.34± 
0.07 

99.27± 
0.02 

1.300± 
0.004 

85±2 28 

G–A480 
HCl,  

1 hour 
480 °C – – 

7.07± 
0.03 

99.63± 
0.03 

1.283± 
0.003 

104±1 36 

G–B120 
NH3, 

1 hour 
120 °C 

water 
washing 

– 
6.01± 
0.24 

99.42± 
0.09 

1.302± 
0.003 

134±5 32 

G–B480 
NH3, 

1 hour 
480 °C 

water 
washing 

– 
7.22± 
0.04 

99.78± 
0.05 

1.267± 
0.004 

102±0 37 
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In conclusion, the network strengthening of silica coatings are optimal when the coatings 

are still wet (lyogel) and contain the porogen molecules. These porogen molecules preserve 

the ordered structure, while at the same time, the ammonia catalyst caused the 

rearrangement of the Si–O skeleton and increased the number of deprotonated hydroxyl 

groups (R–O–) on the micelle/silica interfaces. 

 

 

5.1.8.2 Dye impregnation  

I carried out dye impregnation tests on silica coatings on glass prepared with and without 

ammonia treatment. I put the mesoporous coatings on glass in a 10-4 M Rhodamine 6G (R6G, 

Supplementary Material) solution for one minute. I used the dip-coater to precisely set the 

speed of immersion to 1 cm⋅min−1 and the speed of withdrawal to 6 cm⋅min−1. The size of the 

R6G dye molecules is between l.0 × l.0 × 0.4 nm [129] and 1.1 × 1.5 nm [130]. The goal of the 

experiment was to define the accessibility of the pores. After impregnation, I rinsed the 

excess dye off the surface of the coatings with ultrapure water.  

I calculated the normalised absorbance spectra as the difference of absorbance values of 

the sample measured before and after the dye impregnation step (Figure 17). I normalised 

the absorption spectra to 1 absorbance unit (Figure 17a), and to 100 nm thickness (Figure 

17b).  

Vogel et al. attributed the absorption peak at 530 nm to R6G dye monomers, and the 

shoulder at 500 nm to the dye H-dimers [131]. The relative amount of monomer to dimer 

molecules of R6G in the pores can be determined from the spectra (Figure 17a). The G–

B120 samples have the highest shoulder at 500 nm, which indicated a higher amount of 

dimer molecules because the ammonia treatment generated higher pore sizes.  

The untreated samples prepared at low temperature (G–120) absorbed the lowest 

amount of dye (Figure 17b). Both the ammonia treatment and the high-temperature heat 

treatment increased the amount of adsorbed dye molecules. These findings are in good 

agreement with the calculated high porosity for samples G–B480 (Table 8). 

 

 

 
Figure 17. The absorption spectra of the impregnated G–120, G–B120, G–480, and G–B480 samples (a) 

normalized to one absorbance unit, and (b) normalized to 100 nm thickness. 
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5.1.8.3 The service life of the anti-reflective coatings 

The alteration in light transmission over time is rarely monitored in the literature, 

although the study of the temporal stability of anti-reflective coatings is important in 

practice.  

I found that the ammonia vapour treatment of the freshly deposited layers ensured the 

long-term stability of optical properties on PC and glass substrates. As a reference, I prepared 

the corresponding coatings on PC and glass but without ammonia vapour treatment. Because 

the maximum light transmission of the ammonia-treated coatings on PC (>98%) and glass 

(>99%) remained unchanged after 12 months of storage, I kept these samples in a dust-free 

place under ambient conditions (room temperature) and measured them again after 4 years 

with UV–VIS spectroscopy (Figure 18 and Table 9).  

I compared the spectra of the aged samples to that of freshly prepared samples. The light 

transmission of the ammonia-treated samples showed only minor changes over time. The 

maximum light transmission of ammonia-treated coatings on glass showed a decrease of 

1.08% (from 99.83% to 98.74%), while these changes on polycarbonate were below 0.40% 

(from 98.54% to 98.16%) after four years.  

 
 

Figure 18. The UV–VIS transmission spectra of the untreated silica coatings on (a) polycarbonate (P1.0–L) 
and (b) glass (G1.5–H), and the ammonia-treated silica coatings on (c) polycarbonate (P1.0–b3L) and (d) 

glass (G1.5–b1H) over time. 
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Table 9. The transmission maximum of the untreated and the ammonia-treated coatings on PC and glass. 

 

Tmax [%] 
P1.0–L  

@ 720 nm 

P1.0–b3L 

@ 720 nm 
 G1.5–H λ [nm] G1.5–b1H λ [nm] 

Substrate 90.21 90.33  91.76 472 91.87 534 

        

1 day 97.09 98.54  99.27 472 99.83 534 

1 month 96.35 98.49  98.34 486 99.79 542 

4 months 94.47 98.42  98.18 506 99.51 564 

1 year 93.28 98.28  97.58 540 99.29 564 

4 years 93.26 98.16  96.80 547 98.74 604 

Tloss 3.96% 0.38%  2.48%  1.08%  

        

P1.0–b3L are unique and showed constant optical stability over the measured time 

interval. Coatings on glass were less stable due to the Na+ and Ca2+ ion diffusion from the 

(soda-lime) glass into the silica matrix [132]. Ion diffusion from glass to coating is a slow 

process and occurs at room temperature (20–25 °C). However, the effect of ion diffusion is 

manifested in decreased transmission over time. The transmission loss of the ammonia-

treated coatings on PC was 0.38% compared to that on glass (1.08%). 

After four years, I detected the partial collapse of the mesostructured monolayer anti-

reflective coatings on glass (G1.5–H, Tloss = 2.48%, Table 9). On the other hand, I observed 

the total collapse of the porous structure of the untreated coatings on polycarbonate within 

1 year (P1.0–L, Tloss = 3.96%, Table 9).  

 

 

5.1.8.4 The impact of humidity on light transmission 

Silica sol–gel coatings with pore-forming surfactants on PC and glass substrates improves 

light transmission. Humidity influences the optical properties of the mesoporous silica films 

since water easily condenses in the pores, which changes the refractive index. The relative 

humidity during storage and during the experiments was between 30% and 40%.  

The silica layer is partially soluble in water and an excess of water washing can 

potentially make the upper layer thinner and cause a rearrangement of the structure. 

 

 
Figure 19. The UV–VIS transmission spectra of the ammonia-treated P1.0–b3L coatings on polycarbonate 

before and after (a) the solubility test and (b) the damp heat test. 
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I performed the solubility test and the damp heat test on samples P1.0–b3L according to 

the ISO 9022–2:2015 and ISO 9211–4:2012 standards. I carried out the water solubility test 

in a laboratory environment. The samples were soaked in distilled water at 25 °C for 6 hours. 

The damp heat test required a climate test chamber. The temperature and the humidity were 

adjusted precisely in the climate test chamber, where the samples were exposed to 55 °C and 

a relative humidity of >90% for 16 hours. None of the samples after the ISO test received 

further treatment. 

I measured the light transmission of the coatings on PC before and after the specific ISO 

tests (Figure 19). After the solubility test, the maximum light transmission of the P1.0–b3L 

coatings increased by 1.44% (from 97.53% to 98.97% at 488 nm). The reason for increased 

light transmission is twofold. The six-hour soaking of the layers dissolved not only the 

residual surfactant from the pores, but also partially dissolved the silica matrix. After the 

damp heat test, the maximum light transmission of the samples P1.0–b3L decreased by 

0.64% (from 97.28% to 96.64% at 511 nm).  

In conclusion, the transmission loss after an accelerated environmental test is acceptable 

because the transmission loss of this type of ammonia-treated system on polycarbonate 

stored at room temperature is less than 0.40% after 4 years (See: 5.1.8.3). 

 

 

5.1.8.5 Light transmission of the plasma-treated samples 

A characteristic of low-pressure plasma technology is the increased mean free path of 

particles, therefore the treatment of uneven or three-dimensional objects is more effective. 

The functional groups generated on the surface are strongly influenced by the gas applied.  

In this thesis, I preferred using low-pressure air and oxygen plasmas for surface 

modification, which create functional groups, such as hydroxyl, carbonyl, carboxyl, and ether 

groups via active species present in the plasma. I performed the first experiment with the 

use of air plasma and oxygen plasma on silica coatings on PC. 

I monitored the shelf life of PC-1 and PC-2 after the treatments for one year. Table 10 

presents the alteration of the average transmission increment and the maximum light 

transmission at 725 nm after one day, one month, and one year of storage. Figure 20a shows 

the air plasma treated coatings on polycarbonate, and Figure 20b shows the ammonia and 

air plasma treated samples.  

A comparison of the average transmission increment of PC-1 (5.26%) and PC-2 (7.93%) 

shows the importance of ammonia vapour treatment (Table 10). It has a positive influence 

on light transmission in the visible range (Figure 20a, and Figure 20b). However, the 

ammonia-treated samples are less resistant to abrasion.  

Air-plasma ("air") applied after the ammonia vapour treatment ("b") had a minimal effect 

on light transmission—the average transmission increment of PC-2 increased by 0.6% 

(Figure 20c and Table 10). Only after the samples were soaked in water ("w") did the 

Pluronic PE10500 dissolve and produce the porous structure that increased the average 

transmission increment and the maximum light transmission by 4.19% and 3.50%, 

respectively (Table 10, PC-2: lyogel + b + air + w). Air plasma did not decompose the 

surfactant significantly, therefore an extraction step was needed. However, it also increased 

the optical stability of silica thin films on polycarbonate. 
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Figure 20. The service life of air plasma treated (a) PC-1 and (b) PC-2 samples after 1 day, 1 month and 12 
months. Transmission spectra of (c) PC-2 and (d) PC-3 at different stages. 

 

Cold plasma from a stream of air at low pressure (0.40 mbar) produces oxides of nitrogen, 

ozone, and ionised and dissociated species of oxygen and nitrogen. Moisture in the air 

facilitates the formation of a range of oxidizing species [133]. The duration of air plasma 

treatment was 1 minute compared to the 5 minutes of oxygen plasma treatment (93% O2 

content and 0.15 mbar). The air plasma caused the deprotonation of the silanol groups on 

the surface of the coatings, increased the number of siloxane links (Si–O–Si), and improved 

the consolidation of the structure on the airside. 

In contrast, the application of oxygen plasma ("ox") to lyogels on PC-3 samples resulted 

in a 4.20% improvement in the average transmission increment. The maximum application 

time was 5 minutes; longer exposure causes surface damage of the layer. I set the lowest 

possible pressure of the plasma treatment (0.15 mbar). The oxygen plasma selectively 

decomposed the organic template and contributed to the formation of porous silica on PC 

(Figure 20d). I performed an additional water washing step after the oxygen plasma 

treatment, but it did not increase light transmission further. Rather, maximum light 

transmission decreased by 0.69%, which suggests that the oxygen plasma was effective, and 

no solvent extraction step was needed (Table 10).  

The calculated layer thickness and refractive index of PC-1 is 91±2 nm and 

1.4609±0.0008 and those of PC-2 were 104±4 nm and 1.3681±0.0003, respectively. PC-1 is 

a compact silica layer with no porosity, but the PC-2 has 18.9±0.1% porosity.  
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Table 10. The average transmission increment (ATI) and the maximum light transmission at 725 nm of PC-1, 
PC-2, and PC-3 samples.  

 
 ATI [%] Tmax [%] Time   Stages ATI [%] Tmax [%] 

PC-1 
5.26 94.82 1 day  

PC-2 

lyogel 3.11 95.57 
5.03 94.42 1 month  lyogel + b 3.07 94.92 
5.26 94.83 1 year  lyogel + b + air 3.67 95.38 

PC-2 
7.86 98.88 1 day  lyogel + b + air + w 7.86 98.88 
7.93 98.58 1 month  

PC-3 
lyogel + ox 7.31 96.75 

7.78 98.12 1 year  lyogel + ox + w 7.25 96.06 

 

I observed that even a one-minute air plasma treatment is sufficient to stabilise the light 

transmission of the coating for up to one year. The plasma-treated silica coatings on 

polycarbonate do not require conventional heat treatment for consolidation.  

 

 Weathering tests of air plasma treated silica 

The optical stability of the silica coating on polycarbonate is essential for outdoor 

performance. Therefore, I carried out eight tests on PC-1 samples (air plasma treated silica 

on PC), according to ISO standards. The evaluation of ISO tests can be found in Table 11, 

with a brief description of the most important conditions of exposure for each test. 

• Adhesion: quick tape removal. 

• Abrasion: 100 strokes with cheesecloth with a force of 5 N and visual inspection 

after 5, 15, and 50 strokes. 

• Solubility: soaking in distilled water at room temperature for 6 hours. 

• Cold: −35 °C for 16 hours. 

• Dry heat: 70 °C for 6 hours (relative humidity <40%).  

• Damp heat: 55 °C for 16 hours (relative humidity >90%)  

• Slow temperature change: −35 °C to +63 °C, slowly increased test chamber 

temperature. 

• Solvent solubility: soaking in ethanol for 5 minutes. 

The test conditions of the abrasion resistance, adhesion, and solubility tests are provided 

by ISO 9211-3 and these tests were carried out in a laboratory environment. Samples were 

exposed to cold, dry heat, damp heat and slow temperature change in a climate test chamber, 

as described in ISO 9022-2.  

To evaluate the performance of the plasma-treated samples after the accelerated 

environmental tests, I established the following criteria: compared to the initial state, the 

decrease in average transmission increment and maximum light transmission should not 

exceed 0.50%. If the sample satisfies these requirements, the coating can be classified as 

category C.  

A total of 15 air plasma treatment samples were prepared for weathering tests. The 

average transmission increment of PC-1 was 5.18±0.22%, and the maximum light 

transmission was 95.19±0.21% at 723±1 nm. The maximum light transmission of the 

uncoated PC substrate was 90.45% at 946 nm. Tests No. 5 and No. 8 required a single sample, 

while tests No. 2 and No. 3 required two samples. Tests No. 4, No. 6 and No. 7 required three 

samples. The samples either passed or failed the tests (Table 11). 
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Table 11. Accelerated environmental test on PC-1 samples for outdoor application. The tests were carried out 
according to ISO standards, defined by "Category C". The average transmission increment (ATI) and the 
maximum light transmission (Tmax) were measured before and after the tests. The changes of these values (Δ) 
and the results are presented. 

 

No. Test 
ATI [%] 

Δ [%] 
Tmax [%]  Δ [%] 

λmax [nm] 
Result 

Before After Before After Before After 
1 Abrasion n/a n/a n/a n/a n/a n/a n/a n/a Pass 

2 Adhesion 
5.20± 
0.06 

4.77± 
0.85 

−0.44 
95.36± 
0.19 

94.91± 
0.64 

−0.45 724±0 724±1 Pass 

3 Solubility 
5.42± 
0.21 

7.96± 
0.09 

+2.54 
95.24± 
0.22 

97.32± 
0.15 

+2.08 724±0 482±6 Pass 

4 Cold 
5.18± 
0.44 

5.51± 
0.09 

+0.33 
95.06± 
0.37 

95.22± 
0.07 

+0.16 724±1 722±1 Pass 

5 Dry heat 5.19 5.04 −0.15 94.99 94.78 −0.21 724 723 Pass 

6 Damp heat 
5.13± 
0.15 

5.31± 
0.04 

+0.18 
95.07± 
0.11 

95.07± 
0.01 

−0.00 723±1 722±1 Pass 

7 STC 
5.16± 
0.11 

5.11± 
0.21 

−0.05 
95.22± 
0.15 

94.99± 
0.09 

−0.23 722±0 722±1 Pass 

8 
Solvent 
solubility 

5.26 7.05 +1.79 95.34 96.45 +1.11 724 486 Pass 

           

 

The coatings were qualitatively evaluated after the tests. I could not detect visible 

delamination from the substrate or cracking of the thin films with the naked eye. The tests 

were performed and evaluated on 2 × 4 cm coated substrates. The adhesion of the layers was 

excellent, and after the removal of the tape, the changes of average transmission increments 

were minimal (−0.44%). After the tests, the coatings had no significant transmission loss. 

Moreover, in tests No. 3 and No. 8, where the sample had extra contact with the solvent, 

transmission increased. The explanation is that the Pluronic PE10500 is soluble in water as 

well as in ethanol, and the residual template is extracted from the pores. This leads to the 

conclusion that the air plasma treated silica thin films on PC (PC-1) are hard coatings with 

improved light transmission. Also, the estimated outdoor service life is excellent. 

Samples treated with ammonia vapour were not resistant to cheesecloth rubs. Even if the 

ammonia treatment contributed to the high light transmission, wear-resistant coatings were 

prepared without it. These were prepared with air plasma and are non-porous. 

 

 The porogen extraction and the decomposition temperature of the 

surfactant 

Pluronic PE10500 is a highly water-soluble surfactant, therefore even one minute of 

static soaking in water effectively removed most of the surfactant from the coating (Figure 

21a-b). However, it is possible that water washing will not completely remove the Pluronic 

PE10500 molecules from the samples heat-treated at a low temperature.  

In this investigation, I tested the efficiency of water washing by measuring the 

transmission of the P1.0–L samples before and after the washing step. I increased washing 

time from 1 second to 60 minutes and repeated the measurement of the transmission 

spectra.  
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Figure 21. (a) The static soaking test of P1.0–L samples, (b) and the highlighted area between 580 nm and 

680 nm, (c) the ATR-IR spectrum of a P20.0–L silica sample before and after 30 minutes of water washing (d 
= 923 nm), and (d) thermogravimetric (TG), time derivative thermogravimetric (DTG), and differential 

thermal (DTA) analysis curves of silica xerogel powder. 

 

 

The longer the washing time was, the higher light transmission increased. After 10 

minutes, the transmission spectrum reached a plateau and with the continuation of soaking, 

and there was only minimal improvement. Therefore, 30 minutes of water washing is the 

optimal time to remove most of the surfactant from the pores. To further improve efficiency, 

I washed the samples in distilled water under constant eccentric stirring.  

I performed ATR-IR tests on ~100–1000 nm thick layers on PC. The ~100 nm layer was 

not detectable with ATR-IR —I only detected the spectra of the PC substrate. The ~1000 nm 

layer was detectable with ATR-IR (Figure 21c, P20.0–L), although the ATR-IR spectra of the 

Pluronic PE10500 was still visible after the 30 minutes of extraction of the thick layer.  

The water washing step has limitations and its efficiency depends on the thickness of the 

layer and soaking time. The presence of the residual surfactant in the pores has minimal 

effect on light transmission. Therefore, in my experiment, I prepared thin layers (d < 260 

nm) and soaked the samples in water for 30 minutes under constant stirring at room 

temperature.  

It is easy to remove the organic materials with a simple extraction step when the polymer 

substrate, for examples polycarbonate, is not suitable for high-temperature treatments. 
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However, porogen extraction generates unnecessary solvent waste and the procedure is 

strongly time-dependent.  

I wanted to determine the decomposition temperature of Pluronic PE10500. Therefore, I 

investigated the thermal behaviour of dried silica xerogel powder with simultaneous 

thermogravimetric (TG) and differential thermal (DTA) analysis. 

Figure 21d plots the thermogravimetry (TG, black), derivative thermogravimetry (DTG, 

blue) and differential thermal analysis (DTA, purple) curves obtained from the silica powder. 

The first weight loss centred at about 54 °C was assigned to water desorption. The 

overlapping exothermic peaks in the DTA curves, at around 178 °C and 214 °C were 

originated from the decomposition of Pluronic PE10500. At 255 °C, the total weight residue 

of xerogel powder was 53 wt%.  

Therefore, the lowest temperature needed for the thermal degradation of the non-ionic 

surfactant molecule within a silica powder is 214 °C. This temperature is higher than the 

glass transition temperature of polycarbonate, which is 145 °C. I obtained this from the 

differential scanning calorimetry of a LEXAN 141 PC 0.5 mm thick sheet [134]. The 

temperature limit confirms the relevance of a fast and effective oxygen plasma treatment. 

 

 

5.2 WATER-BASED SILICA SOL AND COATINGS  

The results reported in the following sections are based on my publication on water-

based silica coatings [7,8]. 

The first objective of this study was to increase the light transmission of the transparent 

substrates with an optical coating, especially in the visible spectrum (400–800 nm), with a 

desired 100% transmission maximum at 550 nm. The second objective was to avoid or 

reduce the organic solvent waste by replacing the liquid medium in the sol–gel process with 

water. To achieve both targets, I have developed a procedure for water-based anti-reflective 

coatings on glass.  

 

I selected for the synthesis: 

• Tetrakis(2-hydroxyethoxy)silane (THES), as a silicon starting material that 

provided the high light transmission, and 

• water, as a sustainable source of solvent.  

 

 The classification of the samples 

In order to provide information precisely about the experimental conditions, I introduced 

a classification system in which all the samples are classified with the same notation. These 

samples were prepared from the following types of sol: 

• Type A samples: from a non-aged silica sol; 

• Type B samples: from a defrosted silica sol;  

• Type C samples: from a non-aged silica sol mixed with BYK–349; 

• Type D samples: from a silica sol mixed with BYK–349 aged for 16 days; 



Results and discussion 

 
 

71 

• Type E samples: from a silica sol aged for 24 hours then mixed with BYK–349;  

• Type F samples: from a silica sol aged for 24 hours then mixed with BYK–349 

applied to KOH activated glass substrates; 

• Type G samples: from a silica sol aged for 72 hours then mixed with BYK–349;  

• Type H samples: from a silica sol aged for 96 hours then mixed with BYK–349;  

• Type I samples: from a silica sol aged for 24 hours then mixed with BYK–349 but 

without the Pluronic PE10500 surfactant; 

• Type J samples: from a silica sol aged for 24 hours then mixed with BYK–349 and 

Levasil CS40–222 nanoparticles; 

• Type K samples: from a silica sol aged for 24 hours then mixed with BYK–349 and 

Levasil CS30–516P nanoparticles. 

 

 The shelf life of the aqueous silica sol  

One of the important parameters in sol–gel chemistry is the shelf life of the sol. Long shelf 

life is necessary for industrial production. In this section, I have determined the shelf life of 

water-based sols.  

According to the literature, the aqueous sol with THES has an extremely short gelation 

time, less than 10 min at 30 °C, when the THES:water molar ratio is 1:23 [135].  

In my experiments, the excess water and the acidic pH of the HCl solution maintained the 

sol state for an elongated time. The molar ratio of water to THES was more than 83. The sol–

gel transition of the silica sol slowed down when the molar ratio of water was further 

increased to 119. Within four days of storage at the room temperature (21–23 °C), the 

aqueous silica sol turned opaque, within seven days, it turned whitish, within eleven days, it 

turned milk-white, and within 14 days, it became a gel.  

 

5.2.2.1 Type A and B samples 

The transparent-to-white colour change was due to primary silica particle growth and 

agglomeration. Since temperature has an influence on the kinetic behaviour of the silica sols, 

the shelf life of water-based silica sols can be extended by reducing storage temperature. The 

sol was stored in a freezer at −18 °C for three months; this blocked the agglomeration of 

particles in water. The layers were deposited both from the as-prepared (type A) and the 

defrosted (type B) sols on the microscope glass slides with a withdrawal speed of 1.4 mm/s 

for every sample. Afterwards, the samples were cured at 450 °C with the one-step heat 

treatment.  

The coatings were homogeneous without any surface fracture on small surfaces (75 × 

26 mm). The maximum transmission of the aqueous thin films decreased only by 1.61%: 

from 99.85±0.08% at 756 nm to 98.24±0.19% at 579 nm (Figure 22a, type A and B samples). 

Therefore, the aqueous sols can be stored in a frozen state, as anti-reflective coatings with 

nearly identical light transmissions can be produced using either fresh or aged sols. After the 

experiments, the defrosted sols were kept at 5 °C. Within three weeks, they were no longer 

suitable for further examination due to the observed sedimentation: the solid content 

separated from the solvent and accumulated at the bottom of the vessel.  
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Figure 22. The UV–VIS transmission spectra of (a) the thin films from the as-prepared (type A) and the 
defrosted (type B) silica sol, and (b) type C samples made with a fresh sol and type D samples made with a sol 

aged for 16 days.  

 

 The homogeneity of the coatings 

Due to the weak interactions between the water-based sols and glass, the wetting of 

surfaces is not favourable for large area substrates (9 × 9 cm) and cannot be coated 

uniformly. Occasionally, the coatings prepared with 2 mm/s were covered with micro-cracks 

after the one-step heat treatment (Figure 25a). In order to avoid this, I mixed the aqueous 

sol (identical in chemical composition to the sol used in the production of type A sample) 

with the BYK–349 co-surfactant and used it to prepare a type C sample. I coated low-iron 

glass using a withdrawal speed of 1.0 mm/s with subsequent one-step heat treatment at 

450 °C. 

 

 

5.2.3.1 Type C and D samples 

I found that thin films prepared from the silica sol mixed with BYK–349 (type C) were 

homogeneous on a large substrate. However, their maximum light transmission was found 

to be lower (Tmax = 96.04±0.13%) than that measured for the film prepared with sol without 

BYK–349 (type A sample, Tmax = 99.85±0.08%).  

To increase the light transmission of the silica layers, I aged the aqueous sol with BYK–

349 at room temperature for 16 days. Type D samples were prepared from this aged sol with 

a withdrawal speed of 1.0 mm/s and subsequent one-step curing at 450 °C. The maximum 

transmission for type D samples increased to 98.49±0.23% (Figure 22b) as compared to the 

transmission of 96.04±0.13% for type C samples (Figure 22b). The increased porosity and 

high light transmission can be determined by examining samples visually. Type C samples, 

with moderate light transmission, showed no interference colours as a result of low porosity 

(11%, Table 12). The interference colours of the thin layer of type D coatings (53.59%, 

Table 12) varied from light blue to deep purple. These samples were prepared with aged 

aqueous sol with BYK–349, which facilitated the formation of pores.  
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Table 12. The maximum light transmission (Tmax) and its position (λ) measured with a UV–VIS 
spectrophotometer; and the layer thickness (d), the refractive index (n) and the porosity (P) of anti-reflective 
silica coatings on glass substrates obtained by ellipsometry. 

 
Type Tmax [%] λ [nm] d [nm] n [–] P [%] 
Glass 91.45±0.03 550 – – – 

A 99.85±0.08 756 NR NR NR 
B 98.24±0.19 579 NR NR NR 
C 96.04±0.13 542 76 1.4168 10.99 
D 98.49±0.23 617 136 1.2350 53.59 
E 97.73±0.04 569 98 1.4178 5.85 
F 97.41±0.02 548 87 1.4166 11.04 
G 98.82±0.11 526 98 1.4045 7.13 

H 99.03±0.16 601 108 1.3568 13.97 

* NR = not relevant     

 

As I mentioned previously (See 5.2.2), the aqueous sol without a wetting promoter 

became a gel within 14 days. With the wetting promoter, it stayed transparent even after 

200 days (Figure 25d).  

I stored the aqueous sol with BYK–349 (the same sol used to prepare type C samples) at 

a constant temperature and protected it from light and visually examined it every week. 

During storage, the aqueous sol remained clear, no colour change, precipitation or 

sedimentation occurred and most importantly there was no gelation.  

When aged sols were used in the experiments, the obtained type D samples had an 

increased layer thickness (136 nm, Table 12), reduced refractive index (1.2350, Table 12), 

and high light transmission. However, the homogeneity of the film, measured only from the 

uniform part of the type D samples (Figure 22b), was not satisfactory even after the heat 

treatment. 

 

 

 Increasing the light transmission of coatings 

All water-based silica sols used in this study showed the Tyndall effect [136], which 

means that they contained silica nanoparticles that scatter light. I tested the aqueous sol aged 

for 1 day, without the wetting promoter with photon correlation spectroscopy, and found 

that the sol contained particles with an average radius of 2 nm.  

I proposed that the BYK–349 co-surfactant acts as an inhibitor by slowing down particle 

formation and aggregation. My idea was to supplement the aqueous sol with the wetting 

promoter right before layer deposition. Therefore, the BYK–349 was added to the water-

based sol after 24 hours, 72 hours and 96 hours of ageing as the last step in the synthesis. 

The ageing of the sol promoted the growth of silica particles.  

Withdrawal speed during the preparation of type E–K samples was 1.4 mm/s and curing 

was performed with a two-step heat treatment at 450 °C. The BYK–349 was added to the sol 

before layer deposition.  
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5.2.4.1 Type E and F samples 

The water-based sol was aged for 24 hours and supplemented with BYK–349 right before 

layer deposition. For type E samples, untreated, i.e. non-activated glass slides were used and 

for type F samples, glass slides after alkali activation with a 12% KOH solution. Alkali 

activation increased the concentration of −OH groups on the surface, thus facilitating the 

forming of covalent bonds during the thermal treatment. 

Due to the pre-treatment of glass, the coatings had a higher porosity (11.04%, type F 

samples, Table 12) compared to coatings on non-activated glass (5.85%, type E samples, 

Table 12). However, the other optical parameters were nearly identical. The maximum light 

transmission of the coatings on alkali-treated glass (97.41±0.02% at 548 nm, Figure 23, type 

F) was slightly lower than the coatings on untreated glass (97.73±0.04% at 569 nm, Figure 

23, type E). 

 

 

5.2.4.2  Type G and H samples 

The aqueous sols were aged for 72 hours and 96 hours. Before the coating step, the BYK–

349 was mixed with the aged sols. When the aqueous sol was aged for 3 days, the maximum 

light transmission of the samples increased to 98.82±0.11% at 526 nm (Figure 23, type G). 

The light transmission of the samples prepared from the silica sol aged for 4 days reached a 

maximum of 99.03±0.16% at 601 nm (Figure 23, type H). 

The results show that the ageing of the water-based sol at room temperature and using a 

wetting promoter right before layer deposition is advantageous, for both the homogeneity 

and the high light transmission of the aqueous silica coatings.  

 

 

Figure 23. The UV–VIS transmission spectra of the silica anti-reflective coatings compared to the bare low-
iron glass substrate. (a) Type E and F* samples – made with aqueous sols aged for 1 day, G – 3 days and, H – 4 
days. (b) Type I samples – made without Pluronic PE10500, J – made with Levasil CS40–222 nanoparticles, K 

– made with Levasil CS30–516P nanoparticles. *The substrate used for producing type F was activated in a 
KOH solution before the start of the experiments. 
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The total transmission of anti-reflective silica samples was between 97.9% and 99.3%. It 

was a 6.4%–7.8% improvement compared to the uncoated low-iron glass (91.5%). The haze 

of the silica samples was lower (0.00–0.10%) than the haze of uncoated glass (0.15%). All of 

the water-based anti-reflective samples had 100% clarity. 

 

 

 Improving the hardness of coatings 

I tested the scratch resistance of the coatings using the pencil hardness test and visualised 

the surface with an optical microscope. The test results showed that samples produced with 

the use of sol but without the adhesive promoter (type A) were non-uniform on a large 

substrate and were not scratch-resistant (2B), while samples, made with sol with BYK–349 

(type C), were uniform and had an improved hardness (HB). Both types of samples (types A 

and C) received a one-step heat treatment at 450 °C.  

From an industrial perspective, further hardening of the coatings is required. To 

understand how different steps used during sample production affect hardening, I compared 

samples annealed with one-step heating and two-step heating (types C and E, respectively), 

and samples deposited to unprocessed and alkali-activated low-iron glass (types C and F, 

respectively).  

Two-step heating is better than one-step heating. It enabled the production of crack-free 

coatings and also improved their hardness, which increased from HB (type C samples) to 2H 

(Figure 24a, type E samples). During the two-step heating process, the oven was slowly 

ramped at 3 °C/min up to 215 °C (the intermediate heating step), which protected the silica 

coatings from thermal stress and assured the production of crack-free samples (type E–K). 

At 215 °C, the Pluronic PE10500 surfactant, the BYK–349 wetting promoter, and the ethylene 

glycol is gradually removed from the silica network. The second and final heating step was 

heating to 450 °C.  

The alkali activation step before the low-iron glass slides used for sample deposition 

increased the hardness of coatings: from HB (type C samples) to H (type F samples). 

However, the alkali activation step also appears to be unnecessary, because without it, the 

hardness could have increased to 2H (type E samples).  

I tested the adhesion of the water-based anti-reflective coatings with the cross-cut test 

and evaluated it according to the ISO 2490 standard. The edges of the cut of the water-based 

silica film were smooth (Figure 24c and d, type E), the coating did not detach; the 

classification was 0, the silica coatings had excellent adhesion. 
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Figure 24. The optical microscope images of the water-based coatings after the evaluation of the pencil 
hardness test: (a) type E samples after one-step heating—HB, (b) type E samples after two-step heating—2H, 
(c) type F samples with KOH—H, (d) type K samples with 5% Levasil CS30–516P—3H, and (e) and cross-cut 
test on type E samples after two-step heating. 
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5.2.5.1 Type I samples 

The Pluronic PE10500 surfactant has a crucial role in the synthesis of water-based silica 

sols. I prepared a water-based sol without Pluronic PE10500 and aged it for one day. This 

silica sol was a homogenous and transparent solution after one day. As I mixed the aged sol 

with the BYK–349, the BYK–349 irreversibly destabilised the sol and the sol turned into an 

opaque-whitish liquid. After stirring the mixture for several minutes, I noticed 

sedimentation of the solid content on the bottom of the vessel (Figure 25e). I prepared the 

type I samples from this sol with a withdrawal speed of 1.4 mm/s and heat-treated them 

using a two-step heat treatment at 450 °C. The heat-treated samples had a grainy surface 

with no interference colour, and the microscope images from the surface with 10x 

magnification showed a unique pattern (Figure 25c). The maximum light transmission of 

type I samples was 93.74% at 519 nm (Figure 23b). 

 

5.2.5.2 Type J and K samples 

Colloidal silica nanoparticles are known for their narrow particle size distribution, the 

high number of hydroxyl surface groups, good stability and high hardness (5.5 on the Mohs 

scale) [102], and for their ability to improve the abrasion and scratch-resistance of sol–gel 

coatings.  

 

 
Figure 25. (a) Cracked coating on glass, (b) water-based silica sol mixed with 0.5 wt% and 2.0 wt% Levasil 

CS40–222, (c) optical microscope image from a type I sample, (d) transparent water-based silica sol (type E), and 

(e) sedimentation of the type I sol. 
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I prepared the type J samples from a water-based silica sol aged for one day and mixed it 

with 0.5 wt% or 2.0 wt% Levasil CS40–222 nanoparticles. The as-prepared sols were 

homogeneous and suitable for dip-coating. However, phase separation occurred after one 

day of storage of the sol with 0.5 wt% Levasil CS40–222, and the sol with 2.0 wt% Levasil 

CS40–222 turned into a gel (Figure 25b). Considering the discrepancy in the pH, I decided 

to continue the experiments with an acidic type Levasil nanoparticle. The withdrawal speed 

(1.4 mm/s) and the heat treatment (two steps, 215 °C, and 450 °C) were identical for the 

type J and K samples. 

The aqueous silica sol aged at room temperature for one day contains 4 nm silica particles 

(See: 5.2.4). For this reason, I aged the aqueous sol for hard coatings for three days to 

promote the growth of the particles. Part of the sol was mixed with 2 wt%, 5 wt%, and 10 

wt% Levasil CS30–516P nanoparticles. I found that the optimal additive for a transparent 

silica sol was 5 wt% Levasil CS30–516P nanoparticles. 

The UV–VIS spectra of the type J samples prepared from the sol with 2% Levasil CS40–

222 were compared to the type K samples prepared from the sol with 5% Levasil CS30–516P 

(Figure 23b). The maximum light transmission of type J samples was 96.89±0.42% at 530 

nm and the type K samples were 98.37±0.06% at 639 nm. 

I determined the refractive index of the layer from Tmax and the layer thickness from the 

lambda/4 equation. It is 1.320 and 180 nm for the initial, water-based layer (type G samples). 

The Levasil CS30–516P-modified layer was thicker (212 nm), and the refractive index 

increased to 1.347. 

The increase in the refractive index of type K samples was 2% and the increase in layer 

thickness was 15%. I consider it acceptable in order to improve hardness. The shift to the 

longer wavelengths of the maximum light transmission was due to increased layer thickness.  

My objective was to further increase the hardness of the thin film on glass, in this case, 

with Levasil nanoparticles. Figure 24 shows the results of the pencil hardness test under a 

light microscope. A 3H pencil produced no scratches (Figure 24b) whereas a 4H pencil 

(Figure 24e) produced scratches on the coating. 

I measured the total transmission of anti-reflective silica coatings from three different 

areas and found them to be 98.9±0.23% without Levasil and 98.6±0.49% with Levasil. The 

haze of the samples with Levasil was lower (0.00±0.02%) than the haze of the original 

aqueous coating (0.20±0.04%). Both layers have 100% clarity. It can therefore be concluded 

that the Levasil nanoparticles increased hardness without significantly decreasing light 

transmission. 

 

 

 The composition of aqueous silica sols and the layers 

To understand and characterize the structure and composition of the aqueous silica sols 

and the heat-treated silica layers, we used scanning electron microscopy and transmission 

electron microscopy.  

The composition of the silica layer obtained by ellipsometry suggests that the layers had 

typically low porosity values (5–14%, Table 12). However, in one case, porosity reached a 

high value (53.59%, type D samples, Table 12). In contrast to the other aqueous sols used, 



Results and discussion 

 
 

79 

which produced the type C and type E–H samples, the compounds of this sol were aged 

together with the BYK–349 for 16 days.  

Based on ellipsometry, I selected one sample with low porosity (type G) and one with 

high porosity (type D) for FE–SEM analysis. The FE–SEM investigation provided the top view 

of the silica layers. The examined sample of type G had a compact surface, with few 

nanocracks with a length of 200–300 nm, but without any detectable porosity. The measured 

porosity of the thin film (7.13%, Table 12) can be attributed to the dense arrangement of 

the silica particles with different sizes and the few voids between them. The ageing of the sol 

for 16 days resulted in a greatly increased porosity (53.59%) of the type D sample. Pores 

were visible on the surface of type D samples (Figure 26a). The increase in porosity can be 

attributed to the loose arrangement of the silica particles.  

Photon correlation spectroscopy proved that the aqueous sol aged for 1 day contained 4 

nm silica particles at room temperature. To determine the structure of the silica layer made 

with this sol, we removed the thin film type A from the glass substrate before TEM. The 5–

20 nm particles on the removed layer can be seen in the TEM images (Figure 26b and c). 

The elevated temperature during the heat treatment at 450 °C accelerated particle 

aggregation on the dried layer.  

I prepared a water-based sol with BYK–349, the same that was used for homogeneous 

type C coatings and ripened the sol at room temperature. Sampling for TEM analysis was 

performed after 1, 5, 10, 16, 19 and 46 days of ageing.  

The aqueous sol aged for 1 day formed a film-like structure after drying the aqueous sol 

on the holey carbon–covered TEM grid under ambient conditions (Figure 26d). After 5 days, 

the silica sol invariably formed a coherent, amorphous film on the grid. After 10 days, instead 

of the continuous film on the TEM substrate, there was a mixed state of interconnected 

particles with only a few separate particles. The sol aged for 16 days was in an intermediate 

state of film- and nanoparticle-like morphology after drying on the TEM substrate (Figure 

26e) with both individual and agglomerated nanoparticles. After 19 days, the number of 

individual particles increased, and fewer and fewer of them were connected. The 

investigated aqueous sol remained transparent after 46 days and contained 15–20 nm 

individual particles with a narrow size distribution (Figure 26f).  

Figure 26e and Figure 26f show that the size of the particles reached a plateau within 2 

weeks and remained unchanged after 6 weeks.  

I used BYK–349 as a wetting promoter to produce homogeneous water-based silica 

coatings on glass. As an additional effect, the BYK–349 co-surfactant interacted with the 

silica nanoparticles. BYK–349 is a water-soluble polyether-modified siloxane (non-ionic 

silicone surfactant) and has a –R2Si–O– backbone containing hydrophilic ethylene oxide (EO) 

and hydrophobic propylene oxide (PO) side chains and trimethylsilyl end groups 

(Supplementary Material) [101].  

I mixed the sol with the Pluronic PE10500 type surfactant. This is a water-soluble non-

ionic triblock PEO–PPO–PEO copolymer, where PEO is poly (ethylene oxide) and PPO is 

poly(propylene oxide), and it contains 2 × 37 EO units and 56 PO units (Supplementary 

Material). Both non-ionic surfactants containing PEO have an amphiphilic character in 

aqueous solutions due to the solubility of PEO and the insolubility of PPO or trimethyl in 

water. 
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Figure 26. FE-SEM top view of the anti-reflective porous silica coating ((a), type D samples) and TEM images 

of a scratched layer ((b) and (c), type A samples) prepared from the water-based sol aged for 1 day. TEM 
images of silica sol after drying on a carbon-covered TEM grid from a sol that was aged with BYK–349 for (d) 

1 day, (e) 5 days, (f) 10 days, (g) 16 days, (h) 19 days, and (i) 46 days.  

 

The amount of Pluronic PE10500 that I used in this study is under the critical micelle 

concentration (CMC at 25 °C is 0.3% w/v [100]), so we can assume that unimers and not 

micelles adsorb at the silica interface. As we have an acid catalysed medium (pH = 2.3), the 

surface of the silica nanoparticles is protonated, the surface is covered with Si–OH groups. 

Both ethylene-oxide–based surfactants interact with silica surfaces by hydrogen bonding 

[137].  

The surface of the silica nanoparticle is covered with the PPO groups and trimethylsilyl 

groups, and further away from the surface, the hydrophilic PEO are accumulated. Therefore, 

I observed interparticle repulsion in aqueous sol containing surfactants due to the increased 

surface coverage and the steric hindrance of silica particles. Figure 27 presents a schematic 

diagram of the proposed interface interaction of the Pluronic PE10500 and BYK–349 

surfactant molecules on the surface of silica nanoparticles in water-based sol. 
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Figure 27. Proposed adsorption mechanism for the Pluronic PE10500 and BYK–349 molecules at the 
interface of silica nanoparticles in water-based sol. 

 

 

 Upscaling of water-based silica coatings  

When the layer deposition process is scaled up, the costs and energy efficiency need to be 

considered. To dip-coat a flat protective or display glass (45.0 × 35.5 cm), it would be 

necessary to use at least 4–5 l of water-based sol. This could be a manageable amount of 

solvent for the mass production of low-reflection devices. However, if a larger surface is 

coated, the increased amount of sol is no longer economical.  

The new layer deposition technique – wiping-coating – can cover a large and flat surface 

with a minimal volume of sol in a relatively short time [33,34]. With this method, I deposited 

the water-based sol on a large glass substrate (80 × 160 cm). The necessary amount of the 

sol was only 35 ml. This technique allows the coating of only one side at a time.  

The first wiping-coating experiment was performed on medium-size display glass 

(45.0 × 35.5 cm). I set up different layer deposition speeds, knowing that for the dip-coating 

process the optimal speed is 1.4 mm/s. Therefore, I set the wiping speed to 1.2 mm/s, 1.4 

mm/s, 1.6 mm/s, 1.8 mm/s, and 2.0 mm/s (Table 13).  

The glass was placed in a vertical position, and these five speeds were used in one 

deposition step. The freshly deposited layers were uniform, with no visible surface 

imperfections. The medium-size glass sample was heat-treated at 215 °C for 1 hour, followed 

by a temperature treatment at 450 °C for 1 hour after a 1-hour warming-up time. After 

consolidation, we sliced the samples, then measured light transmission (Figure 28a).  

The designation of these samples is A to E and 1 to 5. Based on the average of 25 samples, 

I found that Tmax is 95.12±0.33%. The uncoated display glass has a Tmax of 91.48% at 544 

nm—it is an improvement of 3.64%. These results come from samples coated on one side 

only, and the increased light transmission is expressed on one side of the glass.  
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Figure 28. Typical transmission spectrum of each wiping speed on the medium-size display glass (a); and the 
layer thickness distribution of wipe-coated large float glass (b); top-view (c) and cross-sectional (d) ESEM 

images from the 5F wipe-coated sample. 

 

I selected five representative samples (A2, B3, C3, D3, E2) and characterised them by 

ellipsometry (Table 13). I found that the average refractive index is 1.346±0.018. Layer 

thickness increased as the speed of wiping-coating increased, and the position of the 

maximum transmission shifted to higher wavelengths (Figure 28a).  

The homogeneity of the coatings is excellent on medium-size glass. From the applied five 

speeds, I selected 1.4 mm/s for wiping-coating the large glass substrate, based on the quick 

measurement made on lyogels. 

The next step was to apply the aqueous sol on a large float glass substrate. The effectively 

covered area was 70 × 140 cm. This large sample was heat-treated in one piece at 250 °C for 

1 hour. After that, it was cut into smaller pieces, a total of 98 10 × 10 cm samples. The 

designation of these samples is 1 to 14 and A to G. 

The layer thickness of all 98 samples were measured with an ellipsometer. Seven random 

samples were selected (13A, 2B, 9C, 4D, 11E, 5F and 7G), and an additional heat treatment 

at 450 °C was applied to them. These selected samples were characterised by UV–VIS 

spectrophotometry and again with ellipsometry. 
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Table 13. Wiping-coated sample on medium size glass (45.0 × 35.5 cm) cut into 25 pieces (5 × 7 cm). The 
transmission maximum on a specific wavelength (λ) of each small sample and the layer thickness (d) and 
refractive index (n) at 546 nm for the selected samples. 

 

    
Sample number and 

maximum light transmission 
  Ellipsometry 

Speed λ [nm]   1 2 3 4 5   d[nm] n [−] 

1.2 

mm/s 
404  A 94.54% 94.67% 94.65% 94.66% 94.65%  A2 63.9 1.3681 

1.4 

mm/s 
476  B 94.90% 94.96% 94.99% 94.88% 94.77%  B3 76.9 1.3623 

1.6 

mm/s 
497  C 95.22% 95.25% 95.32% 95.23% 95.04%  C3 83.2 1.3354 

1.8 

mm/s 
510  D 95.35% 95.44% 95.44% 95.35% 95.27%  D3 86.4 1.3348 

2.0 

mm/s 
532  E 95.52% 95.61% 95.56% 95.51% 95.34%  E2 91.2 1.3284 

 

Table 14 includes the thickness obtained by ellipsometry after heat treatment at 450 °C, 

and the calculated average transmission increment and maximum light transmission of the 

selected samples in the spectral region between 400 and 750 nm. The maximum 

transmission of the uncoated float glass is 89.95% at 547 nm. I calculated the average 

transmission increment from the difference between the integrated mathematical area of 

the coating and the substrate and divided it by the 350 (area between 400 and 750 nm, 

Equation 12).  

Calcination at 450 °C slightly increased the light transmission of the wipe-coated samples 

by 0.022%. The second heat treatment caused no improvement. The average transmission 

increment of the one-side coated samples is 2.20% compared to the uncoated float glass.  

The layer thickness of the coatings on float glass (77.4±2.2 nm) corresponds to the 

thickness presented in Table 13 (Sample B3, 76.9 nm). Figure 28c and Figure 28d show 

the top view and cross-sectional ESEM images of the 5F wipe-coated sample. The surface of 

the coating is homogeneous and crack-free. 

 
Table 14. Wipe-coated sample on large glass (80 × 160 cm) cut into 98 pieces (10 × 10 cm). The average 
transmission increment (ATI) of the selected samples is presented after consolidation at 250 °C and after the 
second heat treatment at 450 °C. The improvement in ATI after 450 °C is also calculated. The maximum 
transmission (Tmax) was collected from the region between 400 and 750 nm. *Sample 5F was used in the ESEM 
investigation. 

 

Sample 
d [nm]  
450 °C 

ATI [%] 
Impr.[%] 

Tmax [%] at λ [nm] 
250 °C 450 °C 250 °C 450 °C 

Glass − − − − − − − − 
13A 72.3 2.23 2.29 0.062 92.37 522 92.56 511 
2B 74.4 1.98 2.00 0.015 92.10 532 92.21 515 
9C 69.6 2.13 2.43 0.299 92.27 517 92.73 515 
4D 70.8 2.44 1.89 −0.549 92.61 519 92.10 515 

11E 64.5 2.19 2.19 −0.013 92.33 532 92.42 513 
5F * 2.34 2.30 −0.048 92.49 513 92.56 515 
7G 71.1 2.12 2.51 0.390 92.24 518 92.77 509 

Σ ˗ 2.20±0.15 2.23±0.22 0.022±0.302 92.35±0.17 522±7 92.48±0.25 513±2 
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Figure 29. A wipe-coated sample was cut into 98 pieces: 2D colour map of the layer thickness distribution 
(left) and the thickness of each 10 × 10 cm area in nm (right). 

 

I measured the layer thickness of each 10 × 10 cm area by ellipsometry. Figure 29 shows 

the results of the examination of the 98 samples. It visualises the statistical distribution of 

the layer thickness on a colour scale. The bottom right corner of the original sample has two 

outliers (14F and 14G, Figure 29, right), and only their thickness is higher than 88 nm. The 

lowest measured thickness is 74 nm, and the highest measured thickness is 89 nm; the mean 

thickness is 77.4±2.2 nm, and the standard deviation is only 2.16 %.  

The combination of wiping-coating and water-based silica sol resulted in a uniform 

thickness distribution. 

 

 Environmental durability of water-based coatings 

Coatings on three different substrates were prepared from a water-based silica sol, dried 

at room temperature, heat-treated, then exposed to climatic stress in an environmental 

chamber. We tested three different accelerated environmental conditions. The first test was 

dry heat to monitor the heat resistance of the water-based coatings during an elongated time. 

The second test was condensation (damp heat test) to monitor the temperature ageing and 

humidity control of the thin films. The third test was the climatic change cycle (temperature 

and humidity cycling test), comprising two thermal cycles with a change from frost (−40 °C) 

to tropical climate (40 °C / 98% RH). All tests were performed in an environmental test 

chamber [34] with the standardised methods [138,139]. Table 15 includes the specific test, 

the conditioning methods, and the results from coatings on a glass substrate. The thin films 

are excellent for specific applications if they perform well after exposure to certain 

environmental conditions. At first, the appearance of anti-reflective coatings on different 

substrates was investigated by the naked eye. There were no peeling or other cosmetic 

defects on the anti-reflective coatings after all tests.  
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Table 15. Standard stability tests for water-based silica coatings on glass, PC and PMMA exposed to three 
different test conditions (No. 1–3).  

 

Samples were characterised by UV–VIS–NIR spectroscopy and visually examined before 

and after the tests. Figure 30 shows the reflectance spectra of the water-based silica coating 

on glass, PC and PMMA before and after the three accelerated tests. 

In these tests, the focus is on the change in reflectance of the thin films after exposure 

compared to the initial state. All samples were measured before and after the environmental 

tests, and the corresponding reflectance spectra are shown in Figure 30. I calculated the 

difference in minimum reflectance (ΔR) with Equation 18 and the results are given in Table 

16. 

 
Equation 18. The difference in minimum reflectance. 

 

∆𝑅 =  𝑅𝑚𝑖𝑛
𝐵𝑒𝑓𝑜𝑟𝑒

−  𝑅𝑚𝑖𝑛
𝐴𝑓𝑡𝑒𝑟

 
 

Table 16 presents the reflectance minimum at a given wavelength determined before 

and after the damp heat, condensation, and climatic change cycle. The results of tests show 

that coatings on glass are weatherproof and that there is even a decrease in average 

reflectance after exposure to climatic conditions, except dry heat. Water-based coatings have 

great potential for outdoor use. The anti-reflective coating produces its effect in the visible 

range (450–750 nm), which plays an important role in optical applications.  

The reflection minimum of coatings on PC decreased by 2.87% and on PMMA by 1.13% 

after being exposed to dry heat (Table 16). I found that the thickness of the anti-reflective 

layer is decreased during the dry test on PC and PMMA substrates. This is explained by the 

extended heat treatment (120 °C or 90 °C for 240 hours), which facilitated the consolidation 

of the inorganic network and increased the number of cross-links. This happens faster when 

the glass samples receive the two-step heat treatment, and the second step is at 450 °C. The 

10-day thermal exposure to dry heat has a positive effect; it further reduced the minimum 

reflection by 3% on PC and 1% on PMMA, respectively.  

The minimum reflection of uncoated substrates is 9.26% (633 nm) for PC and 7.32% 

(675 nm) for PMMA. I managed to reduce the relative reflection with environmentally stable 

water-based coatings by 4.2–7.7% on PC and 1.2–2.4% on PMMA. In this region, the 

minimum reflection of uncoated substrates is 4.89% (710 nm) for glass. 

In all cases, the water-based coatings have a low reflection in the presented region. I have 

managed to reduce the relative reflection with environmentally stable water-based coatings 

by 2.7–3.3% on glass. 

No. Test Standard: the conditioning method Results 

1 Dry heat 
exposure to 120 °C for 240 hours (glass and PC), 

and 90 °C for 240 hours (PMMA) 

No delamination from 

the substrates 

2 Condensation 
exposure to climatic conditions of 98% relative 

humidity and 40 °C for 48 hours 

No delamination from 

the substrates 

3 Climatic change 

2 cycles from −40 °C to 40 °C including the 

following steps: (1) 1 hour at 25°C; (2) 3 hours at 

−40 °C; (3) 1hour at 25 °C; (4) 15 hours at 40 °C, 

98% RH, and (5): 1 hour at 25 °C. 

No delamination from 

the substrates 
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Figure 30. Reflectance spectra of water-based silica coatings on glass, PC and PMMA measured before and 

after exposure to dry heat, condensation and a climatic change cycle. 

 

Dry heat required the longest exposure time (10 days). As a result, the minimum 

reflectance of coatings on PC decreased by 2.87% and for coatings on PMMA by 1.13%.  

Coatings on PC and PMMA are not fully cured by the thermal treatment used and exhibit 

additional curing/densification during the weathering test. These results indicated that 

there would be a need for complementary treatment for the coatings on PC and PMMA to 

facilitate consolidation in addition to the heat treatment. 

 
Table 16. The minimum light reflectance (Rmin), its position (λ) and the changes (ΔR) of anti-reflective silica 
coatings on PC and PMMA measured with a UV–VIS spectrophotometer. 

 

Dry heat Condensation Climatic change cycle 

𝑅𝑚𝑖𝑛.
𝐵𝑒𝑓𝑜𝑟𝑒

 

[%] 

𝑅𝑚𝑖𝑛.
𝐴𝑓𝑡𝑒𝑟

 

[%] 

ΔR 
[%] 

𝑅𝑚𝑖𝑛.
𝐵𝑒𝑓𝑜𝑟𝑒

 

[%] 

𝑅𝑚𝑖𝑛.
𝐴𝑓𝑡𝑒𝑟

 

[%] 

ΔR 
[%] 

𝑅𝑚𝑖𝑛.
𝐵𝑒𝑓𝑜𝑟𝑒

 

[%] 

𝑅𝑚𝑖𝑛.
𝐴𝑓𝑡𝑒𝑟

 

[%] 

ΔR 
 [%] 

Glass 
1.98 
(603 
nm) 

2.01 
(634 
nm) 

−0.03 
2.18 
(560 nm) 

1.61 
(528 nm) 

0.57 
2.08 
(560 nm) 

1.66 
(516 
nm) 

0.42 

PC 
4.43 
(527 
nm) 

1.56 
(725 
nm) 

2.87 
4.46 
(539 nm) 

5.02 
(489 nm) 

−0.56 
4.42 
(541 nm) 

4.77 
(497 
nm) 

−0.35 

PMMA 
6.08 
(536 
nm) 

4.95 
(703 
nm) 

1.13 
6.09 
(495 nm) 

5.94 
(475 nm) 

0.15 
5.73 
(519 nm) 

5.95 
(458 
nm) 

−0.22 
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5.3 ADDITIONAL FUNCTIONAL COATINGS 

The results reported in the following sections are based on my publications on the topic 

of various functional silica sol–gel coatings [2,9,10]. 

 

 Hybrid silica coatings 

Mesoporous silica coatings prepared with the use of TEOS and without silanisation or 

other post-treatment are monofunctional coatings and only have high light transmission. In 

contrast, hybrid silica coatings prepared in one step provide both high light transmission 

and a hydrophobic or even water-repellent surface because non-polar groups (e.g. methyl 

groups) are built in the silica matrix. However, there are several reports of only one of the 

desired properties present at the expense of another. For example, the surface-modified 

silica coating with –Si–octyl groups had high water contact angles (125°), although the 

maximum light transmission was low (88%) and the gelation time of the sol was short (with 

15 wt% octyltriethoxysilane, it was 3 h 15 min) [140]. 

We dip-coated glass substrates with a hybrid silica sol, then heat-treated the bifunctional 

coatings at 400 °C for 2 hours (Figure 31a). We found that samples prepared with 

5 cm⋅min−1 provided the highest light transmission in the visible region. The recipe of the 

hybrid sol was adapted from the literature [141]: 

• TEOS: H2O: EtOH = 1.0: 10.0: 7.7;  

• MTES: CTAB: EtOH = 1.0:    0.2:   1.0;  

• TEOS: MTES = 1:1.  

 

The hybrid samples had a low refractive index (1.250–1.275), high water contact angle 

(CAA = 94–96° and CAR = 91–95°) and low contact angle hysteresis (HCA = 1–2°). These 

samples had a microporous structure with the disordered arrangement of the open pores 

and highly uniform pore sizes (rdes = 0.6±0.1 nm).  

We tested the solvent resistance of the hybrid coatings with the use of a soaking test 

adapted from the literature [142]. We set the pH of the aqueous solution to pH 2.0, 7.0, and 

12.0 and immersed the samples in the solution for 24 hours. 

 
Figure 31. (a) Hybrid silica coatings on glass with thicknesses between 100 nm and 175 nm, and (b) the light 

transmission of the samples before and after the soaking tests. 
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We did not observe any delamination of the hybrid coating from the substrate either with 

the acidic or with the alkaline soaking. The thickness of the layer slightly increased due to 

the swelling of the matrix material. The transmission maximum of the hybrid sample was 

99.70% at 628 nm, and it changed to 99.74%, 99.56% and 99.33% after the soaking test with 

an acidic, neutral, and alkaline aqueous medium, respectively (Figure 31b). Water 

molecules filled up ca. 15% of the pores (capillary imbibition, nwater = 1.33) and reduced the 

refractive index by 2.59%. We restored the initial optical and wetting properties of the 

hybrid coatings by simply repeating the heat treatment (400 °C, 2 hours). We repeated the 

soaking test at neutral pH and the regeneration heat treatment, and found that the samples 

maintained their optical and wetting properties for up to 7 cycles, and proved with ATR-IR 

that the methyl groups did not degrade. This was not applicable for samples soaked at low 

or at high pH. 

We exposed the hybrid samples to saturated vapours of a polar (water) and a non-polar 

(n-hexane) solvent for 2 hours. We found that the water molecules were not adsorbed at all 

and only ca. 10% of the n-hexane molecules were adsorbed onto the non-polar walls of the 

pores. The n-hexane molecules were desorbed when heat treatment at 100 °C was used.  

In conclusion, the high light transmission of the microporous hybrid silica coating on 

glass remained constant up to 31 weeks and after 54 weeks it decreased by only 0.6% (from 

99.78±0.05% to 99.15±0.27% at 602 nm). The hydrophobic surface of the hybrid coatings 

also remained constant after 54 weeks (CAA = 90±1°, CAR = 89±1° and HCA = 1±1°). 

 

 Broadband anti-reflective coatings 

Broadband anti-reflective coatings are designed to extend the light transmission and 

minimize the surface reflection in a much wider waveband range from the visible to near-

infrared spectrum. Compared to them, the single-layer anti-reflective coatings are often 

called "V-coatings" referring to the shape of the transmission spectrum covering a narrower 

visible waveband. Broadband anti-reflective coatings are multilayer coatings with different 

refractive indices [143,144] and their fields of application include laser amplifiers [145] and 

energy harvesting devices [146].  

We prepared silica coatings composed of a highly porous and nearly compact layer by 

dip-coating on glass substrates from different precursor sols. The resulting double-layer 

coatings showed broadband antireflection properties (Figure 32). Additionally, these films 

do not only have a wider range of increased light transmission, but also an improved 

temporal optical stability up to 52 weeks. The first deposited, nearly compact layer (P = 3%, 

Table 17) on the substrate presumably protects the second, mesoporous layer against the 

accumulation of Na+ and Ca2+ ions migrating out of the glass substrate. 

Type 1 was a single-layer coating on glass prepared with 1.5 cm⋅min−1. Type 2 was a 

double layer coating, where the first coating on glass (lower layer) was a compact (non-

porous) layer prepared with 6 cm⋅min−1, and the second coating (upper layer) was a porous 

layer prepared with 2 cm⋅min−1. Type 3 was another double-layer coating, where both layers 

were porous, and the lower layer was prepared with 6 cm⋅min−1, and the upper layer was 

prepared with 1.5 cm⋅min−1. Type 4 was a simulation of a double layer on glass where both 

layers were porous. I simulated the spectra with the "hdouble" fitting function [110]. 

 



Results and discussion 

 
 

89 

 
Figure 32. (a) Broadband anti-reflective coating on glass and (b) the arrangement of the layers on glass. 

 

All samples (1–3) were ammonia-treated. The arrangement of the two layers in these 

samples (2–4) is different from that of the spontaneously formed double-layers presented 

in Table 2. 

 
Table 17. The effective refractive index (n) at 632.8 nm, layer thickness (d) and porosity (P) of the single-layer 
and double-layer silica coatings on glass substrates. 

Sample 
Structure 

Total d 

[nm] 
d [nm] n [–] P [%] 

UL LL  UL LL UL LL UL LL 

1 porous 102 102±0 1.2667±0.0041 39 

2 porous compact 303 108±1 195±3 1.1892±0.0077 1.4587±0.0020 56 0 

3 porous porous 221 120±1 101±1 1.2258±0.0046 1.4440±0.0033 48 3 

4 porous porous 220 120 100 1.210 1.430 51 6 

          

These layers are thicker and the transition of the refractive index from the substrate to 

air is continuous (n glass = 1.519 < n LL, Type 3 = 1.444 < n UL, Type 3 = 1.226).  

In conclusion, we created broadband anti-reflective coatings on glass with a refractive 

index gradient from air to the substrate and optimized the optical performance within the 

visible range by implementing two layers with different porosities. 

 

 Molecularly imprinted coatings 

Molecularly imprinted silicas use imprinting molecules, for example self-assembling 

molecules (template), to transfer their specific structural pattern into the inorganic 

framework [147]. The template-shaped cavities of the silica matrix have predetermined 

selectivity and affinity and host, for example, inhibitor molecules against corrosion or 

pharmaceutical active ingredients for controlled release. Mesoporous silica layers on zinc 

can host inhibitor molecules (e.g. CTAB) and release them against corrosion.  

We prepared reference coatings on glass with different porogen molecules (CTAB – C and 

Pluronic PE10300 – P) to obtain different porosities, then characterised them with UV–VIS 

spectroscopy. We tested the permeability of the double-layer samples by measuring the 

refractive indices of the layers after impregnation. Dip-coating speed was 10 cm⋅min−1 for 

the CTAB porous silica coating (C2) and 8 cm⋅min−1 for Pluronic porous silica coating (P2). 
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After the heat treatment of the first layer at 450 °C for 1 hour, we repeated the deposition 

step to obtain double-layer coatings. The porous double-layer samples were impregnated 

with a 10 mg/mL CTAB aqueous solution (27.5 mM). The concentration of CTAB is higher 

than the critical micelle concentration of CTAB in an aqueous solution (0.9 mM) at 25 °C 

[148]. We monitored the accumulation of the CTAB in the pores and compared the porosity 

of the layers before and after impregnation.  

CTAB silica coatings had ordered pore structure (pore centre distance: 3.8 nm) and 

Pluronic silica coatings had a disordered pore structure (pore centre distance: 4.3–7.4 nm). 

Both types of double-layer samples had similar total layer thickness (200–250 nm) and 

porosity (20–30%).  

 
Figure 33. (a) CTAB double-layer porous silica coating (C2) and (b) Pluronic double-layer porous silica 

coating (P2) on glass before and after impregnation with 10 mg/mL CTAB aqueous solution. 

 

Impregnation with CTAB significantly decreased light transmission. The maximum 

transmission of the C2 samples decreased from 98.76% to 96.12% at 535 nm (Figure 33a). 

The maximum transmission of the P2 samples decreased from 99.38% to 97.81% at 803 nm 

(Figure 33b). It is due to the accumulation of the cationic CTAB within the negatively 

charged pores, which increased the refractive index of the coatings.  

We set the refractive index of CTAB to 1.4–1.5 and found that 73.5–86.5% and 38–45% 

of the total pore volume of C2 and P2 coatings were filled with CTAB molecules, respectively. 

The CTAB templated coatings can host the new CTAB molecules better due to the optimal 

geometry of the pores. This effect can be attributed to the "memory effect" (molecular 

imprinting) of the pore system. 100% saturation of the porous system with the CTAB 

molecules was not achieved because the repeated calcination of the layers may have resulted 

in the partial shrinkage and distortion of the pores. We also proved that the interface 

between the first porous layer and the second porous layer is penetrable.  

We proved that the CTAB molecule is trapped inside the pores when the surface of the 

coatings was treated with a silanisation solution (1% dimethyldichlorosilane in n-hexane). 

In conclusion, the silica layers were molecularly imprinted with CTAB-molecules and the 

template-shaped cavities of the mesoporous system had a memory effect. The C2 and P2 

porous coatings on zinc can be impregnated with CTAB molecules and used as protective 

coatings because the CTAB molecules can be released from the pores and provide protection 

against rusting.  



Perspectives 

 
 

91  91 

6. PERSPECTIVES 

 

6.1 THE APPLICATION OF MESOSTRUCTURED COATINGS 

 Anti-reflective coatings for outdoor applications 

About 60% of the electricity costs for a municipality is street lighting. We addressed this 

issue within the European Union Framework Programme for Research and Innovation 

Horizon 2020 and applied an anti-reflective coating as a protective layer for the secondary 

optics and the plastic cover of street lighting LED fixtures. We increased the efficiency of LED 

street lighting by 15% via optical design, of which 8% is due to the anti-reflective coating. 

These thin films on polycarbonate have reduced overall energy consumption, have a service 

life of at least four years and are weather-resistant.  

I have further improved the efficiency of manufacturing LED streetlights by integrating a 

plasma treatment step. There is no need for consolidation by heat treatment. Plasma-

assisted template removal is effective and generates a porous structure on coatings on PC. It 

also generates no solvent waste, and the ready-to-use coating has fewer and faster 

manufacturing steps. 

Figure 34 presents these anti-reflective coatings for the transparent cover of the 

luminaire, which were produced with the use of the sol–gel process. 

 

 

 
Figure 34. (a) PearlLight 24G outdoor lamp of Hungaro Lux Light Ltd., and (b) the application of this street 

lamp by the State Motorway Management Co., Hungary. 

 

 

 Metamaterials 

Metamaterials are nanostructured materials which provide new properties not found in 

nature. The common feature of these new types of materials is the well-ordered 
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nanostructures with a periodic pattern. The shape, geometry, size, arrangement, and 

orientation of the materials affect the electromagnetic wave of light and result in exotic 

electromagnetic properties. They are also often called subwavelength structures. 

Metamaterials are a relatively new field of research and have many potential applications 

for example nanoscale resonators, superlenses with a negative refractive index for imaging, 

waveguides with a meta-atom structure (< 5 nm), or even the basis for an invisible cloak. 

They could also be used for data storage, optical switching, surface plasmon resonance 

sensors, high-frequency sensors and biosensors. 

Hundreds of articles per year are published on metamaterials. I performed a search on 

The Lens (https://www.lens.org/) with the keyword "metamaterial". The number of 

scientific papers in the result was 57 285 (Figure 35b). The most active author on this topic 

is Nikolay I. Zheludev, professor of Physics at the University of Southampton (UK). I also 

performed a patent search on Espacenet (https://worldwide.espacenet.com/) and found 

8 577 results on "metamaterials" (Figure 35c). There were 7 024 publications from China, 

4 734 from the US, 842 from Japan and only 512 from Europe. I consider this a market niche 

where I could further explore my research topic. 

According to the search result within the patent documents on Espacenet, these 

inventions are categorised within the IPC H01Q15 group, which is "devices for reflection, 

refraction, diffraction or polarisation of waves radiated from an antenna, e.g. quasi-optical 

devices (variable for purpose of altering directivity; arrangements of such devices for 

guiding waves; variable for purpose of modulation)". 

 

 
Figure 35. (a) Single-layer silica sol–gel coating on silicon with a face-centred cubic pore structure. The 

number of publications in the field of metamaterials on (b) Espacenet and (c) The Lens. 

 

Figure 35a shows a single-layer silica sol–gel coating with face-centred cubic (fcc) pore 

structure with an Fm3m symmetry (See 5.1.3). This mesostructured coating that I have 

prepared at the BME has the potential to be a metamaterial in a wide variety of applications. 
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7. NOVEL SCIENTIFIC FINDINGS 

The main conclusions of this study are summarized in the following thesis points: 

 

Thesis I.  [P3, P7] 

I have experimentally shown that the ammonia vapour treatment of the lyogels increases 

the optical stability of the silica coatings as long as the lyogels contain the self-assembled 

porogen molecules. Without treatment and porogen molecules, the light transmission of the 

optical coatings on glass and polycarbonate significantly decreases, and within a short time, 

the porosity of the coatings disappears. In contrast, the ammonia-treated samples keep their 

high light transmission (>98%) for an extended period, regardless of the type of substrate. I 

have proven with ISO standards that the treated sol–gel coatings have improved 

environmental resistance. 

 

Thesis II.  [P3, P9, P10]  

I have shown that the ammonia vapour treatment catalyses the pseudomorph 

transformation of the thin film and the rearrangement of the Si–O skeleton in the presence 

of self-assembled porogen molecules. Therefore, the original single-layer sample with high 

optical homogeneity transforms into two layers with different optical densities. The porosity 

of the layer on the substrate side is higher (41–76%) than that of the layer on the air side 

(24–52%). I have shown that this special morphological change is independent of the 

experimental conditions (e.g. the layer deposition rate, the type of the substate) and only the 

layer thickness ratio changes. 

 

Thesis III.  [P2, P4] 

I have developed a preparation method for anti-reflective coating from water-based silica 

sols that offers a 'green' solution to replace the conventional organic solvents (alcohols) with 

water in a sol–gel process. I have proven that the application of the water-based silica sol is 

an environmentally friendly method even on an industrial scale because the wiping-coating 

process provides a homogeneous coating on a large window–sized substrate without solvent 

waste. I have also proven that Levasil silica nanoparticles combined with water-based silica 

nanoparticles significantly increase the hardness of the coatings without decreasing 

transparency. 
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Thesis IV.  [P1] 

I have proposed a process for the template removal of porogen molecules from silica 

coatings on polycarbonate and the simultaneous consolidation of the coatings with the use 

of radio-frequency–generated low-pressure oxygen plasma. I have shown that oxygen 

plasma decomposes the template and creates an ordered pore structure within a short 

timeframe and the air plasma treated coatings are weather- and abrasion-resistant with 

moderate light transmission.  

 

 

Thesis V.  [P6, P8] 

I have proven that a broadband double-layer anti-reflective coating on glass not only 

extends light transmission in the visible region but also prevents the diffusion of the Na+ and 

Ca2+ ions from the glass substrate into the silica matrix. I have shown that a first layer with 

5% porosity and a second layer with 50% porosity also increases the optical stability of the 

samples.  

 

 

Thesis VI. [P5] 

I have proven that CTAB silica double-layer samples have an ordered pore structure and 

~90% of the total pore volume can be refilled with CTAB molecules from a concentrated 

solution of CTAB aqueous solution. I have also proven that the interface between the first 

porous layer and the second porous layer is penetrable for the molecules, which explains the 

high molecules accumulation capacity and "memory effect" of the pore system. Therefore, 

the template-shaped cavities of the first layer on the substrate can also be impregnated, for 

example with pharmaceutical active ingredients. 
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ÚJ TUDOMÁNYOS EREDMÉNYEK 

 
I. Tézis 

Kimutattam, hogy azokra a szilika liogél bevonatokra, amelyek még tartalmazzák a 

micellákat, az ammónia-gőzterű kezelés stabilitásnövelő hatással van. Enélkül, üvegen és 

polikarbonáton kialakított bevonatok fényáteresztése rövid időn belül jelentősen lecsökken, 

és a porozitás megszűnik. Ezzel szemben ammóniás kezelés hatására a bevonatok porozitása 

a hordozó típusától függetlenül megmarad, és a minták hosszú időn keresztül megőrzik 

maximális fényáteresztésüket (>98%). ISO szabványos vizsgálatok révén megállapítottam 

továbbá, hogy a kezelt szol-gél bevonatok ellenállnak a használat során fellépő környezeti 

hatásoknak. [P3, P7]  

 

 

II. Tézis 

Kimutattam, hogy az ammónia vizes oldatának gőzterében végzett kondicionálás a 

képlékeny szilikamátrix és a benne foglalt micellaképző anyagok pszeudomorfikus 

átrendeződését indukálja, melynek során az optikailag homogén minta két különböző 

optikai sűrűségű réteggé alakul. A pszeudomorfizmus során az eredetileg optikailag 

homogén réteg a hordozó felőli oldalon egy nagyobb porozitású (41–76%) és a levegő felőli 

oldalon egy kisebb porozitású (24–52%) rétegre válik szét. Vizsgálataim révén 

megállapítottam, hogy a speciális szerkezeti átrendeződés általános jelenség, gyakorlatilag 

független a kísérleti körülményektől (bevonatképzési sebesség, hordozó típusa), csak a 

kialakult rétegek vastagságának aránya változik. [P3, P9, P10]  

 

 

III. Tézis  

Módszert dolgoztam ki olyan vizes közegű szilika-prekurzorszolok előállítására, amelyek 

zöldkémiai megoldást nyújtanak a hagyományos, alkoholos közegű szolok előállításán 

alapuló bevonatképzési eljárások mellett szilárd felületek homogén bevonására, megnövelve 

azok fényáteresztését. Kimutattam, hogy az így előállított vizes közegű szilikaszol alkalmas 

ipari léptéknövelésre. A "wiping-coating" technikával gyakorlatilag oldószer-hulladék-

mentesen vontam be egyenletes vastagságban ablakméretű üvegfelületeket. Kimutattam 

továbbá, hogy Levasil-típusú nanorészecskék bevonattal alkotott kompozitjai jelentősen 

növelik a bevonatok keménységét üvegen a fényáteresztés számottevő csökkenése nélkül. 

[P2, P4] 
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IV. Tézis  

Módszert dolgoztam ki pórusképző anyagok kíméletes eltávolításra polikarbonáton 

kialakított vékonyrétegekből, amely során a bevonat kondicionálása is végbemegy 

rádiófrekvenciás, alacsony nyomású oxigén plazma alkalmazásával. Nagyságrendekkel 

rövidebb időre sikerült lecsökkentenem a polikarbonáton kialakított rendezett 

pórusszerkezetű bevonatok kondicionálásának időtartamát. Fényáteresztést növelő és 

kopásálló, mezopórusos szilikabevonatokat levegő plazmával állítottam elő. [P1] 

 

 

V. Tézis  

A maximális fényáteresztés tartományának kiszélesítésére képes kétrétegű 

szilikabevonatokat fejlesztettem üveghordozókon úgy, hogy az üvegre felvitt 5%-os 

porozitású bevonatot egy 50%-os porozitású bevonattal fedtem le. Megállapítottam, hogy a 

fényáteresztés időbeli stabilitása ezzel az eljárással üvegen is növelhető, mert a kétrétegű 

bevonat hordozóval érintkező (kompaktabb) réteg gátolja a Na+- és Ca2+-ionok migrációját 

az üvegből a fényáteresztés növelésért felelős külső, pórusos rétegekbe. [P6, P8] 

 

 

VI. Tézis  

Kimutattam, hogy CTAB-dal képzett kétrétegű, mezopórusos szilikabevonatok jelentős 

mennyiségű CTAB-t képesek adszorbeálni CTAB-tartalmú vizes oldatokban való áztatás 

során. A kationos szpécieszek a kétrétegű bevonatok pórustérfogatának majdnem 90%-át 

„újra feltöltik”. A kétrétegű minták pórusainak magas fokú feltöltődése a pórusrendszer 

alakemlékező képességével magyarázható. A CTAB vizes közegű adszorpcióját 

vékonyrétegoptikai módszerekkel tanulmányozva így azt is kimutattam, hogy a szpécieszek 

képesek átjutni a kétrétegű, mezopórusos bevonatok határán, azaz a második rétegképzés 

során a határfelületi pórusnyílások nem záródnak be. Ennek az a jelentősége, hogy a hordozó 

felületén kialakított első réteg pórusrendszere is impregnálható a gyakorlati alkalmazás 

szempontjából fontos, oldható anyagokkal (pl. gyógyszerhatóanyagokkal). [P5]  
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8. SUMMARY 

 

 

Sol–gel technique is an environmentally friendly process due to its low-cost and high 

energy efficiency and provides new anti-reflective coatings for transparent substrates with 

long-lasting stability and potential industrial applications. 

I developed an optimal and time-effective air plasma assisted consolidation process for 

silica coatings on plastics and the duration of the treatment was 1 minute. Air plasma treated 

coating had improved abrasion- and weather resistance. Oxygen plasma assisted template 

removal was an effective and time-saving process to remove the porogen molecules 

(Pluronic PE10500) and produce porous silica thin films on plastics and no additional water 

washing step was needed. 

I reduced the amount of consumed silica sol and coated a large glass substrate (80 × 160 

cm) with only 35 ml silica sol because I replaced the dip-coating technique with the wiping-

coating technique. Moreover, the wiping-coating process generated no solvent waste. I 

developed a new colloidal system, where the continuous medium is water, and all chemical 

components are water-soluble; therefore, I replaced the alcoholic medium (organic solvent) 

with an environmentally friendly alternative (water) and prepared homogeneous water-

based silica coatings on large scale. I stabilised the silica nanospheres in water with the 

protective action of ethylene-oxide-based surfactants (BYK–349 and Pluronic PE10500) and 

proved their synergistic effect on the stability of the colloidal system. I improved the pencil 

hardness of the water-based silica coatings. 

I applied the ammonia vapour treatment on the single-layer 2-propanol-based anti-

reflective coatings and detected that the alkaline medium induced the partial 

pseudomorphic transformation of the coatings. The new arrangement of the two layers (PLL 

= 41–76% and PUL = 24–52%) resulted in improved environmental resistance (ISO 9211–

3:2008 Category C) and optical stability (up to 4 years). I proved that the pseudomorphic 

transformation mechanism is independent of the type of substrate. 

Anti-reflective double-layer coatings on glass with an intermediate diffusion barrier 

coating (P = 5%) resulted in an improved transmission over a much wider waveband 

(broadband anti-reflective coatings). Hybrid silica coatings not only provided high light 

transmission but also a hydrophobic surface up to 54 weeks without an intermediate layer. 

Molecular hosting double-layer coatings on glass with a penetrable interface between the 

two layers were developed using CTAB-molecules and proved that the template-shaped 

cavities can host, for example, inhibitor molecules against corrosion or pharmaceutical 

active ingredients. 
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APPENDIX 

 

  

PARAMETERS  

A AFM surface area [%] 

a0 Unit cell constant [nm] 

ATI Average transmission increment [%] 

CAA Advancing contact angle [°] 

CAR Receding contact angle [°] 

d Layer thickness [nm] 

HCA Contact angle hysteresis [°] 

Hmax Maximum height difference [nm] 

λ Wavelength [nm] 

n Refractive index [−] 

Tmax Maximum light transmission [%] 

P Porosity [%] 

R Reflectance [%] 

Ra Average roughness [nm] 

rads Pore radius measured during adsorption [nm] 

rdes Pore radius measured during desorption [nm] 

Rq Root mean square roughness [nm] 

wt%  Weight percent [%] 

  

MATERIALS  

2-PrOH 2-propanol (CAS Number: 67−63−0) 

APS (3-aminopropyl)triethoxysilane (CAS Number: 919−30−2) 

ARC Anti-reflective coating 

BYK–349 
Polyether-modified siloxane surfactant, co-surfactant, and wetting 

promoter 

CTAB Cetyltrimethylammonium bromide (CAS Number: 57−09−0) 

DMDCS Dichlorodimethylsilane (CAS Number: 75−78−5) 

EtOH Ethanol (CAS Number: 64−17−5) 

fcc Face-centred cubic structure  

G Glass 

HMDS  Hexamethyldisilazane (CAS Number: 999−97−3) 

HCl Hydrochloric acid (CAS Number: 7647−01−0) 

LED Light-emitting diode 

Levasil® CS30–516P 
Aqueous colloidal solution, cationic silica nanoparticles, 20 nm, 

30 wt% 

Levasil® CS40–222 
Aqueous colloidal solution, non-modified silica nanoparticles, 

12 nm, 40 wt% 

MTES Methyltriethoxysilane (CAS Number: 2031−67−6) 

I. LIST OF SYMBOLS, ACRONYMS AND ABBREVIATIONS  
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PC Polycarbonate 

Pluronic ® P123 Non-ionic surfactant, EO20PO70EO20 triblock copolymer 

Pluronic ® PE10300 Non-ionic surfactant, EO16PO56EO16 triblock copolymer 

Pluronic ® PE10500 Non-ionic surfactant, EO37PO56EO37 triblock copolymer 

PMMA Poly(methyl methacrylate) 

Q Quartz 

R6G Rhodamine 6G dye (CAS Number 989−38−8) 

Si Silicon 

SiO2 Silicon-dioxide 

THES Tetrakis(2-hydroxyethoxy)silane (CAS Number: 17622−94−5) 

TEOS Tetraethyl orthosilicate (CAS Number: 78−10−4) 

  

INSTRUMENTS  

AFM Atomic force microscopy 

DTA Differential thermal analysis 

DTG Derivative thermogravimetry 

EP Ellipsometric porosimetry 

FE−SEM Field emission scanning electron microscopy 

SEM  Scanning electron microscopy 

TEM  Transmission electron microscopy 

TG Thermogravimetry 

TGA  Thermogravimetric analysis 

UV–VIS Ultraviolet–visible 

UV–VIS–NIR Ultraviolet–visible–near infrared 

XPS X-ray photoelectron spectroscopy 

XRD  X-ray diffraction 

  

INSTITUTES AND UNIVERSITIES 

BME 
Budapest University of Technology and Economics  

(Budapesti Műszaki és Gazdaságtudományi Egyetem) 

EK 
Centre for Energy Research  

(Energiatudományi Kutatóközpont) 

GPK 
Faculty of Mechanical Engineering  

(Gépészmérnöki Kar) 

INM 
Leibniz Institute for New Materials 

(Institut für Neue Materialien) 

MFA 
Institute of Technical Physics and Materials Science  

(Műszaki Fizikai és Anyagtudományi Intézet) 

MTA 
Hungarian Academy of Sciences  

(Magyar Tudományos Akadémia) 

TTK 
Research Centre for Natural Sciences  

(Természettudományi Kutatóközpont) 

VIK 
Faculty of Electrical Engineering and Informatics 

(Villamosmérnöki és Informatikai Kar) 
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II. SUPPLEMENTARY MATERIAL 
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The academic resume includes my professional work in nanotechnology. It contains my 

contribution to preparing articles, conference presentations, and posters. It also summarises 

the research and development and innovation projects as well as my teaching activities. I 

have advised and supported my students on their academic journey, and I took part in the 

dissemination of materials science at the academic level. 

 

ARTICLES 

 
1. Orsolya Kéri, Lenke Kócs, Zoltán Hórvölgyi, Zsófia Baji, Krisztina László, Viktor Takáts, Zoltán 
Erdélyi, Imre Miklós Szilágyi, 

"Photocatalytically Active Amorphous and Crystalline TiO2 Prepared by Atomic Layer Deposition" 
Periodica Polytechnica Chemical Engineering, 2019, 63 (3), 378−387. 

doi: 10.3311/PPch.13873 IF: 1.257 Q2 10% 

    
2. Tamás Firkala, Orsolya Kéri, Fanni Gáber, Lenke Kócs, Zoltán Hórvölgyi, Dávidné Nagy, Maria 
Zaharescu, Imre Miklós Szilágyi, "Photocatalytic properties of hexagonal WO3 nanowires decorated with gold 
nanoparticles" Revue Roumaine de Chimie, 2017, 62 (10), 767−773. 

 IF: 2017/2018:0.37 Q4 5% 

    

3. Lenke Kócs, Eszter E. Najbauer, Gábor Bazsó, Gábor Magyarfalvi, and György Tarczay,  
"Near-Infrared Laser-Induced Structural Changes of Glycine·Water Complexes in an Ar Matrix" 
Journal of Physical Chemistry A, 2014, 119 (11), 2429−2437. 

doi: 10.1021/jp508493c IF: 2.98 Q1 50% 

 
 

CONFERENCE PRESENTATIONS 

 
The presenter is underlined. 

 
1.  Lenke Kócs, Attila Ábrahám, Csaba Major, András Szalai, Péter Basa, György Sáfrán, Emőke Albert, 
Borbála Tegze, Zoltán Hórvölgyi, "Antireflective silica sol-gel coatings: in-depth study of optical properties", 11th 
Conference on Colloid Chemistry, ISBN: 978-963-9970-86-1, May 28-30, 2018, Eger, Hungary. 

 
2. Ábrahám Attila, Kócs Lenke, Hórvölgyi Zoltán, “Fabrication of antireflective and water-repellent hybrid 
sol–gel coatings”, 11th Conference on Colloid Chemistry, ISBN: 978-963-9970-86-1, May 28-30, 2018, Eger, 
Hungary. 

 
3. Lenke Kócs, Emőke Albert, Jánosné Kabai, Csaba Major, András Szalai, Zoltán Hórvölgyi, "Developing 
improved light transmittance of polycarbonate sheets by silica sol‑gel coatings", 3rd International Conference on 
Bio-based Polymers and Composites, August 29, 2016, Szeged, Hungary. 

 
4. Ábrahám Attila, Kócs Lenke, Albert Emőke, Basa Péter, Sáfrán György, Major Csaba, Szalai András, 
Hórvölgyi Zoltán, "Szilícium alapú fényáteresztést növelő szol-gél-bevonatok (Sol–gel coatings for silicon-based 
light transmission)", IX. LED Konferencia, February 6-7, 2018, Budapest, Hungary. 

 
5. Ábrahám Attila, Kócs Lenke, Hórvölgyi Zoltán, "Fényáteresztést növelő, vízlepergető bevonatok fejlesztése 
(Development of antireflective and water-repellent coatings)", 33rd Kandó Conference, ISBN: 978-963-7158-08-
7, November 23, 2017, Budapest, Hungary. 
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6. Ábrahám Attila, Kócs Lenke, Hórvölgyi Zoltán, "Nagy fényáteresztésű hibrid szilika bevonatok előállítása 
és jellemzése (Preparation and characterization of antireflective hybrid silica coatings)", Chemical Engineering 
Conference, ISBN: 978-963-3960-94-3, April 25-27, 2017, Veszprém, Hungary. 

 
7. Kócs Lenke, Schneider Martin, Varga Dániel Szilárd, Albert Emőke, Kabai Jánosné, Major Csaba, Szalai 
András, Hórvölgyi Zoltán, "Fényáteresztés-növelő szol-gél-bevonatok a LED-világítástechnikában (Improved 
light tranmittance with sol–gel coatings in LED Street lightning)", 32nd Kandó Conference, ISBN 978-963-7158-
07-0, November 17, 2016, Budapest, Hungary. 

 
8. Kócs Lenke, Varga Dániel Szilárd, Schneider Martin, Albert Emőke, Kabai Jánosné, Major Csaba, Szalai 
András, Hórvölgyi Zoltán, "Nagy stabilitású, fényáteresztést növelő hidrofób szilika bevonatok kialakítása 
polikarbonát-hordozón (Hydrophobic Silica Coatings on Polycarbonate Sheets with Improved Light 
Transmittance and Stability)", 22nd International Conference on Chemistry, November 3-6, 2016, Temesvár, 
Romania. 

 
9. Kéri Orsolya, Kocsis Eszter, Kócs Lenke, Hórvölgyi Zoltán, Kárpáti Levente, Parditka Bence, Erdélyi Zoltán, 
Szilágyi Imre Miklós, "ALD coated photocatalytic polymer and inorganic nanomaterials", 2018 Spring meeting 
EMRS, 18-22 June 2018, Strasbourg, France. 

 
10. Emőke Albert, Borbála Tegze, Miklós Kubinyi, Péter Basa, György Sáfrán, Lenke Kócs, Zoltán Hórvölgyi, 
"Dye adsorption in mesoporous sol–gel coatings", 11th Conference on Colloid Chemistry, ISBN: 978-963-9970-
86-1, May 28-30, 2018, Eger, Hungary. 

 
11. Borbála Tegze, Emőke Albert, Péter Basa, Lenke Kócs, György Sáfrán, Zoltán Hórvölgyi, "Photodegradation 
of cationic dyes in the pore structure of titania sol–gel coatings", 11th Conference on Colloid Chemistry, ISBN: 
978-963-9970-86-1, May 28-30, 2018, Eger, Hungary. 

 
12. Kéri Orsolya, Kocsis Eszter, Kócs Lenke, Hórvölgyi Zoltán, Kárpáti Levente, Parditka Bence, Erdélyi Zoltán, 
Szilágyi Imre Miklós, "Preparation and investigation of the photocatalytic properties of core/shell 
nanocomposites", YUCOMAT, September 4-8, 2017, Herceg Novi, Montenegro. 

 
13. Kéri Orsolya, Kocsis Eszter, Kócs Lenke, Kárpáti Levente, Baji Zsófia, Parditka Bence, Erdélyi Zoltán, 
Szilágyi Imre Miklós, "Photocatalytic properties of ALD coated polymer and inorganic nanostructures", 
International Conference of Physical Chemistry, ROMPHYSCHEM 16, September 21-24, 2016, Galati, Romania. 

 
14. Kéri Orsolya, Kocsis Eszter, Kócs Lenke, Kárpáti Levente, Baji Zsófia, Parditka Bence, Erdélyi Zoltán, 
Szilágyi Imre Miklós, "ALD on polymers and inorganic nanoparticles", Vapor Phase Technologies for Metal Oxide 
and Carbon Nanostructures, July 5-9, 2016, Velingrad, Bulgaria. 

 
15. Kéri Orsolya, Szilágyi Imre Miklós, Firkala Tamás, Gáber Fanni, Nagy Dávidné, Kócs Lenke, Hórvölgyi 
Zoltán, "Arany nanoszemcsékkel adagolt hexagonális WO3 nanoszálak fotokatalitikus tulajdonságai 
(Photocatalytic properties of hexagonal WO3 nanotubes doped with gold nanoparticles)", XXXVIII. Kémiai Előadói 
Napok, ISBN 978-963-9970-64-9, October 26-28, 2015, Szeged, Hungary. 

 
16. Kéri Orsolya, Szilágyi Imre Miklós, Kócs Lenke, Baji Zsófia, "Investigation of the photocatalytic activity of 
amorphous titanium-dioxide", 12th International Conference “Students for Students”, April 22-26, 2015, 
Kolozsvár, Romania. 

 
17. Tóbiás Eszter, Kócs Lenke, Kiss Bálint, Kovács Attila, Fazakas Éva, Hórvölgyi Zoltán, "Biopolimer 
vékonyrétegek optikai és felületi tulajdonságainak jellemzése (Characterisation of optical and surface properties 
of biopolymer thin films)", Innovation in natural science - PhD Students Conference, September 26, 2015, 
Szeged, Hungary. 

 
18. Hórvölgyi Zoltán, Albert Emőke, Basa Péter, Dabóczi Mátyás, Kabai Jánosné, Kócs Lenke, Kubinyi Miklós, 
Nagy Norbert, Tegze Borbála, Tomasovszky Sára, "Mezopórusos bevonatok előállítása és impregnálása 
(Preparation and impregnation of mesoporous coatings)", MKE, 2. National Conference, August 31–Sept. 2, 
2015, Hajdúszoboszló, Hungary. 

 



Academic Curriculum Vitae 

 
 

114  114 

POSTERS 

 
19. Lenke Kócs, Emőke Albert, Bálint Fodor, Péter Basa, Csaba Major, András Szalai, György Sáfrán, and Zoltán 
Hórvölgyi, "Ellipsometric Porosimetry Investigation of Mesoporous Silica Sol–gel Coatings", 18th International 
Conference on Thin Films & 18th Joint Vacuum Conference, November 22–26, 2020, Budapest, Hungary. 

 
20. Lenke Kócs, Mohammad H. Jilavi, and Peter W. de Oliveira, "Umweltfreundliche Herstellung von Antireflex-
Siliziumdioxid-Beschichtungen", 47. Statusseminar im MOE-Stipendienprogramm (internal), July 2-7, 2018, 
Georgsmarienhütte, Germany. 

 
21. Péter Basa, Lenke Kócs, Emőke Albert, Borbála Tegze, Csaba Major, András Szalai, György Sáfrán, and 
Zoltán Hórvölgyi, "Stable and reproducible porous coatings for smart window applications", 10th Workshop 
Ellipsometry (WSE 10), March 19-21, 2018, Chemnitz, Germany. 

 
22. Attila Ábrahám, Lenke Kócs, and Zoltán Hórvölgyi, "Hybrid silica coatings for obtaining antireflective 
property", 3rd Global Conference & Expo on Materials Science & Engineering, June 14-16, 2018, Rome, Italy. 

 
23. Lenke Kócs and Monica Venter, "Dimerization of (3H-2-thioxo-1,3,4-thiadiazol-5-yl)thioacetic acid", 17th 
International Conference on Chemistry, November 3-6, 2011, Kolozsvár, Romania. 

 
 

PROJECTS 

 
1. HORIZON 2020 SME Instrument-2-2014 

"Increasing the efficiency of LED street lighting by 15% via optical design" 
This project has received funding from the European Union’s Horizon 2020 research and innovation 

programme under grant agreement No 683541.  
From 01-09-2015 to 31.08.2017 
https://cordis.europa.eu/project/id/683541 

 
2. OTKA 128266 

"Broadband photoactivity of semiconductor sol–gel coatings"  
From 01-09-2018 to 31-08-2022 
Participants: Ábrahám Attila, Albert Emőke, Dikó Boglárka, Kócs Lenke, Madarász János, Nagygyörgy 

Viola, Tegze Borbála 
http://nyilvanos.otka-palyazat.hu/index.php?menuid=930&lang=HU&num=128266 

 
 

GRANT 
 

19 August 2017−18 August 2018: scholarship of the German Federal Environmental Foundation 

(Deutsche Bundesstiftung Umwelt, DBU), grant recipient number: 30017/751. Application title: Entwicklung 

von wasserbasierten Sol–gel-Beschichtungen mit verbesserter Lichtdurchlässigkeit und möglichen 

Anwendungen in energieeffizienten Geräten (Development of water-based sol–gel coatings with improved 

light transmittance and potential applications in energy-efficient devices). 

 

PROFESSIONAL MEMBERSHIPS 
 

Aug 2017 – Present: Deutschen Bundesstiftung Umwelt Hungarian Alumni Network  

Sep 2016 – Present: Hungarian Society of Natural Sciences, Department of Chemical Engineering and 

Chemistry 
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AWARDS 

 
2019: Pro Progressio Innovation Award based on the novelty of the R&D research results and its economic 

benefits of HORIZON 2020-SMEINST-2-2014 project. 

 

2016: First prize on PhD Students Plenary - Chemical Engineer Section (special prize of Hungarian 

Chemical Society) at 22nd International Conference on Chemistry. 

 

VOLUNTARY ACTIVITIES 

 
2017 January-February: Conference Coordinator, 14th Conference of György Oláh Doctoral School for 

PhD Students. My responsibilities: book venue, manage speakers, prepare conference program book, abstracts, 
conference attendance certificates, award certificates, and conference cards. Five sections: Pharmaceutical and 
Chemical Technology; Inorganic Chemistry and Materials Science; Organic Chemistry and Technology; 
Biochemistry; Poster. 

 
2016 November: Chairperson at PhD. Students Plenary Presentations I., 22nd International Conference on 

Chemistry, Temesvár, Romania. 
 
2015 – 2017: BME Summer School Organiser: present the Centre for Colloid Chemistry Group for 

Transylvanian BSc and MSc students and accompany them to other scientific programs (July 10-17, 2015; July 
15-24, 2016 and July 14-23, 2017) 

 

 

ADVISOR AT CENTRE FOR COLLOID CHEMISTRY 

 
The following section presents my contribution to the coordination of the experimental work and of the 

writing of the theses of BSc and MSc Chemical Engineering students between September 2014 and August 

2017. They wrote the thesis and project documents in Hungarian; therefore, the titles are given without 

translation. All theses related to the PearlLight+ project have been classified. 

 

MSc degree theses  

o 2017, M. Schneider: Polimer szubsztrátumon kialakított pórusos szilika vékonyrétegek 

tulajdonságainak optimalizálása/Classified 

o 2017, J. Tormási: Pórusos szilícium-dioxid bevonatok szerkezetének módosítása és jellemzése  

o 2017, D. Sz. Varga: Fényáteresztő hidrofób bevonatok előállítása polikarbonát hordozón/Classified 

o 2017, D. Papp, Fényáteresztést növelő, pórusos szilícium-dioxid bevonatok stabilitása  

o 2015, E. Tóbiás: Biopolimer-szilika kompozit bevonatok előállítása és jellemzése 

 

BSc degree theses 

o 2016, A. Mezei: Szol-gél eljárásban használt prekurzor szolok fizikai tulajdonságainak vizsgálata és a 

belőlük előállított vékonyrétegek jellemzése 

o 2015, F. Békefi: Fényáteresztést növelő bevonatok fejlesztése kültéri alkalmazásokra/Classified 

o 2015, M. Schneider: Fényáteresztést növelő bevonatok kialakítása polimerfelületeken/Classified 

o 2015, Á. Mester: A szénszálak felületi állapotának jellemzése és a felület módosítása az 

alumíniummátrixú kompozitok előállítási követelményeinek figyelembevételével 
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Individual projects 

o 2017, M. Füredi: Bifunkciós szilícium-dioxid bevonatok előállítása és jellemzése polikarbonát 

hordozón 

o 2016, A. Ábrahám: Hibrid bevonatok előállítása és jellemzése  

o 2016, A. Késmárki: Rádiófrekvenciás alacsony nyomású levegőplazma alkalmazása polikarbonát 

felületének módosítására szol-gél vékonyrétegek kialakítása céljából  

o 2016, D. Veres: SiC nanokristályok vizsgálata XPS módszerrel  

o 2016, D. Papp: Kétlépéses katalízis alkalmazása antireflexiós rétegek létrehozásában  

o 2016, F. Békefi: Mezopórusos bevonatok kialakítása optikailag átlátszó hordozókon  

o 2016, M. Schneider: Plazmakezelés hatásának vizsgálata pórusos szilika bevonatokon  

o 2016, M. Schneider: Polimer szubsztrátumon kialakított pórusos szilika bevonatok  

o 2016, A. Kovács: Kitozán-zselatin vékonyrétegek nedvesedésének vizsgálata szabályozott 

hőmérsékleten és páratérben 

o 2016, A. Kovács: Raman spektroszkópia alkalmazása biopolimer keverékek vizsgálatára 

o 2015, T. Kocsis: Megnövelt fényáteresztésű bevonat kialakítás vizes közegű szol segítségével 

o 2015, D. Sz. Varga: Fényáteresztést növelő és hidrofób bevonatok kialakítása műanyag 

szubsztrátumokon  

o 2015, M. Schneider: Fényáteresztést növelő bevonatok kialakítása műanyagon  

o 2015, N. Navradi: Zselatintartalmú biopolimerek és szervetlen oxidok társíthatóságának vizsgálata 

o 2015, D. Veres: Kitozántartalmú biopolimerek vizsgálata TiO2 bevonatú felületeken  

o 2015, J. Tormási: Polikarbonát felületének módosítása üveggyöngyökkel  

o 2014, T. Kocsis: Polikarbonát-hordozó optimális tisztítási eljárásának kidolgozása és megnövelt 

fényáteresztésű bevonatok kialakítása  

 
 
 
Scientific Student Associations' Conference ( Tudományos Diákköri Konferencia)) 

o 2017, Ábrahám Attila: Fényáteresztő, vízlepergető hibrid szilika bevonatok előállítása és jellemzése 

(Preparation and characterization of antireflective and water-repellent hybrid silica coatings), TDK 

and OTDK 1st prize. 

o 2015, Kéri Orsolya: Fotokatalitikus mag-héj nanokompozitok (Photocatalytic core/shell 

nanocomposites), 3rd prize. 
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