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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. 

 

 

2. LITERATURE OVERVIEW 

 

2.1 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. The porous structure can be redesigned for improved 

properties and possibilities for new applications. During the pseudomorphic synthesis, the 

amorphous silica nanospheres are converted into an ordered mesoporous structure1. The two main 

components that 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, but not on thin films. 2 

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.3 

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 or SiO2 into hollow nanospheres in an aqueous 

solution with the use of the Ostwald ripening mechanism.4  

 

2.2 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.  

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 process, chemical vapour deposition, 

 
1 François Fajula, Anne Galarneau, Combining Phase Separation with Pseudomorphic Transformation for the Control of the Pore 
Architecture of Functional Materials: A Review, Pet. Chem. 59 (2019) 761–769. https://doi.org/10.1134/S0965544119080061. 
2 R. Xing, S.E. Rankin, Reactive pore expansion during ammonia vapor post-treatment of ordered mesoporous silica prepared with mixed 
glucopyranoside and cationic surfactants, Microporous Mesoporous Mater. 108 (2008) 65–76. 
https://doi.org/10.1016/j.micromeso.2007.03.028. 
3 M. Boudot, V. Gaud, M. Louarn, M. Selmane, D. Grosso, Sol–Gel Based Hydrophobic Antireflective Coatings on Organic Substrates: A 
Detailed Investigation of Ammonia Vapor Treatment (AVT), Chem. Mater. 26 (2014) 1822–1833. https://doi.org/10.1021/cm403787v 
4 M.J. Reber, D. Brühwiler, Bimodal mesoporous silica with bottleneck pores, Dalt. Trans. 44 (2015) 17960–17967. 
https://doi.org/10.1039/c5dt03082j 
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etching or lithography) and designs (e.g. porous, patterned, textured or biomimetic nanostructures) 

are available for the production of functional coating.5,6 Among the many commercially available 

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

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

oriented technologies, for instance, flat-plate solar collectors, smart windows, displays, lighting 

elements, and optical elements. Anti-reflective coatings on polymers are particularly useful as 

protective covers of street lightning LED fixtures, other protecting covers, or automobile displays. 

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

increased performance. 

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 (Fig. 1). 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. 

Functional coatings can be classified based on their function as: 

• optical coatings (e.g. anti-reflective, photoluminescent, photochromic); 

• 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). 

 

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 or an acrylate/colloidal silica topcoat on polycarbonate 

substrates. 7 

 
5 H. Schmidt, Considerations about the sol-gel process: From the classical sol-gel route to advanced chemical nanotechnologies, in: J. Sol-
Gel Sci. Technol., Springer, 2006: pp. 115–130. https://doi.org/10.1007/s10971-006-9322-6 
6 G. Womack, K. Isbilir, F. Lisco, G. Durand, A. Taylor, J.M. Walls, The performance and durability of single-layer solgel anti-reflection 
coatings applied to solar module cover glass, Surf. Coatings Technol. 358 (2019) 76–83. https://doi.org/10.1016/j.surfcoat.2018.11.030. 
7 M. Barletta, M. Puopolo, G. Rubino, V. Tagliaferri, S. Vesco, Hard transparent coatings on thermoplastic polycarbonate, Prog. Org. 
Coatings. 90 (2016) 178–186. https://doi.org/10.1016/j.porgcoat.2015.10.014. 
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Figure 1. Diverse functional coatings for automotive components8. 

 

 

Water-based silica sol and coatings 

 

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 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. Replacing the organic 

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

impact on the environment. Water is well researched as a reactant in a silica sol–gel process, but not 

as a solvent.  

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

for the synthesis of nanoparticles and the production of thin layers. 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. 

  

 
8 N. Kim, Recent progress of functional coating materials and technologies for polycarbonate, J. Coatings Technol. Res. 14 (2017) 21–34. 
https://doi.org/10.1007/s11998-016-9837-x. 
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3.  CHALLENGES TO BE ADDRESSED 

 

 

(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 The synthesis of the silica sols 

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

material was tetraethyl orthosilicate (TEOS). For the preparation of the first type of silica sol, I used 

the following molar ratio of the components: 

     
                    

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

  solvent                  

 

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 second type of silica sol, I used 

the following molar ratio of the components.      
                

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

solvent              

              

              

4.2  Layer deposition 

 

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. The withdrawal speeds for the 2-propanol-based silica 

samples varied between 0.75 cm⋅min−1 and 30 cm⋅min−1 , and that of water-based silica samples 

varied between 1.0 and 2.0 mm/s (6 cm⋅min−1 and 12 cm⋅min−1). depending on the experiment and 

the characterisation. 

 

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 20 – 35 ml aqueous sol aged for 1 day. The 

deposition speed of wiping coating was 1.4 mm/s. 

 

 

4.3 Post-treatments 

 

Ammonia vapour treatment  

I placed the freshly prepared 2-propanol-based silica lyogels in a desiccator (11 L) above an aqueous 

ammonium hydroxide solution (2 M) at room temperature (23–26 °C) for 1 hour or 3 hours. The 

purpose of using ammonia atmosphere was to increase the number of cross-links. 

 

Oxygen and air 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. The optimal parameters for the air 

plasma treatment were 0.40 mbar, 30%, and 1 minute. The application of air plasma to silica coatings 
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was to replace the heat treatment necessary for consolidation and to increase the mechanical 

resistance of the coatings on polycarbonate. 

Low- and high-temperature treatment 

Low temperature corresponds to an accelerated drying step. The temperature was set to 90 °C, 120 

°C, 215 °C or 250°C for at least 10–13 hours. 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.  

 

Porogen extraction 

Coatings on polymers after heat treatment require an additional treatment step. 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 for 30 minutes under constant stirring at room 

temperature. 

 

 

4.4 Characterisations 

 

Atomic force microscopy 

Surface topography, surface area (A, %), average roughness (Ra, nm), and root mean square 

roughness (Rq, nm) of coatings on polycarbonate and silicon measured with a Dimension D3100 

Atomic Force Microscope in tapping mode. 

 

Abrasion test and pencil hardness 

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. 

The pencils (19 different pencils, from 8B (soft) to 6H (hard)) were placed at 45° to the surface with 

a loading of 750 g according to ASTM D3363. The degree of hardness of the pencil tip that did not 

damage the surface is taken as a measure of scratch hardness. 

 

Contact angle measurement 

Advancing (CAA) and receding contact angle (CAR), and contact angle hysteresis (HCA)) of samples by 

analysing the shape of the image of a sessile drop with DSA30 Drop Shape Analyzer.  

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

ultrapure water  was taken back with drop-build-up technique. 

 

Ellipsometric porosimetry 

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 (–, GPa)) 

measured with a Semilab PS–2000 ellipsometric porosimeter.  

The adsorptive material was toluene and 2-propanol.  

 

Environmental durability 

I carried out specific conditions for testing the wear resistance  (adhesion and abrasion, solubility in 

water and ethanol, cold, dry heat, damp heat, slow temperature change) of the coating on PC as 

described in ISO 9022-2:2015, ISO 9211-3:2008 and ISO 9211-4:2012.  
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Grazing incidence angle X-ray diffraction  

2Θ (–, °), d-spacing (–, nm), and unit cell constant (a0, nm)) of samples measured with an X’pert Pro 

MPD diffractometer equipped with X’celerator detector. Thin films on the solid substrate were 

scanned. 

 

Scanning electron microscopy  

Plan-view, top-view, and cross-sectional images of the coatings measured with a LEO 1540 XB Field 

Emission Scanning Electron Microscope or Environmental Scanning Electron Microscope (ESEM), 

Quanta 400 FEG. 

 

Spectroscopic ellipsometry  

Layer thickness (d, nm), refractive index (n, –), and porosity (P, %) of samples measured with 

Woollam M 2000 DI spectroscopic ellipsometer.  

 

Thermogravimetric analysis and differential thermal analysis 

Decomposition temperature of Pluronic PE10500 measured with a SDT 2960 simultaneous DTA-TGA 

in a temperature range from 10 °C to 700 °C.  

 

Transmission electron microscopy  

Plan view and cross-sectional images, morphology, and size of silica coatings and particles measured 

with a JEOL transmission electron microscope. 

 

UV–VIS spectrophotometry 

Average transmission increment (ATI, %), maximum light transmission (Tmax, %), layer thickness (d, 

nm), refractive index (n, –), and porosity (P, %) from transmission spectrum and average maximum 

light transmission (Tmax) and minimum reflectance (Rmin) from reflectance spectra measures with a 

Specord 200–0318 UV–VIS spectrophotometer or Cary 5000 UV–VIS–NIR spectrophotometer. 
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5. RESULTS AND DISCUSSION 

5.1 2-PROPANOL-BASED SILICA SOL AND COATINGS 

Silica thin films prepared from 2-propanol-based sol and treated with ammonia vapour have 

a unique structure. It consists of two layers, where the first layer is in direct contact with the 

substrate and the second layer is on the first layer. The second layer is in direct contact with the first 

layer and with air. 

 

Electron microscopy studies  

Cross-sectional TEM micrographs were recorded from the silica layers on the silicon 

substrate. Fig. 2a and Fig. 2b showed the presence of well-ordered and reasonably ordered 3D 

periodic patterns of the mesoporous structure, respectively. Fig. 2b shows a double-layer silica 

coating, where the upper layer is about three times as thick as the lower layer and the boundary 

between the two layers is irregular.  

  
Figure 2. Cross-sectional HRTEM micrographs and their fast Fourier transform insets (a) and (b) representing the 

oriented mesoporous structure. 

 

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. 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. 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. The increase in pore size can be attributed to 

the pseudomorphic transformation of silica-micellar phase induced with the alkaline treatment of 

the silica nanosphere. 

 

Spectroscopic ellipsometry studies 

Spectroscopic ellipsometry provides comparative information of coatings on transparent 

substrates as well as on non-transparent substrates. The layer on the airside (upper layer = UL) had 

lower porosity than the layer on the substrate side (lower layer = LL). 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. 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. 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%. The porosity ratio was independent of the total thickness.  
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Ellipsometric porosimetry studies 

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).  

The results of ellipsometric porosimetry confirmed that the ammonia vapour treatment 

caused the layer separation of the coatings on PC, glass, and quartz. A catalysed transformation and 

rearrangement of the Si–O skeleton took place when the samples were exposed to the ammonia 

atmosphere. 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. The rearrangement of the layer caused increased 

interior pore content on the side of the substrate (Table 1).  

  
Table 1. 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. 
 

 

I proposed a schematic illustration of the upper and lower layers with an interconnected pore 

system (Fig. 3). 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 

is low (2 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). 

 

 
Figure 3. 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. 
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Atomic force microscopy studies 

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. 

 

 
Figure 4. 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). 

 

 

The total thickness of the PC-0 lyogel is 147±2 nm and its refractive index is 1.4599±0.0012. 

After ammonia treatment, layer thickness decreased slightly (d = 140±3 nm), and the coating still 

contained the surfactant molecules (n = 1.4578±0.0021). 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 (Fig. 4). It decomposed the template and generated pores 

(n = 1.3543±0.0120). The porosity of the layers was 20.85%.  

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. Grazing incidence 

angle XRD analysis on thin films on PC and Si substrates 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. 

 

 

Optical stability of silica coatings  

 

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. 

The light transmission of the ammonia-treated samples showed only minor changes over 

time (Fig. 5). 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. 
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Figure 5. 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. 

 

 

 

5.2 WATER-BASED SILICA SOL AND COATINGS 

The main objective was to avoid or reduce the organic solvent waste by replacing the liquid 

medium in the sol–gel process with water. To achieve it, 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.  

 

Increasing the light transmission of coatings 

All water-based silica sols used in this study showed the Tyndall effect, 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 (Fig. 6).  
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Figure 6. The UV–VIS transmission spectra of the silica anti-reflective coatings on 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. 

 

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.  

 

The composition of aqueous silica sols  

 

 

 

 

 

 

 

 

 

 

 

 
Figure 7. 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. 

 

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 (Fig. 7).  

The aqueous sol aged for 1 day formed a film-like structure. 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 with both individual and agglomerated 
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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. The size of the particles 

reached a plateau within 2 weeks and remained unchanged after 6 weeks.  

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.  
 

Upscaling of water-based silica coatings 

 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. 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. 

I measured the layer thickness of each 10 × 10 cm area by ellipsometry. Fig. 8 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, Fig. 8, 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. 

 

 
Figure 8. 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). 
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5.3 ADDITIONAL FUNCTIONAL COATINGS 

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. 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%) on the substrate presumably protected the second, mesoporous layer against the accumulation 

of Na+ and Ca2+ ions migrating out of the glass substrate. 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). I 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 

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. 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). 

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. 

 

6. APPLICATION OF THE RESULTS 

6.1 Anti-reflective coatings for outdoor applications 

About 60% of the electricity costs for a municipality is street lighting. We addressed this issue 

within the Horizon 2020 project 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. Fig. 9 presents these anti-reflective coatings for the transparent cover of the 

luminaire, which were produced with the use of the sol–gel process. 

 
Figure 9. (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.  
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7. NOVEL SCIENTIFIC FINDINGS 

 

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 

also proven that the application of the water-based silica sol is an environmentally friendly method even on an 

industrial scale.  The wiping-coating process provides a homogeneous coating on a large window–sized 

substrate without solvent waste. I have proven that Levasil silica nanoparticles combined with water-based 

silica nanoparticles significantly increase the hardness of the coatings without decreasing transparency. 

 

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 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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