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“Life is not easy for any of us. But what of that? 

We must have perseverance and above all confidence in ourselves. 

 We must believe that we are gifted for something and that this thing, at 

whatever cost, must be attained.” 

 

- Marie Curie – 
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“…ed ogni studente in chimica, davanti a un qualsiasi trattato, dovrebbe essere 

consapevole che in una di quelle pagine, forse in una sola riga, o formula o 

parola, sta scritto il suo avvenire, in caratteri indecifrabili, ma che diverranno 

chiari “poi”: dopo il successo o l’errore o la colpa, la vittoria o la disfatta. Ogni 

chimico non più giovane, riaprendo alla pagina “verhängnisvoll” quel medesimo 

trattato è percorso da amore o disgusto, si rallegra o dispera.” 

 

-Primo Levi – 
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Abstract  

This thesis is focused on the preparation of organic-inorganic hybrid systems with targeted 

properties. In particular, thesis presents the synthesis, characterization and application of two 

types of functional coating, which are hydrophobic / self-cleaning and anticorrosion coatings.  

Chapter 1 is dedicated to general introduction and the state of art of advanced functional 

coating. The chapter includes a brief description of the current functional market size and 

possible applications of functional coatings. Chapter 2 provides a general introduction of 

superhydrophobic coatings, their possible applications on the glass surface and methods to 

produce them. In the chapter 3, sol-gel methods has been describe in detail. The sol gel process 

by employed alkoxysilanes was used in this work to fabricate the functional coatings. 

Chapters 4, 5 and 6 describes the experimental works of this thesis. In the chapter 4, the sol-

gel process and dip-coating technique were employed for the preparation of hydrophobic 

self-cleaning hybrid materials. The process has been optimized to obtain transparent and 

highly hydrophobic sol-gel coatings by using different alkoxysilane. These hybrid sol-gel 

coatings are a good alternative to provide anti-stick and easy-to-clean properties to glass 

substrates being quite easy to scale up. 

In the chapter 5, a method for the preparation of transparent superhydrophobic silica 

coatings on glass substrates via aerosol‐assisted chemical vapour deposition (AACVD) is 

described. A multi-layer process to produce dual scale silica nanoparticles films, by using 

different functional alkoxysilanes was investigated. In this study, a novel strategy to 

achieve highly transparent superhydrophobic glass surfaces using AACVD of 

alkoxysilanes, to produce surfaces with excellent durability is described. This shows great 

potential to obtain silica superhydrophobic films for large–scale applications 

Finally, in the chapter 6, a preliminary study about the protective barrier coating to protect 

the integrity of the silver from deleterious chemical degradation in a mirror structure is 

investigated. Sol-gel hybrid coating has been deposited on mirror to avoid corrosion 

degradation process of silver layer. Salt spray test was performed on mirror coated with 

hybrid coating and the results showed a no signs of corrosion on the mirror. The results 

indicate excellent barrier protection performance of the coating.  



 

XI 

 

 

  



 

XII 

 

Table of contents 

ABSTRACT ................................................................................................................................. X 

LIST OF FIGURES ...................................................................................................................... XVI 

CHAPTER 1 ................................................................................................................................ 1 

INTRODUCTION ....................................................................................................................... 1 

1.1. ADVANCED FUNCTIONAL COATINGS ....................................................................................... 3 

1.1.2. Functional coatings market size ............................................................................. 4 

1.2. ADVANCED FUNCTIONAL COATING FOR INDUSTRIAL APPLICATIONS ........................................ 6 

1.2.1. Coating technologies for the automotive and aerospace industries ................ 6 

1.2.2. Coatings for Packaging applications ..................................................................... 8 

1.2.3. Coatings for the electronics and sensors industries ............................................ 9 

1.2.4. Biomedical implants industry ................................................................................. 10 

CHAPTER 2 ............................................................................................................................... 12 

SUPERHYDROPHOBIC AND SELF-CLEANING COATING ON GLASS SUBSTRATE ................ 12 

2.1. SUPERHYBROPHOBIC SURFACES............................................................................................ 14 

2.1.1. “Lotus Effect”: self-cleaning property ............................................................... 17 

2.1.2. Application superhydrophobic and self-cleaning surface .................................20 

2.2. GLASS SURFACES ................................................................................................................ 22 

2.2.1. Transparency versus roughness for superhydrophobic self-cleaning glass ... 25 

2.3. METHODS TO DESIGN SUPERHYDROPHOBIC SELF-CLEANING GLASS SURFACE......................... 26 

CHAPTER 3 .............................................................................................................................. 34 

SOL-GEL CHEMISTRY.............................................................................................................. 34 

3.1 SOL-GEL BACKGROUND ....................................................................................................... 36 

3.2. SOL-GEL PROCESS OF SILICON ALKOXIDES ............................................................................. 38 

3.2.1. Hydrolysis and condensation .................................................................................... 39 



 

XIII 

 

3.2.2. Effect of the catalyst and pH dependence ...............................................................44 

3.2.3. Effects of precursors ...................................................................................................49 

3.2.4. Water molar ratio ........................................................................................................ 50 

3.2.5. Effect of the solvents ................................................................................................... 51 

3.2.6. Gelation ........................................................................................................................ 51 

3.2.7. Aging ............................................................................................................................. 52 

3.2.8. Drying ............................................................................................................................ 54 

3.3. ORGANICALLY MODIFIED SILICON ALKOXIDES PRECURSORS .........................................................56 

3.4. THIN FILMS DEPOSITION TECHNIQUES ..........................................................................................59 

CHAPTER 4 .............................................................................................................................. 62 

HYDROPHOBIC AND SELF-CLEANING SOL-GEL COATING ON GLASS SUBSTRATE VIA DIP-

COATING DEPOSITION TECHNIQUE ..................................................................................... 62 

4.2. Aim of work .....................................................................................................................68 

4.3. EXPERIMENTAL DETAILS ............................................................................................................. 69 

4.3.1. Materials ...................................................................................................................... 69 

4.3.2. Preparation of silica hybrid sols ............................................................................... 69 

4.3.3. Deposition of coating ................................................................................................. 70 

4.3.4. Characterization .......................................................................................................... 70 

4.3.5. Durability testing ......................................................................................................... 71 

4.3.6. Mechanical robustness testing .................................................................................. 71 

4.3.7. Self-cleaning testing ................................................................................................... 72 

4.3.8. Fingerprint testing ....................................................................................................... 72 

4.4. Result and discussion..................................................................................................... 72 

4.5. Conclusion ....................................................................................................................... 81 

CHAPTER 5 .............................................................................................................................. 83 



 

XIV 

 

AEROSOL ASSISTED CHEMICAL VAPOUR DEPOSITION OF TRANSPARENT 

SUPERHYDROPHOBIC FILM BY USING MIXED FUNCTIONAL ALKOXYSILANES................. 83 

5.1. AEROSOL ASSISTED CHEMICAL VAPOUR DEPOSITION .................................................................... 85 

5.2. AIM OF WORK ........................................................................................................................... 86 

5.3. EXPERIMENTAL DETAILS .............................................................................................................. 87 

5.3.1. Materials ....................................................................................................................... 87 

5.3.2. Precursors solutions .................................................................................................... 87 

5.3.3. Fabrication of superhydrophobic film ......................................................................88 

5.3.4. Characterisation ..........................................................................................................89 

5.3.5. Durability testing .........................................................................................................90 

5.3.6. Mechanical Robustness testing................................................................................. 91 

5.3.7. Self-cleaning testing ................................................................................................... 91 

5.4. RESULTS AND DISCUSSION .......................................................................................................... 91 

5.5. CONCLUSIONS ......................................................................................................................... 106 

CHAPTER 6 ............................................................................................................................. 108 

ANTICORROSION SOL–GEL COATING AS A PROTECTIVE FILM OF MIRRORS ................... 108 

6.1. CORROSION PROCESS ............................................................................................................... 110 

6.2. THE MIRRORS ........................................................................................................................... 111 

6.2.1. Degradation of the reflective layer ......................................................................... 113 

6.3. AIM OF WORK .......................................................................................................................... 117 

6.4. EXPERIMENTAL DETAILS ............................................................................................................ 118 

6.4.1. Materials ..................................................................................................................... 118 

6.4.2. Fabrication of anti-corrosion film ........................................................................... 118 

6.5.3. Characterisation ........................................................................................................ 119 

6.5.4. Salt Spray Corrosion Testing ................................................................................... 119 

6.5.5. Result and discussion ............................................................................................... 119 

6.5.6. Conclusion .................................................................................................................. 123 



 

XV 

 

 

 

  



 

XVI 

 

List of Figures 

Figure 1 Properties of functional and smart coatings, in which surface functionalisation plays a major role. _ 4 

Figure 2 Smart coatings market size by application 2013-2024. ____________________________________ 5 

Figure 3 Functional coating market share in 2018.  ______________________________________________ 5 

Figure 4 (a) A liquid droplet in the Wenzel state, (b) a liquid droplet in the Cassie state. ________________ 16 

Figure 5 Schematic illustration of sliding angle. _______________________________________________ 16 

Figure 6 Petal effect. A high adhesive wetting state attends high apparent contact angles. The droplet is 

attached to the surface even in the pending position. ___________________________________________ 17 

Figure 7 Imagine (a) and SEM imagine (b) of lotus leaf surface and droplet placed on an untreated lotus leaf 

(c). ___________________________________________________________________________________ 18 

Figure 8 “Lotus effect” self-cleaning on superhydrophobic surfaces. On self-cleaning surfaces the 

contaminants represented by the small square, circle, and triangle are absorbed by the ball-like water 

droplet, while the liquid water droplets on non-self-cleaning surfaces are unable to absorb the contaminants.

 _____________________________________________________________________________________ 18 

Figure 9 Photographs of and the surface structure of (a) rice leaf; (b) SEM image of the rice leaf surface. A 

binary structure (micro-and nanostructure) on its surface can be clearly observed. (b). Photograph of a 

dragonfly. (c) SEM image of a dragonfly wing. Randomly distributed micropillars with diameters of 50–80 nm 

can be observed (d). Photograph of butterfly (e) SEM image of the hierarchical micro- and nanostructures on 

the surface of butterfly wings. There exist periodic tile-like microstructures and fine lamella-stacking nano-

stripes (inset) on each tile of the wings surface (f). _____________________________________________ 20 

Figure 10 Schematic representation of crystalline and amorphous structures. _______________________ 23 

Figure 11 Schematic diagram of the decontamination process occurring on the superhydrophilic self-cleaning 

surface. a)The selfcleaning performance of photocatalytic surfaces is, therefore, two fold (as shown in Figure 

7.10): many organic molecules are decomposed to CO2 and H2O when irradiated with UV light, and, when 

water contacts the surface, b) it forms ‘‘sheets’’ and carries away dirt and other contaminants. _________ 24 

Figure 12 The contribution of particle diameters to the degree of Rayleigh scattering (a) and the Mie 

scattering cross sections (b) from materials with different refractive indices. _________________________ 26 

Figure 13 Two approaches for synthesis of nanomaterilas and the fabrication of superhydrophobic ocating. 

Top-down approach refers to slicing or successive cutting of a bulk material to get nano sized particle. 

Bottom-up approach refers to the build uo of a material from the bottom atom by atom molecule by 

molecule. Atom by atom deposition leads to formation of self-assembly of atoms, molecules and clusters. 

These clusters come together to form self-assembled monolayers on the surface of substrate. __________ 27 

Figure 14 Schematic diagram showing the sol–gel process and its various products. __________________ 38 

Figure 15 A schematic illustration of sol-gel process steps._______________________________________ 39 

Figure 16 TEOS-ethanol-water phase diagram (25 °C). The alcohol has been added as a 95 % ethanol and 5 

% water mixture for pure ethanol the miscibility line is shifted slightly to the right. __________________ 40 



 

XVII 

 

Figure 17 Hydrolysis and condensation reaction of alkoxysilane. During hydrolysis, the stepwise substitution 

of the alkoxide ligands by hydroxyl groups produces the essential reactive hydrolysed monomers that are 

consumed in the subsequent condensation reactions. ___________________________________________ 41 

Figure 18 Structural development of silica gels. _______________________________________________ 42 

Figure 19 Acid catalysed hydrolysis and condensation reactions. _________________________________ 43 

Figure 20 Base catalysed hydrolysis and condensation reactions. _________________________________ 44 

Figure 21 Sol stability. Effect of pH in the colloidal silica water system. ____________________________ 45 

Figure 22 Figure Formation of cyclic species during sol-gel reactions. ______________________________ 46 

Figure 23 Relative hydrolysis and condensation rates as a function of pH for a silicon alkoxide. __________ 48 

Figure 24 Formation of a gel from an acid (a) or basic (b) catalysed hydrolysis, the change of inorganic 

structure from a sol to a gel. _______________________________________________________________ 48 

Figure 25 Inductive effects of substituents on silicon atom. ______________________________________ 49 

Figure 26 The gel time as a function of the water/TEOS molar ratio. The three different curves show the 

change of gel time at different ethanol/TEOS ratios (1, 2 and 3). __________________________________ 51 

 Figure 27  Schematic depiction of drying of gel.  Initial condition a) evaporation from surface b) and dry 

region forms. Sp and Vp are surface area and volume of pore, respectively. At the critical point the radius of 

the meniscus is equal to the radius of the pores. The capillary tension is maximum c) After the critical point 

the liquid-vapor meniscus recedes inwards. Evaporation still occurs on the surface as the liquid is still carried 

out by flow through the thin film that covers the pores. When the liquid is isolated in the interior spaces, 

evaporation occurs inside the pores d). ______________________________________________________ 55 

Figure 28 Organoalkoxysilane general structure. ______________________________________________ 56 

Figure 29 A tetra-functional silicon alkoxide (n = 0) acts as a “network forming” structure, a trifunctional 

silicon alkoxide (n = 1) behaves as a “cross-linker”, a difunctional silicon alkoxide (n = 2) behaves as a 

“bridging” agent, and a monofunctional silicon alkoxide (n =3) can be used as a “modifying” agent. ______ 56 

Figure 30 Schematic representation of organically modified sol-gel network. ________________________ 58 

Figure 31 Classification of thin film deposition techniques. _______________________________________ 60 

Figure 32 Schematic representation of dip-coating process. ______________________________________ 64 

Figure 33 Flow patterns (streamlines) during the dip-coating process. U0 is the withdrawal speed, S is the 

stagnation point, δ the boundary layer, and h0 is the thickness of the entrained fluid film on the substrate. 65 

Figure 34 Schematic of dip-coating process, showing the sequential stages of structural development that 

result from draining accompanied by solvent evaporation, continued condensation reactions, and capillary 

collapse. ______________________________________________________________________________ 67 

Figure 35 Flowcharts of the synthesis of silica hybrid sol a) and b) with silica nanoparticles. ____________ 70 

Figure 36 Wettability behaviour of a) no-cleaning glass and b) glass after cleaning procedure. __________ 73 

Figure 37 Representation of chemical bonds between the coating layer and glass surface. ______________ 73 

Figure 38 Water contact angle of blank glass a) glass coated with sol 4 b) and glass coated with sol 6 c) __ 75 

Figure 39 UV-visible spectra of blank glass (light blue line), sol 4 coated glass (orange line) and sol6 coated 

(purple line). ___________________________________________________________________________ 75 

Figure 40 FT-IR spectra of sol 4 and sol 6. ____________________________________________________ 76 



 

XVIII 

 

Figure 41 SEM images of sol4 a) and sol 6b). _________________________________________________ 77 

Figure 42 Cross section SEM images sol4 a) and sol6 b)._________________________________________ 77 

Figure 43 Contact angle and sliding angle of sol 4 and sol 6 films after corrosion test a) and b), organic 

solvents test c), thermal test d) and UV-resistance test e), sandpaper test f). ________________________ 79 

Figure 44 SEM images sandpaper test after 20 cycles of abrasion sol 4 and sol 6. _____________________ 80 

Figure 45 Self-cleaning tests. Methyl red deposition a),  methyl red self-cleaning test on blank glass b) and  

methyl red self-cleaning test on coated glass. Congo red deposition d), congo red self-cleaning test on blank 

glass c) and congo red self-cleaning test on coated glass. ________________________________________ 80 

Figure 46 Fingerprint test. Artificial sweat deposited by finger a), after few hours b) and when the liquid is 

dried c). _______________________________________________________________________________ 81 

Figure 47 Imagine of AACVD reactor and experimental set-up for the AACVD deposition. ______________ 86 

Figure 48 Schematic illustration of the process involved in AACVD. _______________________________ 86 

Figure 49 Procedure to fabricate of MPS-TEOS-POTS superhydrophobic film by AACVD. ______________ 89 

Figure 50 SEM imagines of MPS-TEOS-POTS coating at lower concentration solutions 0.2 mol/l a) and 

higher concentration solution 2.5 mol/l b).____________________________________________________ 93 

Figure 52 A water drop bouncing on superhydrophobic MTP-TEOS-POTS film (a) and the height of the water 

drops a different times (b). High-speed images of the bouncing showed that the water drop detached from 

the surface after 54 ms. __________________________________________________________________96 

Figure 51 figure S2 Visual comparison of transparency and SEM images between TEOS layer deposited at 

450°C for 5 min a) and MPS layers at 450° for 5 min b). _________________________________________96 

Figure 53  The cross-section a) and top down b) SEM imagines. In a) thickness of MPS-TEOS-POTS film and 

in b) silica particles size. __________________________________________________________________96 

Figure 54 SEM images of the three layer deposited via AACVD. Lower layer deposited at 450°C at 30 000x a) 

and 20 000x b) magnification. Middle layer deposited at 350°C at 10 000x c) and 5 000x d) magnification; 

and Top layer deposited at 270°C at 10 000x e) and 5 000x f) magnification. Images from optical microscope 

500x of lower g), middle h) and top i) layers. __________________________________________________ 97 

Figure 55 Wettability and contact angle of MPS-TEOS-POTS superhydrophobic film on glass surface. ____ 97 

Figure 56 figure S4 SEM images of MPS-TEOS-POTS at 5 min a) and 10 min b) of depositions. __________ 98 

Figure 57 Optical images for visible transparency of MPS-TEOS-POTS film on the glass surface with 

different deposition time 5min. a), 6min b), 7min c) and 10 min d). In the images, e) visual comparison 

between glass uncoated and glass coated with MPS-TEOS-POTS film. _____________________________ 98 

Figure 58 Uv-vis spectra of MPS-TEOS-POTS films deposited at different times with AACVD: 5 minutes (blu 

line), 6minutes( pink line), 7minutes (orange line) and 10 minutes (green line) for each layer. ____________99 

Figure 59 FT-IR spectra of three layer in the MPS-TEOS-POTS coating. ___________________________ 100 

Figure 60 XPS survey spectrum of superhydrophobic film (a) and high resolution spectra of C 1s (b), F 1s (c), 

Si 2p (d) and O1s (e).____________________________________________________________________ 101 

Figure 61 Contact angle and sliding angle of MPS-TEOS-POTS film after corrosion test a), organic solvents 

test b), thermal test c) and UV-resistance test d). _____________________________________________ 103 

file:///C:/Users/Alessia/Desktop/PhD/PhD%20THESIS.docx%23_Toc1472303
file:///C:/Users/Alessia/Desktop/PhD/PhD%20THESIS.docx%23_Toc1472303
file:///C:/Users/Alessia/Desktop/PhD/PhD%20THESIS.docx%23_Toc1472305
file:///C:/Users/Alessia/Desktop/PhD/PhD%20THESIS.docx%23_Toc1472305
file:///C:/Users/Alessia/Desktop/PhD/PhD%20THESIS.docx%23_Toc1472305
file:///C:/Users/Alessia/Desktop/PhD/PhD%20THESIS.docx%23_Toc1472305
file:///C:/Users/Alessia/Desktop/PhD/PhD%20THESIS.docx%23_Toc1472307


 

XIX 

 

Figure 62 Sandpaper abrasion test. The sample was positioned face-down to sandpaper and moved for 20 

cm along the ruler; the sample was rotated by 90° (face to the sandpaper) and then moved for 20 cm along 

the ruler a). The contact angle and sliding angles of MPS. ______________________________________ 104 

Figure 63 SEM images sandpaper test after 20 cycles of abrasion. _______________________________ 104 

Figure 64 The self-cleaning test. Deposition of contaminates on the surface methyl red a) and congo red d). 

Self-cleaning process of uncoated glass from methyl red b) and congo red e) and self-cleaning process of 

glass coated with MPS-TEOS-POTS film from methyl red c) and congo red f). ______________________ 105 

Figure 65 Schematically exhibits of corrosion process. _________________________________________ 110 

Figure 66 The succession of the layers of an industrial mirror. ___________________________________ 112 

Figure 67 Images of mirrors with degraded edges(a) and degradation in central spots (b). _____________ 113 

Figure 68 Optical microscope image at 50 magnification a) and SEM imageat 100 magnification b) of the 

degraded portion, where the paint is peeled off from reflective layer. SEM images at 10 000 magnification of 

the same degraded portion c) and e); the presence crystalline structure of CuO and AgCl2 is confirmed with 

EDS analysis d) and f). __________________________________________________________________ 116 

Figure 69 Procedure for preparation of superhydrophobic films. The hybrid sol was applied every mirror edge 

with a brush, covering the glass and the protective layers. ______________________________________ 118 

Figure 70 Schematic representation show the formation mechanism of the GLYMO-TEOS coating. _____ 120 

Figure 71 FT-IR spectra of precursors tetraethylorthosilicate (TEOS), 3-glycidopropyltrimethoxysilane 

(GLYMO) and FT-IR spectra of hybrid coating (GLYMO-TEOS sol). _______________________________ 121 

Figure 72 Mechanisms of epoxy ring opening in presence of an aqueous solution of acetic acid . ________ 122 

Figure 73 SEM images of GLYMO-TEOS sol on top-view a) and cross-section view b). EDS analysis c). ___ 122 

Figure 74 Mirror samples after salt spray test : uncoated mirror a) and GLYMO-TEOS coated mirror b). __ 123 

  

file:///C:/Users/Alessia/Desktop/PhD/PhD%20THESIS.docx%23_Toc1472314
file:///C:/Users/Alessia/Desktop/PhD/PhD%20THESIS.docx%23_Toc1472316
file:///C:/Users/Alessia/Desktop/PhD/PhD%20THESIS.docx%23_Toc1472319
file:///C:/Users/Alessia/Desktop/PhD/PhD%20THESIS.docx%23_Toc1472319
file:///C:/Users/Alessia/Desktop/PhD/PhD%20THESIS.docx%23_Toc1472319
file:///C:/Users/Alessia/Desktop/PhD/PhD%20THESIS.docx%23_Toc1472319
file:///C:/Users/Alessia/Desktop/PhD/PhD%20THESIS.docx%23_Toc1472321


 

XX 

 

 

  



1 

 

 

 

 

 

 

 

 

CHAPTER 1  

Introduction  

 

  



 

2 

 

 

  



3 

 

1.1. Advanced functional coatings  

A coating is a superficial covering obtained through chemical compound deposition on the 

substrate. The coating may be applied for decorative, protective, functional purposes, but 

in most cases, it is a combination of these; and the material on which the coating is made, 

influences the final substrate property. The surfaces of many materials can be 

functionalised by applying coatings to introduce a new modified chemical groups or a 

morphological features that determine the interaction with the surrounding environment 

and subsequent a new material behaviour 1. Indeed, functional coatings may be applied to 

change the surface properties of the substrate, such as adhesion, wettability, corrosion 

resistance, or wear resistance. In other cases, the coating adds a completely new property, 

such as a magnetic response or electrical conductivity, and forms an essential part of the 

finished product, e.g. semiconductor device fabrication. Functional coating that can 

provide more than one function to the surface and can be able to respond to external stimuli 

generated by intrinsic or extrinsic events, are so called “smart” coating 2.  

These coatings can be designed and prepared in many ways such as by incorporating 

stimuli responsive materials such as light, pH, pressure, temperature, biological factor, or 

coating damage. Therefore, smart coatings can be offered self-healing, anti-corrosion 

indicators, self-cleaning, anti-icing, antifouling, anti-reflection properties. Other some 

examples of smart coatings include reversible thermochromic and piezoelectric paints 

hydrophilic/hydrophobic switching, pH responsive. Conventional and advanced 

technological applications require materials with well-defined surface properties, which 

can fulfil specific technological requirements. For these reason, coatings and related 

materials has become an active area in research and technology3.  

At the end of 20th century and the beginning of 21st century, nanoscience has contributed 

at a high level to technological and scientific developments in the field of coating materials. 

Nanotechnology is the major technology driver in coating area, and the term nanocoatings 

is usually used when the coating is nanostructured and its thickness may vary from 1 µm 

to 1nm 4. Nanoscience and nanotechnology have already improved many applications due 

to the unique properties that materials possess on the nanometer scale. Nowadays, the 

advances in surface engineering, nanotechnology an nanomaterials are enabling to design 

novel coatings with exceptional properties and at the same time, allowing a molecular scale 

https://en.wikipedia.org/wiki/Adhesion
https://en.wikipedia.org/wiki/Wetting
https://en.wikipedia.org/wiki/Corrosion_resistance
https://en.wikipedia.org/wiki/Corrosion_resistance
https://en.wikipedia.org/wiki/Semiconductor_device_fabrication
https://www.sciencedirect.com/topics/materials-science/surface-engineering
https://www.sciencedirect.com/topics/materials-science/nanotechnology
https://www.sciencedirect.com/topics/materials-science/nanomaterials
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control of the final coating 5. The boost of nanotechnologies has promoted an explosion of 

new functional and smart coatings (whether organic, inorganic or hybrid) with an enormous 

interest in surface functionalisation, because coatings synthesized by nanotechnology are 

able to show unique optical, mechanical, and chemical properties6 (Figure 1).  

 

Figure 1 Properties of functional and smart coatings, in which surface functionalisation plays a major role. 

 

1.1.2. Functional coatings market size 

The industry has great interest to new, high performance multifunctional coatings such as 

super-hydrophobic–omniphobic, antimicrobial, anti-corrosive, self-cleaning, anti-fogging 

/ de-icing, anti-fouling, electrochromic, self-assembling, etc. 

The global smart coating market size was estimated at $ 2,257.5 million in 2017 and is 

expected to grow of 20.5% from 2018 to 2026 on account of the increasing product demand 

from various end-user industries such as automotive, military, aerospace, and healthcare 7 

(Figure 2). 
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Figure 2 Smart coatings market size by application 2013-2024 7 

Advanced properties such as self-healing, self-cleaning and corrosion resistance 

exhibited by the materials has led to an increase in demand from the automotive and 

aerospace industry, mainly for exterior applications ( Figure 3). 

 

Figure 3 Functional coating market share in 2018 8 

The market is highly competitive owing to the presence of a large number of manufacturers 

and suppliers including Bayer AG, PPG Industries, BASF, DuPont, The Dow Chemical Co., 

3M Company, and Dow Corning Corporation. So far, Europe market are dominated the global 

smart coating market in term of both volume and revenue. This is essentially due to the 

presence of key manufactured and suppliers of coating materials and huge investments in 

research & development for development of new and innovative coating options. However, 

North American and Asia Pacific markets are expected to higher growth due to the rapidly 

technological advancements in the field of nanocoatings. Furthermore, infrastructure 

development construction, consumer electronics and rising demand of coatings with specific 

properties are expected to be a key driver for the global smart coating market growth. 

Sel-cleaning
28%

Anti-bacterial
21%Anti-icing 16%

Anti-corrosion
15%

Self-healing
10%

Electrochromic
10%
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1.2. Advanced functional coating for industrial applications 

The development of multifunctional coatings is currently a hot industrial topic. These 

coating provides a key technology for important challenges in industrial applications. Most 

of these coating technologies are currently under development in academia and industry. 

Form industrial point of view, types of functional coatings of major interest are self-

cleaning, self-healing, anti-static, anti-reflective and anti-bacterial whereas expectations of 

functional coatings include durability, reproducibility, easy application and cost-

effectiveness, tailored surface morphology and environmental friendliness. The use of 

advanced coatings in the automotive and aerospace industries, in packaging, the electronics 

sector, the paint industry, and in biomedical engineering are described below 9. 

1.2.1. Coating technologies for the automotive and aerospace industries 

Metals and alloys, typical aluminium and magnesium alloys, are widely used in the 

automotive and aerospace industries for their low density, low cost and good corrosion 

resistance due to passive thin oxide layer formed at the surface in a specific environment. 

However, thin films oxides are susceptible to mechanical damage over time, and localized 

corrosion can affect the internal structure of the material or just cause superficial 

degradation. Recently, the demand for materials of superior mechanical, thermal and 

electrical properties has focused attention on metal matrix composites (i.e. rare-earth-

containing magnesium alloys) but these have a more inhomogeneous structure than 

common alloys. These advanced alloys possess high specific strength, very low density, 

and good castability and weldability characteristics, compared with aluminium and steel-

based alloys. Nevertheless, the corrosion resistance of such alloys in the presence of a 

corrosive environment is still unsatisfactory. Coating technologies make a key contribution 

to safety, comfort and improve corrosion resistance in the automotive and aerospace 

industries. 

The most common organic coating systems used in aerospace and automotive industries 

were silicone-modified polymers, polyurethane and fluorine-modified polymers. 

Moreover, polysiloxane vinyl monomers with silanol groups, and alicyclic epoxy 

functional vinyl monomers have been developed for ambient curing coatings. Dispersions 

of acrylic polymer in a fluoropolymer matrix coating is commonly employed uses for 
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fluoropolymer’s excellent weather and chemical resistance. Epoxy coatings have long been 

used to protect ships and marine structures from corrosion. Recently, inorganic coating 

systems have been designed based on cerate, stannate, zirconate, vanadate and 

permanganate, to improve the corrosion performance of surfaces in chloride 

environments10,11. Usually, the application of these type of coatings take a place directly to 

the automotive and aerospace materials by simple brushing, spinning or spraying in one 

step. 

Multifunctional nanocoatings are able to sense corrosion and mechanical damage, chemical 

and physical damage, promote adhesion and fatigue resistance, and they offer self-cleaning 

possibilities. Oxide–metal multilayer films, such as Al2O3/Al and Al2O3/Nb were found to 

have corrosion-resistant and self-healing abilities12. Oxide-based ceramics such as alumina, 

chromia, titania, and zirconia have been widely used as surface coating materials to 

improve resistance to wear, erosion, cavitation, and corrosion. Nanostructured zirconia 

coatings with lower porosity exhibit a lower friction coefficient and high wear resistance 

compared to their conventional coatings. 

Zirconia-based coatings have been applied as thermal barrier coatings for piston crowns 

and cylinder heads in internal combustion engines, in order to improve thermal efficiency, 

fuel economy, and power output13. 

High performance coatings possess better oxidation resistance and hardness, and longer 

lifetimes than conventional coatings14. Yang et at. investigated the behaviour of a Si02 and 

Zr02 sol-gel conversion coating, both alone and in combination with a polyurethane unicoat 

on Al 2024-T3 alloy. Results showed that aluminium and silicon oxides might form a stable 

mixed-oxide barrier layer at the interface hindering further corrosion15. 

To form the transparent radiation-resistant coatings, nano-sized ZnO, TiO2, antimony tin 

oxide (ATO), or indium tin oxide (ITO), are incorporated into commercial film polymers 

to form clear coats. ZnO and TiO2 absorb UV radiation and protect articles from UV 

exposure, while ATO and ITO absorb infrared radiation. Transparent coatings with nano-

alumina offer improved abrasion resistance for transparent plastics, highly polished metals, 

wood, and laminate materials, without a deleterious effect on the surface appearance16,17. 



 

8 

 

1.2.2. Coatings for Packaging applications 

Nanotechnology-based thin films and coatings can be used to design, create, or model 

nanocoating systems with significantly optimized properties for the food packaging. 

Nanocomposite films, offer solutions to many challenge faced by the food packaging 

industry in relation to consumer health18. Nanoparticles can be applied as reactive particles 

in packaging materials that are able to respond to environmental changes (e.g., temperature 

or humidity in storage rooms, levels of oxygen exposure), degradation products or 

microbial contamination. Polymer–clay nanocomposites (PCN) that result from 

incorporation of small quantities of nanoclay or silicate in the polymer improves the gas 

barrier property. Xiao-e et al. successfully developed oxygen scavenger films by adding 

titania nanoparticles to different polymers. The incorporation of O2 scavengers into food 

package reduce oxygen levels responsible for the deterioration of many foods19. 

One of the problems in the food industry is how to tell whether a food package has been 

opened or tampered with. A solution that has been proposed is the application of 

nanophosphorous particles in the food packaging. These white nanoparticles become 

fluoresce when exposed to light of certain wavelengths. Thus, objects marked with 

nanophosphorous obtain an invisible and non-removable protection against counterfeiting.  

Gases such as oxygen and carbon dioxide are also able to permeate the microstructure of 

the polyethylene terephthalate (PET) bottle wall. Polyethylene is considered the polymer 

of choice when a barrier against water vapour is required. It is frequently used to line the 

inside of food packaging films, ensuring that moisture cannot escape. The relatively 

inexpensive polypropylene is an excellent water vapour barrier, but a poor gas and flavour 

barrier. In juices, for example, vitamins, flavourings and colourings are impaired 

significantly during storage as a result of this permeation, leading a reduction of shelf life20. 

PET bottles featuring SiOx inner coating are completely transparent and clear as glass 

(glass is used as standard in packaging). The inner coating of SiOx into bottle, deposited by 

plasma enhanced chemical vapour deposition, prevents contact between PET and the 

product and thus impedes for example a change in taste due to flavour transfer20.  

High barrier nanocomposite coatings consist of hybrid organic–inorganic precursor sol-gel 

system of propyltrimethoxysilane (PTMO) and Bayresit®21. The coatings has been 

developed for active packaging, through atmospheric plasma technology using dielectric 
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barrier discharges. The coatings have been reported to be very efficient at keeping out 

oxygen and retaining carbon dioxide.  

Diamond like carbon (DLC) coatings possess unique properties as chemical inertness and 

impermeability, which has lead to a large number of applications in the food, beverage, 

and medical industries. The coating has excellent gas permeation resistance and, as such, 

it is particularly suitable for food and pharmaceutical products22. 

Anti-microbial properties can be imparted to packaging through the incorporation of silver, 

magnesium oxide, copper oxide or zinc oxide nanoparticles which kill harmful 

microorganisms23. 

For example, it is possible to prepare a multilayer packaging consisting of an outer layer 

of traditional film and a trap layer containing a nanoparticles system with a microbial 

inhibitor. Such a system is particularly desirable due to its acceptable structural integrity 

and barrier properties imparted by the multilayer structure, and to its anti-microbial 

properties contributed by the anti-microbial agents24. Cheng Q et.at showed antibacterial 

activities against bacteria of Escherichia coli and Staphylococci of silver and TiO2 

nanoparticles coating. Polymer composites with APS-grafted TiO2/Ag+ nanoparticles 

could be used for the manufacturing of products with antibacterial properties in various 

areas (medicine, food packaging, etc.)25. 

1.2.3. Coatings for the electronics and sensors industries 

Nanotechnology has the potential to enable a new generation of smart sensors and 

electronics systems. Advanced thin film sensor are needed to provide minimally intrusive 

characterization of advanced materials (such as ceramics and composites) in hostile, high-

temperature environments26.  

Sensors based on electrically conductive ceramic materials, such as silicon carbide matrix 

composites, are thermally oxidized to form a stable, adherent silicon dioxide layer27. 

Sensors based on nickel–chrome and palladium–chrome thin films have been successfully 

deposited onto nickel-based superalloy substrates, and showed good strain sensitivity at 

high temperatures28,29. 

Electrical and chemical stability of strain sensors is particularly critical in the harsh 

environments encountered in the hot sections of gas turbine engines. Thermocouples based 
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on ITO thin films showed promising results for high temperature applications up to 1400 

°C30. 

The current market for solar energy has stalled due to the high cost and low efficiency of 

current technology Conventional solar cells do not produce power efficiently enough to 

justify the cost of investment. Several international projects are currently seeking to 

develop low cost, thin film silicon photovoltaics with high efficiency, which could be used 

to realize the full potential of solar energy31. 

1.2.4. Biomedical implants industry 

Coatings for medical applications will also be the focus of future research, particularly in 

the areas of orthopaedic implants and bone tissue engineering. Nanocoatings offer the 

possibility of modifying the surface properties of surgical-grade materials to achieve 

improvement in performance, reliability and biocompatibility. Hydroxyapatite (HA) has 

been used as a coating on metallic alloys in orthopaedic surgery, because its chemical 

structure is close to that of natural bone. Nanotechnology has helped created novel 

techniques for the production of bone-like synthetic nanopowders and coating of HA. 

Nanoparticles of HA have generated new opportunities in the design of superior 

biocompatible coatings for implants and the development of high-strength orthopaedic and 

dental nanocomposites. Titanium and cobalt chromium alloys are the preferred materials 

in orthopaedic and dental implant materials due to their low elastic modulus, good 

biocompatibility, and corrosion durability. In order to enhance bone-bonding ability, 

titanium alloys are often coated with HA by various methods32. Some production 

techniques, such as physical or chemical vapour deposition, thermal and electron beam 

evaporation and sol-gel processing, have been used to produce nanocoating on surfaces33. 

Research projects have been proposed based on low temperature techniques such as sol–

gel, in order to avoid the challenge associated with the structural instability of HA at 

elevated temperatures34. 
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CHAPTER 2  

Superhydrophobic and self-cleaning 

coating on glass substrate 
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2.1. Superhybrophobic surfaces 

Over the last few years, the development of superhydrophobic surfaces has generating 

increasing interest and importance in materials science for applied technologies35,36 The 

growing interest towards superhydrophobic coatings is mainly due to their potential 

performance in various applications in industrial fields such as aerospace, automotive, 

construction, medical and optical37,38. The non-wetting behaviour of the surfaces is 

essential for many important properties for instance self-cleaning39,40, anti-fogging41, oil–

water separation42,43, anti-icing44,45 and anti-corrosion46.  In addition, some practical 

applications of superhydrophobic surface require that those surfaces retain good 

transparency, especially in the fields of solar cell, optical devices and windshields. The 

design and construction of water repellent surfaces is an area of huge diversity and 

innovation. 

The wettability of a solid surface with a liquid is governed by its chemical properties and surface 

microstructure. The wettability of a solid surface to a liquid is usually characterized using 

contact angles, whose abbreviation is CA in the literature. Contact angle is defined by 

Young’s equation47: 

cos θ = ( γSV - γSL) / γLV 

where 𝛾SV, 𝛾SL and 𝛾LV are solid–vapour, solid–liquid, and liquid–vapor interfacial 

energies, respectively; and 𝜃 is contact angle of the droplet on the surface. Generally 

increasing the water contact angle results lower surface wettability.  

In Young’s model, the surface is assumed perfectly smooth, flat, and chemically 

homogeneous as an ideal solid substrate (Figure 3) 

 

Figure 3 Young’s model: liquid droplet on a smooth surface. 
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In order to take the realistic solid surface, which is rough and chemically heterogeneous, 

two models are used: the Wenzel model48 and the Cassie and Baxter model49. 

Wenzel’s theory assumes that liquid droplet fully penetrates the interstices on the rough 

surface. This therefore increases the available surface area that can be wetted by the liquid 

compared to a smooth surface, in according to the expression: 

 𝑐𝑜𝑠𝜃∗ = 𝑟 𝑐𝑜𝑠𝜃 

where θ* is the apparent contact angle on the textured surface, r is equals the actual contact 

area divided by the apparent area, which characterizes the surface roughness and is 

normally greater than 1 (for a perfectly smooth surface: r = 1, and for a rough surface: r 

>1) and θ is the equilibrium contact angle on a smooth surface.  

If a surface has a contact angle with water that is greater than 90° it is classed as 

hydrophobic, if the contact angle is less than 90° the surface is hydrophilic. The higher the 

contact angle, the more hydrophobic, or water-repellent, a surface is. 

The major premise of this model is that the water makes full contact with the surface, with 

no air trapped underneath a droplet. Wenzel’s model is usually used to describe hydrophilic 

surfaces which can be wetted by water (Figure 4 a). 

On the other hand, in the Cassie and Baxter model, the liquid droplet does not wet the 

whole surface, but lies on the peaks of the superficial roughness, leaving air trapped 

between the liquid and the surface. as shown in figure 4 b. In this case, the liquid–surface 

interface actually consists of two phases, i.e., the liquid–solid interface and the liquid–

vapour interface, respectively. The apparent contact angle θ* in Cassie-Baxter, state can be 

written as:  

cos 𝜃∗ = 𝑓𝑠 𝑐𝑜𝑠𝜃𝑠 +  𝑓𝑣 𝑐𝑜𝑠𝜃𝑣 

where fs and fv are respectively the fractions of the solid and vapour areas on the surface, 

so fs + fv = 1. The liquid contact angle on vapour θv is considered to be a constant of 180°, 

whereas the liquid contact angle on solid surface θs = θ from the Young’s model. Therefore, 

the Equation (1.2) can be simplified as: 

𝑐𝑜𝑠𝜃∗ = 𝑓𝑠(cos 𝜃 + 1) − 1 

The Cassie-Baxter’s model is usually used to describe water repellent surfaces. Either way, 

increasing the irregularity of the surface makes the CA of the liquid increase. Thereby, a 

superhydrophobic surface increases its hydrophobicity as the surface roughness increases. 
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Figure 4 (a) A liquid droplet in the Wenzel state, (b) a liquid droplet in the Cassie state. 

Contact angle usually refers to a static value that evaluates the wettability of a solid surface 

towards a liquid. However, this value does not reflect the mobility of liquid droplets, that 

is, how easily a liquid droplet rolls or slides off a surface. 

Sliding angle, also known as SA, is used as one of the dynamic characterizations for the 

mobility of liquid droplets. SA is the titled angle of the solid surface to a spirit level when 

the liquid just starts rolling or sliding (Figure 5)50.  

 

Figure 5 Schematic illustration of sliding angle. 

In general, when a surface has a contact angle (CA) higher than 150o and a sliding angle 

(SA) lower than 10 o, it can be defined as superhydrophobic51. 

Based on sliding angles, superhydrophobic surfaces can also be divided into low adhesion 

and high adhesion superhydrophobic surfaces. Low adhesion superhydrophobic surface 

refers to a surface with water contact angle greater than 150° and water sliding angle below 

10° 52. In high adhesion superhydrophobic surfaces, which have water contact angles 

greater than 150°, water droplets are not able to roll off the surface even if the surface was 

turned upside down. This phenomenon is due to the both a Cassie- Baxter state and a 

Wenzel state, so called “Petal Effect” (figure 6). On the nanoscale, water was supported by 

nano-structures of the surface of a Cassie-Baxter state. However, in a microscale, the gaps 

between the microstructures are too large to stop water penetrating, resulting in a Wenzel 
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state 53. Another example of high adhesion superhydrophobic surfaces in nature is the foot 

of a gecko54, and this phenomenon can be used for no-loss liquid transportation55. 

 

Figure 6 Petal effect. A high adhesive wetting state attends high apparent contact angles. The droplet is attached to the 

surface even in the pending position. 

2.1.1. “Lotus Effect”: self-cleaning property 

Many surfaces in nature are highly hydrophobic to aid their survival. Examples include the 

wings of insects and the leaves of plants. The best-known and studied example of 

hydrophobic surface is the leaves of the lout’s plants (Nelumbo nucifera). Water droplets 

roll off Lotus leaves instead of wetting or staining the surfaces. High-resolution scanning 

electron microscopy of the surface of lout’s leaves showed papillae about 10 µm, and each 

papillae is covered with smaller scale, around an average diameter of 120 nm, of 

epicuticular wax crystalloids of a cilium-like nanostructure. The water repellence property 

is due to the micro and nanometres-scale structures of the Lotus leaf surfaces that reduce 

the contact ratio between liquid and solid phases. According to the measurements56, the 

water contact angle of the louts leaf is 161°±2.7°, and the sliding angle is only about 2° ( 

figure 7). 
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Figure 7 Imagine (a) and SEM imagine (b) of lotus leaf surface and droplet placed on an untreated lotus leaf (c). 

This surface property on the lout leaves also result in a low adhesive force as well as a low 

coefficient of friction on the surface. On such a rough low energy surface, if the surface is 

contaminated by dust particles, the interfacial area between contamination particles and the 

surface is very small, resulting in reduced adhesion. Indeed, the droplets rolling action 

facilitates foreign bodies to be picked up, tending to have a greater self-cleaning effect. 

This phenomenon is well known as “Louts effect” (figure 8).  

 

Figure 8 “Lotus effect” self-cleaning on superhydrophobic surfaces. On self-cleaning surfaces the contaminants 

represented by the small square, circle, and triangle are absorbed by the ball-like water droplet, while the 

liquid water droplets on non-self-cleaning surfaces are unable to absorb the contaminants. 

In nature, there are many other examples that also achieve the “Lotus Effect”, one of them 

is dragonfly wing. The dragonfly wing are constituted of regularly aligned nanoposts with 

height approximately 50 nm and diameter about 80 nm as show in (Figure 9 c and d). This 

structure endow the dragonfly wing with superhydrophobicity (WCA 160°) and thus self-

cleaning functionality, but also an antireflection property57. Surface geometrical micro-
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nanostructure and low surface energy are two significant factors that account for self-

cleaning surfaces. For lotus leaves and dragonfly wings water droplets can roll off their 

surfaces in any direction, therefore these surfaces are so defined isotropic in wettability. In 

other words, the roughness geometry or chemical heterogeneity is isotropic. On the other 

hand, some other plants and insects also show a superhydrophobic self-cleaning property, 

but their surfaces exhibit anisotropic wettability. For example, rice leaves show anisotropic 

wettability (Figure 9- a, b). The surface of rice leaves also has a hierarchical micro- and 

nanoscale structure, which is similar to lotus leaves. Nevertheless, papillae arrange in order 

along the direction parallel to the leaf edges, while the vertical direction is in disorder. The 

water contact angle along the parallel direction is 157±2° sliding angle 3-5°, while it is 

146±2° and 9-15° in the vertical direction. It is clear how the arrangement of micro-papillae 

influences the movement of water droplets. Gao et al. replicated a rice-leaf-like surface by 

a two-step replication process combining regular replica molding (REM) and temperature-

induced phase separation micro-molding (PSµM). First, poly(dimethylsiloxane) (PDMS) 

was used to replicate the rice-leaf surface structure. Second, they replicated the negative 

PDMS replica using PSµM of poly(N-isopropylacrylamide) (PNIPAAm) aqueous 

solution, which could be easily carried out just by adjusting the temperature58. Another 

typical example of anisotropic wettability is butterfly wings (figure 9-e), that exhibits 

superhydrophobicity with a water contact angle of 152±2°59. SEM images of butterfly 

wings in figure 9-f , shows a large number of quadrate scales with a length of 150 µm and 

a width of 70 µm, and on the surface of each scale, there are numerous ridging nano-strips 

of 184 nm in width, which are composed of cuticle lamellae of apparently different lengths. 

A water droplet can easily roll off the surface of a butterfly wing along the radial outward 

direction, while it can be tightly pinned in the opposite direction. Therefore, the 

superhydrophobicity and self-cleaning property are considered to be caused by the synergy 

of a rough surface structure that imprisons air beneath water drops and the water repellence 

of the wax coated on the surface. Moreover, studies of these natural natural 

superhydrophobic surfaces have demonstrated that low-surface-energy materials and 

hierarchical micro/nanostructures are essential for the formation of superhydrophobic 

surfaces 60. When a superhydrophobicity is combined with the ability to self-clean, the 

surfaces can perform multiple functions. 
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Figure 9 Photographs of and the surface structure of (a) rice leaf; (b) SEM image of the rice leaf surface. A binary 

structure (micro-and nanostructure) on its surface can be clearly observed. (b). Photograph of a dragonfly. (c) SEM 

image of a dragonfly wing. Randomly distributed micropillars with diameters of 50–80 nm can be observed (d). 

Photograph of butterfly (e) SEM image of the hierarchical micro- and nanostructures on the surface of butterfly wings. 

There exist periodic tile-like microstructures and fine lamella-stacking nano-stripes (inset) on each tile of the wings 

surface (f). 

2.1.2.  Application superhydrophobic and self-cleaning surface 

One of the most straightforward applications of superhydrophobic surfaces is to repel 

water. The water-repellent properties can be used to make waterproofing coats and 

electronic devices. Due to their water repellence, dyed water, mud water and even 

sometimes water-based acid and base are not able to stain superhydrophobic surfaces. 

Self-Cleaning  

One aspect of superhydrophobic surfaces is self-cleaning functions or the “Lotus effect” is the 

stain-resistance. The stain-resistance is due that running water easily picks up and removes dust 

and bacteria on the superhydrophobic surfaces as discussed above. The self-cleaning effect is 

a desirable feature on many surfaces, especially on glass (for architecture, automotive, 

optical sensor and other applications), roof tiles and other architectural materials. Another 

considerable interest is to keep surface clean and free of contamination such as fingerprint 

(e.g. anti- fingerprint) in the electronic devices with touch screens61,62.  Additionally, sprays 

and paints that create clean surfaces on building (e.g. graffiti-resistant) have been proposed, 

as well as water-repellent and antistatic textiles63,64 
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 Anti-corrosion  

Coatings for corrosion inhibition purposes are usually applied as functional barriers in 

various environments such as immersion in water, buried in soils, exposed ultraviolet 

radiation, hot corrosive liquids, and air pollution. Specifically, metal corrosion is a 

significant problem ,which cause huge economic losses for aircraft, automobiles and naval 

ship65. Iron rusting is the most well-known examples of metal corrosion, which is mainly 

due to the exposure of water and oxygen66. Several reports have been carried out regarding 

the anti- corrosion resistance using superhydrophobic surfaces on metal substrates such as 

aluminium, copper, magnesium, and steel67-67. 

Drag-force reduction  

 

Turbulent flows of a liquid along a surface experience frictional drag, a macroscopic 

phenomenon that affects the speed and efficiency of marine vessels, the cost of pumping 

oil through a pipeline, and countless other engineering parameters. The low fraction of 

contact between water and superhydrophobic surfaces enables a high mobility for water to 

travel on superhydrophobic surfaces. The flow rate of water is much higher in a 

superhydrophobic tube/pipe than that in normal tubes/pipes therefore; superhydrophobic 

surfaces can be used for drag reduction. For example, superhydrophobic surfaces can be 

further treated on ships so that they could travel with less drag and less energy consumption 

in water67. 

Anti-icing  

Ice formation of surfaces causes serious and recurrent problems in exposed substrate in 

cold-climate, leading materials damage. Currently, superhydrophobic surfaces have been 

recommended to be exploited in the field of anti-icing. Superhydrophobic surfaces are not 

able to stop the icing behaviour but, thanks to less fraction of water contact, water-repellent 

surface can delay the ice formation68. 

Anti-fogging 

Fogging can significantly prevent on superhydrophobic coating. Fogg is a common 

problem which reduce visibility on mirrors, glass and other substrates. The typical 

condensed water droplets formation on the surface is transformed into thin water layer that 

spread flat over superhydrophobic surface69.  
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Anti-bacteria  

The anti-bacterial property of superhydrophobic surfaces is due the less contact and high 

mobility of water on superhydrophobic surfaces, it is difficult for bacteria to colonise the 

surface because the bacteria will be going with the rolling water droplets or their culture 

solution70,71. 

Oil-water separation  

The superhydrophobic coatings have great potential to be used for water purification and 

oil recycling. They can be treated on mesh, sponge or membrane with superhydrophobic 

coatings for oil-water-separation, in a way that oil is able to pass through the mesh while 

water is stopped72. 

2.2.  Glass surfaces 

Glass is an amorphous solid material consisting of a mixture of inorganic oxides, which is 

formed by progressive stiffening (increase in viscosity) of a liquid obtained by melting 

crystalline minerals. A glass is a rigid, transparent material with the extrinsic properties of 

a solid but with intrinsic properties more like those of a liquid. Glassy material is an ordered 

material with short-range and disordered medium and long-range, which associates with 

the typical rigidity of crystalline solids the typical structural disorder of liquids. If in a 

crystalline solid the constituent elementary cells are arranged in an ordered manner in 

space, to occupy the smallest possible volume, in a vitreous material they are arranged in 

a disordered manner and the volume occupied is not as small as possible. 

The glassy state is obtained when; starting from the liquid state, the rate of cooling of the 

substance is higher than rate of crystallization: the resulting solid is not ordered because 

the limited cooling time has prevented the spatial organization of the molecules. 

The difference between a crystalline solid and a glassy material in the configuration of the 

elementary cells implies a difference in the transition between the liquid and the solid state 

(Figure 10). In a crystalline solid, this passage takes place at a precise temperature (melting 

temperature Tm), while in a glassy material has a progressive and continuous variation of 

the viscosity until the material is stiffened or softened. The temperature at which the melted 
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mass solidifies as glassy is called the glass transition temperature (Tg) and depends on the 

chemical composition of the glass, melt and the cooling rate.  

 

Figure 10 Schematic representation of crystalline and amorphous structures. 

Generally, vitrifying substances, which make up the glass network formers, and modifiers, 

substances that are able to change the properties of the material, form glasses. The main 

network former is the silicon dioxide (SiO2); other former can be boric anhydride (B2O3), 

phosphorous anhydride (P2O5). The modifiers, according to their function, are divided into 

several categories: fluxes, like sodium and potassium oxides (Na2O and K2O), stabilizers, 

substances with chromophoric properties, bleaches, opacifiers and refining agents. 

Glass is a material with excellent properties such as stability against weathering, 

impermeability to gases and liquid, abrasion resistance and high stiffness. These properties 

makes of glass a unique material, which plays an important role in architecture, automotive 

glazing and display industries.  

Soda-lime glass is generally most used glass, especially in windows glass and bottles, with 

composition 70% SiO2 silica, 15% soda Na2CO3, 10 % lime CaO. Borosilicate glass is a 

type of glass with 80% SiO2 and 15% boric oxide B2O3, as the main glass-forming 

constituents. The common type of borosilicate glass used for laboratory glassware, as-well 

knowns as Pyrex, has very low coefficients of thermal expansion (~3 × 10−6 K−1 at 20 °C), 

making them resistant to thermal shock. Coloured glass is usually made by adding a 

transition metal compound to the glass mix. Some of the oxides commonly used to achieve 

colour in glass are: cobalt (blue), manganese (purple), chromium (green), copper II (blue-

green), iron II (blue-green), and iron III (yellow). Photosensitive glass, which darkens when 

exposed to light, contents sub microscopic crystals of silver halide (AgCl/AgBr).  
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Some additional functions on glass are difficult to obtain except through the application of 

coatings. Glass coatings can modify the surface properties and optimize the visual 

transmittance, thermal transmittance, solar factor and maintenance of glasses. Interesting 

materials properties, which could be achieved with a coating, are easy-to-clean, anti-

fogging, anti-reflection (AR), photochromic or electrochromic, strength increasing 

properties on thin glass. Therefore, coating materials are required, which have good 

adhesion to glass and sometimes do not affect the original properties of the substrate, while 

providing additional functionalities. An example, the major glass manufacturing company 

Pilkington Glass (Pilkington Activt) produced the first self-cleaning window glass in 2001. 

The transparent coating on Pilkington Activt comprising a film of nanocrystalline titanium 

dioxide as the active photocatalyst layer is just 40 nm thick, and is applied to the glass by 

chemical vapour deposition during the manufacturing process at temperatures of 600°C 73. 

This layer is applied to clear float glass to produce a hard, thin, transparent, mechanically 

robust, photoactive coating of titanium dioxide (Figure 11).  

Nowadays, there are different technologies for the synthesis of transparent, hydrophobic 

and self-cleaning thin films; this topic will be discussed later in the chapter 2.3 

 

 

Figure 11 Schematic diagram of the decontamination process occurring on the superhydrophilic self-cleaning surface. 

a)The self-cleaning performance of photocatalytic surfaces is, therefore, two fold (as shown in Figure 7.10): many 

organic molecules are decomposed to CO2 and H2O when irradiated with UV light, and, when water contacts the 

surface, b) it forms ‘‘sheets’’ and carries away dirt and other contaminants.
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2.2.1. Transparency versus roughness for superhydrophobic self-cleaning 

glass 

High transparency is an essential requirement for application coating on optical glass 

equipment and devices, such as mirrors, windows, solar panels and lenses. One of the key 

issues in the fabrication of a superhydrophobic surface is the competition between 

transparency and roughness. Indeed, roughness is an essential requirement for 

superhydrophobicity but it frequently causes light scattering, which can lead to opacity of 

the surface causing a lower  transparency.74  

The light scattering phenomenon can be described by Rayleigh scattering and Mie 

scattering theories According to Rayleigh scattering, when light passes through a surface 

with roughness dimension of sub-wavelength of light, assuming that roughness behaves 

like spherical, the intensity of scattered light, I, is:  
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where I0 is the intensity of the incident light, S is the distance between the particle and the 

detector, n is the index of refraction of the particle, d is diameter of the particle, and λ is 

the wavelength of light. When the roughness size is smaller than 100 nm, Rayleigh 

scattering in the visible region (λ=400-700 nm) is negligible from different materials with 

n between 1.40 and 2.42. The scattering intensity increases when roughness is greater than 

100 nm. 

When roughness size is comparable or larger than λ, Mie scattering predominates and the 

total scattering cross sections can be expressed as: 

𝜎𝑀 = λ2/2𝜋  ∑ (2𝑚 + 1)(|𝑎𝑚|2 + |𝑏𝑚|2

∞

𝑚=1

 ) 

where am and bm are the Mie coefficients, representing the magnetic and electric multipoles 

of order m, respectively. They are functions of d and n. The contribution of particle 

diameters to the degree of Rayleigh scattering and Mie scattering cross sections from 

materials with different refractive indices is show in figure 11. 

Light scattering becomes much more important with an increase in particle sizes. 

Therefore, to fabricate superamphiphobic coatings with high transmittance, the surface 
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roughness of coatings must be largely reduced, which would pose significant challenges to 

their fabrication.  

 

Figure 12 The contribution of particle diameters to the degree of Rayleigh scattering (a) and the Mie scattering cross 

sections (b) from materials with different refractive indices75. 

To achieve higher transparency of the superhydrophobic films, surface roughness should 

be lower than the wavelength of visible light (< 400–760 nm) 71. Moreover, 

superhydrophobicity is also closely related to micrometre- and nanometer-scale roughness 

on the surface, which along with a low surface energy material leads to apparent CA >150° 

and lower sliding angle (SA). Efficiency and effectiveness of dual-scale roughness is 

demonstrated in Lotus leaves, previously discussed. 

 

2.3. Methods to design superhydrophobic self-cleaning glass 

surface 

There are basically two type of methods through which the superhydrophobic surface may 

be fabricated have been developed for the widespread fabrication of superhydrophobic 

surfaces. These methods can be categorized as “top-down” or “bottom-up” approaches, or 

their combination (Figure 13). A top-down approach generate superhydrophobic nanoscale 

structures with the preferred shapes and characteristics, starting on a larger scale, where 

the surface was imparted through the removal of material, using, for example, etching 

techniques. Conversely, in bottom-up approaches construction of superhydrophobicity are 

achieved through the nanoscale assembly of structures.  
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Figure 13 Two approaches for synthesis of nanomaterilas and the fabrication of superhydrophobic ocating. Top-down 

approach refers to slicing or successive cutting of a bulk material to get nano sized particle. Bottom-up approach 

refers to the build uo of a material from the bottom atom by atom molecule by molecule. Atom by atom deposition leads 

to formation of self-assembly of atoms, molecules and clusters. These clusters come together to form self-assembled 

monolayers on the surface of substrate. 

 

2.3.1. Top-down Fabrication Techniques 

Templating 

 

Templating technique is an imprint-related way to prepare superhydrophobic surfaces, 

replicating a pattern or shape trough two or three dimensional printing, pressing or growing 

against the original surface, resulting in the formation of a replica of the original surface. 

Replicas of plant leaves containing superhydrophobic properties have been widely 

fabricated. A templating technique is widely used for fabricating large-scale nanostructured 

coating76.For example, Singh et al. created a polydimethylsiloxane (PDMS) mold by 

casting PDMS solution against the surface of Lotus and Colocasia leaves. Thus allowing 

the construction of micro-scale tribological property by replicating natural surfaces on thin 

polymeric film. The formation of microprotrusions and the nano-architecture created by 

the original Lotus leaves resulted in a water contact angle (WCA) of 160°77. 

In another study developed by Li et.al. (2002), where fabricated, through self-assembled 

silica colloidal templates, a three-dimensional fluoropolymeric macroporous film. This 

method involved coating an array of microspheres with nanospheres of silica, and the 

composite micro- and nano-structure on the porous PVDF film was responsible for the 

super-hydrophobicity78. 

Lithography 

 

Lithography is a conventional process for preparing superhydrophobic, which allow easy 

control over the structure and morphology of the substrate, creating micro and nano-

patterns. Different lithographic techniques that are in practice are photolithography, 
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electron beam lithography, X-ray lithography, soft lithography, colloidal lithography and 

nanosphere lithography. 

Soft lithography is used to develop superhydrophobic patterns on organic/ polymers 

substrate using relief patterns on a polydimethylsiloxane (PDMS) stamp through conformal 

contact. The structures generated using this method have been reported to be highly 

adhesive and superhydrophobic79. However, printed patterns methods are not considered a 

robust technique, because they are not thermally stable and have a tendency to be disrupted 

upon exposure to organic.  

Colloidal lithography technique incorporates the use of soluble particles as removable 

templates. Sun et. al. has reported a nanostructured surfaces fabricated using an organic 

template such as polystyrene (PS) with a WCAs as high as 150°. Surfaces developed using 

colloidal lithography often loss optical properties80.  

Electron beam lithography (EBL) is a commonly used lithographic technique, which offers 

significant advantages to fabricate well-defined primary microstructures with secondary 

nanostructures. This technique display high WCAs due its flexibility and high precision. 

Lui et al. has reported a successful attempt to fabricate hierarchical structures using EBL81. 

EBL is a versatile technique, as not only can the surface hierarchy be accurately controlled, 

but also the average spacing between the features. The technique has also proven to be 

relatively fast to perform. Martines et.al. employed two different technique, electron beam 

lithography and plasma etching, to produce an array of nanopits and nanopillars on the 

surface of the material. This surface was hydrophobized with octadecyltricholorosilane, it 

exhibited superhydrophobic properties with a WCA reaching up to 164°82.  

Chemical and Plasma Etching 

Etching techniques have been extensively applied to various substrate, such as polymers, 

for precise fabrication of engineered surfaces82. Plasma method has been extensively used 

to fabricate superhydrophobic surfaces on metals, polymers, and elastomer-based 

materials. Plasma etching of polymeric substrates involves the utilization of a highly 

reactive plasma species to modify the surface functionality of the substrate82. The main 

advantage of using this technique is that the plasma etching method can be used in 

conjunction with other fabrication techniques, such as lithography or templating, to create 

the desired surface83. Teshima et al. produced a transparent superhydrophobic surface by 

using two processing techniques. First, nanotexture was formed on a poly(ethylene 
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terephthalate) (PET) substrate via selective oxygen plasma etching followed by plasma 

enhanced chemical vapour deposition using tetramethylsilane as the precursor. The surface 

fabricated by this process showed a WCA greater than 150°84. 

The hydrophobicity surface features change upon variation of the etching parameters, such 

as the etching gas ratio, reaction exposure time, and applied power.  

Chemical etching has been used to modify substrate such as nickel, silica, stainless steel, 

and titanium dioxide. This process allow simultaneous modulation of the geometrical 

microstructure and chemical composition, producing nanostructured superhydrophobic 

surfaces that display WCA in the range of 130°–150°85,86. 

Wet chemical etching has been widely used to produce superhydrophobicity for a wide 

range of metal surfaces, such as copper, aluminium alloy. Qian and Shen et. al. developed 

a simple surface roughening method using a chemical etching technique on tree 

polycrystalline metals (aluminium, copper and zinc) . The etched surface after treating with 

fluoroalkylsilane exhibited a WCA of 153°87.  

2.3.2.  Bottom-up Fabrication Techniques 

Hydrothermal Reaction 

Hydrothermal technique is an efficient method that use “bottom up” route, for the 

production of superhydrophobic materials with a variety of patterns and morphologies. 

Nanolamellar structures of CaTiO3 on titanium surfaces were successfully produced using 

an in situ hydrothermal synthesis technique. Superhydrophobicity was obtained by 

chemical modification using vinylterminated PDMS 88.  

Li et al. and co-worker used an inorganic precursor to produce superhydrophobic complex 

metal oxide monoliths by selective leaching of a MgO sacrificial template from the sintered 

two phase composites 89. 

Hydrothermal methods are a simple, fast, cheap way for generating hydrophobic surfaces 

on a large scale and with low cost. This process results in a high level of surface 

hydrophobicity on specific substrata such as silicon, titanium, aluminium and zinc90. This 

process treats the sample surface, mostly polycrystalline metals, in a highly acidic or highly 

alkaline solution in a controlled temperature and pressure environment91.  
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Electrospinning 

Electrospinning is a highly versatile technique that allows the continuous fabrication of 

fine nanofibers. The basic apparatus for electrospinning consists of three main components: 

the feed system, a high voltage power supply, and the ground base collector for the 

electrospun needle/fiber. The fibers so formed are collected as nonwoven mats and have 

high surface-to-volume ratio and porosity, small pore size, and a high degree of 

flexibility92. A composite film made using electrospun polyaniline resembling the surface 

of a Lotus leaf has also been successfully produced93. This particular composite has the 

potential to exhibit extreme superhydrophobicity. Electrospun fibers have been shown to 

form surfaces with variable WCA values. However, the highest degree of 

superhydrophobicity (WCA greater than 150°) has been recorded on the formation of bead-

containing fibers with small diameters combined with the presence of hydrophobic.  

Layer-by-Layer Assembly 

Self-assembly and layer-by-layer (LbL) assembly are based on sequential adsorption in 

solutions of oppositely charged thin films. A multilayer film can be fabricated by 

alternately dipping a charged substrate into aqueous solutions of oppositely charged 

materials. The precise parameters of the process can be easily controlled to generate 

hierarchical micro/nanostructures. Controlling parameters are concentration, temperature, 

pH, and ionic strength of the dipping solutions94. 

Superhydrophobic surfaces fabricated by this LbL technique is dependent on the 

electrostatic interaction between the oppositely charged polycations and polyanions, which 

allow the control of the thickness of the resulting deposition layer with molecular 

precision95. 

Lee et. al. reported a dual-size roughness surface consisting of raspberry-like structure of 

superhydrophobic films by assembling layer of silica nanoparticles96. Deposition of 

nanosized silica particles on a glass substrate with the formation of a self-assembled 

monolayer of dodecyltrichlorosilane has produced a stable superhydrophobic surface97. 

Ming et al. also synthesized raspberry-like particles using amine groups. In this process, 

amine-functionalized silica particles of size 70 nm and epoxy-functionalized silica particles 

of size 700 nm were covalently grafted through the reaction between epoxy and amine 

groups. The surface exhibited superhydrophobicity, WCA 165°,after modification with 
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PDMS98. An advantage of LbL assembly is its ability to adjust the size/ratio of the 

hierarchical dual nanostructures without the need to incorporate the use of any organic 

solvent. 

Electrochemical Deposition 

Electrochemical deposition is widely used to mimic naturally occurring superhydrophobic 

and super “sticky” surfaces. Electrochemical methods that incorporate the use of common 

chemical reactions are frequently used to fabricate superhydrophobic nanostructures98.  

In electrodeposition parameters are significantly affect the morphology of metallic films 

fabricated through this method This parameters including growth temperature, time period 

of deposition, proper concentration, and composition of the working electrolyte, and the 

working voltage 99. Bell et al. reported a galvanic deposition technique on metals to deposit 

metallic salts solution, which resulted in the formation of superhydrophobic surface with 

WCA of about 173° 100. 

Electrodeposition technique allows an efficient way of fabricating nanostructures through 

a process that is low in cost, suitable for large scales, environmental friendly, easy to use, 

and suitable for low-temperature processing. 

Sol–Gel Methods 

Sol–gel methods have been frequently used to fabricate superhydrophobic structures in all 

kinds of solid substrates and exhibit a WCA as high as 160° 101,70. In the literature this 

particular technique has been used on a variety of substrates such as wood, textiles, metals, 

glass, alumina, and stainless steel 102-103. 

In a sol–gel process, the starting materials, metal alkoxides M(OR)n, modified into a glass-

like substance through of inorganic polymerization by hydrolysis and polycondensation 

reactions104. These composite materials derived by sol- gel process, so called organic-

inorganic hybrid materials, gives rise to transparent superhydrophobic coating. 

The film that results from using the sol–gel process can be controlled by varying different 

parameters, working protocol and the reacting mixture composition. In addition, sol-gel 

process is suitable for low-temperature processing and generates a high degree of surface 

homogeneity105. Transparent sol-gel film was prepared by hydrolysis and condensation of 

alkoxisilane compound. Hikita et.al. used colloidal silica and fluoroalkysilane to control 
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surfaces energy and roughness of the film106. This film demonstrated 150° and 120° contact 

angles for water and dodecane, respectively. Shang et al. described an easy method to 

fabricate a transparent superhydrophobic film by modification of silica based gel films with 

a fluorinated silane107. The surface is often coated with methyltriethoxysilane (MTES) or 

tetraethoxysilane (TEOS) to enhance and control the hydrophobicity of the surface. A silica 

based coating, prepared by a single step sol–gel process on copper substrate using MTES 

was found to be not only hydrophobic, but also reduced the active permeability of corrosive 

substrate108.  

Chemical Vapour Deposition 

Chemical vapour deposition (CVD) is a versatile method to create thin film onto a solid 

substrate, including large and small substrates, such as glass and steel, by using gas/phase 

precursors. Therefore, this technique requires volatile reactants, which can be a major 

limitation for the deposition of some films109 This process can either be applied to induce 

superhydrophobicity on the reactant surface or to deposit a thin film on the surface, which 

in turn makes the base substrate superhydrophobic.  Super-hydrophobic carbon nanotubes 

(CNTs) were prepared by chemical vapour deposition of tetrafluoromethane (CF4), to allow 

fluorination of CNTs and results in an increase in hydrophobicity, with water contact angles 

as large as 165° recorded 110. 

Selected deposition methods are provided according to the particular material, the type of 

film required and the precursors available. There are some commonly-used variations of 

CVD are metal– organic CVD (MOCVD)111, plasma enhanced CVD (PECVD)112, low 

pressure CVD (LPCVD)113, atmospheric pressure CVD (APCVD)114, laser assisted CVD 

(LACVD)115, liquid injection CVD115. 

Another variation from conventional CVD is aerosol assisted (AA)CVD, which involves 

the use of an aerosol precursor solution and therefore the reactants are in the liquid-phase 

removing the volatility requirement116. 
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Sol-gel chemistry 
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3.1 Sol-gel background 

The sol-gel process can be defined as the synthesis of inorganic or organic network by a 

chemical reaction in solution at low temperature. The sol is a stable colloidal suspension 

of solid particles in a liquid, in which the dispersed phase is small (1-1000 nm) that the 

gravitation force is negligible and interactions are dominated by short range forces, such 

as Van der Waals attraction and surface charge. The gel is defined as a continuous solid 

skeleton made of colloidal particles. This continuity within the solid structure ensures that 

the gel is elastic. Moreover, in some particular sol, when attractive dispersion forces act, 

these are bound to each other up to form a network. The peculiarity of a gel, however, does 

not lie in the nature of the bonds present, be they covalent or van der Waals forces. 

Therefore, gels is considered as a continuous liquid and solid phase of colloidal size. 

The sol-gel process allows the fabrication of ceramic materials and the synthesis of 

multifunctional inorganic-organic composites. These composites have the potential to 

combine certain structural properties of different classes of materials. The “hybrid” as the 

generic term for inorganic-organic materials where the constituents are covalently bonded 

to each other are defined ORMOSILS (organically modified silicates) and ORMOCERS 

(organically modified ceramics). When inorganic-organic constituents are not covalently 

bonded, but there are forces acting between the constituents, are defined “nanocomposite”. 

By employing sol-gel method, it is possible either to generate nanoparticles or to form 

three-dimensional structures. 

In general, the starting solution of precursors can be either an inorganic metal salt (chloride, 

nitrate, sulfate, etc.) or a metal alkoxide117. Metal alkoxides M(OR)n, surrounded by 

different ligand ( M= Si. Ti, Zr, Al, etc. and OR= OCnH2+1) are part of the bigger family of 

metalorganic compounds. Alkoxides precursors are available for many metals and they 

provide a convenient source for inorganic monomers. They are the most widely used 

precursors, because react easily with water. This is due to the presence of highly 

electronegative OR groups (hard-π donor), that stabilize metal ion in its highest oxidation 

and render metal very susceptible to nucleophilic attack 118,119. Thus, M(OR)n undergo 

easily hydrolysis to introduce a reactive hydroxyl group on the metal. This step is followed 

by the formation of metal oxo-bridges (-O-) by condensation reaction or metal hydroxo-

bridges (-OH-M-) by addition reaction when the coordination number of the metal is higher 
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than the valence state (figure 12). The inorganic network progressively grows from the 

solution, leading to the formation oligomer, colloids and a solid phase. Alkoxides are 

generally not miscible in water so that a common solvent, usually alcohol (ROH) is used. 

 

Figure 12 Hydrolysis (1) and condensation reaction with formation of oxo-bridges (2) and hydroxo-bridges (3). 

Sol is always the starting point of the production, solid particle in the sol afterwards 

undergo cross-linking reactions, which evolves towards the formation of a gel whose 

morphologies range from discrete particles to continuous polymer networks. Various 

applications are feasible for sol gel process, starting directly from the gel state and keeping 

compositional and microstructural control at low processing temperatures. Depending on 

the type of drying gels, it obtained a xerogels; if gel is dried by evaporation, whereas 

aerogels is dried by supercritical extraction of solvent120. By a subsequent drying process 

at high temperatures, it is possible to obtain a solid ceramic with low porosity. It is also 

possible to produce fibers obtained directly from viscous sol, which is then sintered at high 

temperatures121. One of the main sol–gel applications is the coating of surfaces. In this case, 

dip and spin coating procedures are used to deposit the sol onto the substrate to form the 

thin film (figure 14). Sol-gel derived coating is one of the most promising application of 

sol-techniques, since coating can be applied on various substrates, such as metals, glass 

and ceramics, without expensive equipment.  

This thesis project has been take into consideration the sol-gel process of silicon alkoxides 

precursors to development of functional coating on the glass substrate.  
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Figure 14 Schematic diagram showing the sol–gel process and its various products. 

3.2. Sol-gel process of silicon alkoxides 

Hybrid nanocoating formed from various combinations of silicon alkoxides constitute a 

class of composite materials with combined properties of polymers and ceramics. They are 

finding increasing applications in protective and functional coatings, optical devices, 

photonics, sensors and catalysis. 

Alkoxysilane or silicon alkoxides have been the most widely metal-organic precursors for 

preparation of hybrid materials by sol-gel processing. Typically, general formula of silicon 

alkoxides are Si(OR)4, where R is an alkyl group (R = -CH3, -CH2CH3, -CH2CH2CH3... ), 

R’nSi(OR)4-n, where the organofunctional group R’n organic groups chemically linked to 

the alkoxides.  

The sol-gel coating process usually consists of four main stages: 1) hydrolysis and 

condensation reactions, where polymerization of monomers to form chains and particles 

takes place; 2) gelation and 3) aging are two steps during which growth and agglomeration 

of the polymer structures occurs, followed by the formation of the networks that extend 

throughout the liquid medium; 4) drying, heat treatment in which solvent and by products 

are removed and the network shrinks, as a further condensation occurs, to form a solid 

hydrid material (figure 15). Each stage will be described in details in the following sections, 
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and all of them are basically affected by the initial reaction conditions, such as pH, 

temperature, molar ratios of reactants, solvent. 

 

Figure 15 A schematic illustration of sol-gel process steps. 

3.2.1. Hydrolysis and condensation 

The sol-gel process is essentially based on two reactions: hydrolysis and condensation. It 

is very difficult study these two phenomena separately; they are triggered when it is being 

prepared the solution of precursors and, for example, the condensation starts before the 

hydrolysis has arrived complete. Hydrolysis reaction of alkoxysilanes gives reactive silanol 

groups , it may go to completion Si(OH)4, so that all of the -OR groups are replaced by –

OH, or stop while the metal is only partially hydrolysed, Si(OR)4-n(OH)n . 

The most widely used silicon alkoxide is the tetraethylorthosilicate TEOS = Si(OC2H5)4, is 

the first alkoxide of the series, followed by the tetramethylorthosilicate TMOS = Si(OCH3), 

which are both commercially available. Because water and the alkoxisilanes are 

immiscible, a mutual solvent to homogenize the solution is needed, even if in some cases 

the alcohol produced as the by-product of the hydrolysis could be enough for homogenize 

the initially phase separated system. 

Figure 16 shows the TEOS-ethanol-water ternary phase diagram 122; in this system the 

miscibility zone increases with the decrease of TEOS content as it should be expected 

because of the hydrophobic nature of the ethoxy groups in TEOS. The choice of the co- 
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solvent is not limited to ethanol and other alcohols or solvents, such as tetrahydrofurane or 

1,4 dioxane have been employed. 

 

Figure 16 TEOS-ethanol-water phase diagram (25 °C). The alcohol has been added as a 95 % ethanol and 5 % water 

mixture for pure ethanol the miscibility line is shifted slightly to the right.122 

 

The silanol groups formed in the hydrolysis process tend to give polymerization reactions 

with the formation of Si-O-Si bonds. The condensation reaction can take place mainly 

according to two mechanisms: attack of a silanol group on a silicon atom and subsequent 

expulsion of a water molecule and attack with elimination of an alcohol molecule in the 

case of a partially hydrolyzed monomer (figure 17). 

The number of bonds that a monomers can form is called functionality f ; typical oxide 

monomers are polyfunctinal, such as bifunctional f=2, trifunctional f=3, or tetrafunctional 

f=4. A completely hydrolysed monomer Si(OH)4 is tetrafunctional monomer, thus 

polymerization of silicon alkoxide can lead to complex branching of the polymer. The 

condensation reaction leads to the formation of a colloidal solution that evolves in a gel. 
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Figure 17 Hydrolysis and condensation reaction of alkoxysilane. During hydrolysis, the stepwise substitution of the 

alkoxide ligands by hydroxyl groups produces the essential reactive hydrolysed monomers that are consumed in the 

subsequent condensation reactions. 

 

Silicon has low electrophilicity and remains four-coordinated in monomeric Si(OR)4 

alkoxide precursors. The partial positive charge on silicon δ(Si) in Si(OC2H5)4 is +0.32 

makes silicon less susceptible to hydrolysis and condensation reaction. In addition, the 

sensitivity of silicon alkoxides toward hydrolysis and condensation mainly depends on the 

steric hindrance of alkoxy groups. In general, a lowest hydrolysis rate is associated with an 

increase of the organic group size in the silicon alkoxide. Thus, silicon alkoxides are less 

reactive to hydrolysis and condensation reaction rates must be increased using catalyst as 

acid or base. This is an important choice because the sol structure is largely dependent on 

the selection of the catalyst 123. In the acidic solution particles aggregate into a three-

dimensional networks and form a gel, while in basic solution the particles grow in size with 

decrease in number (figure 18). 
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Figure 18 Structural development of silica gels 122. 

 Acid Catalysed Hydrolysis and Condensation 

In the first hydrolysis step in acid solution, an oxygen group of the alkoxide group is 

protonated, making the silicon more electrophilic and therefore more susceptible to 

nucleophilic attack by the water. The most likely reaction mechanism is the formation of a 

five-term intermediary and is of the SN2 type, figure 19. 

Based on the SN2 mechanism proposed, the rate of hydrolysis is increased by substituents 

with little steric hindrance and by substituents with electron-donor effect, the latter 

stabilizing the formation of positive charges. Indeed, the rate of hydrolysis decreases as the 

alkoxide groups are replaced by hydroxyl groups. 

The groups that are most easily protonated are naturally the most basic, and therefore the 

silanol groups contained in monomers or in slightly branched oligomers. For this reason 

the condensation probably occurs with reaction of a neutral species with a Si - OH group 

located on the monomer or with an end group of a chain. 

The substitution of alkoxid groups (electron donors) with electron withdrawing groups -

OH and groups –O-Si, with the progress of the reaction, tends to destabilize the formation 

of positive charges in the transition state; this effect slows down the condensation kinetics. 
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In acidic catalysis, the hydrolysis reaction is faster, but the reverse re-esterification reaction 

is also favoured. Esterification of the silanol involves the protonation of the hydroxyl 

group, therefore it occurs more rapidly in an acidic environment, in which usually one 

works at a pH 1-3 (high [H+]). The condensation kinetics decrease as the degree of 

substitution progresses. Condensation proceeds mainly by reaction of neutral species with 

protonated Si - OH groups, leading to the formation of little branched chains. 

 

Figure 19 Acid catalysed hydrolysis and condensation reactions. 

 

 Basic Catalysed Hydrolysis and Condensation 

In the case of basic catalysed hydrolysis and condensation, the reactions are caused by 

hydroxyl ions (OH-) which have strong nucleophilicity and are strong enough to attack 

directly the silicon atom. The hydrolysis of silicon alkoxides in a basic environment, with 

the same concentration of the catalyst, proceeds at a lower rate than the acid hydrolysis. 

The replacement of the first alkoxide group proceeds very slowly, but the subsequent steps 

are gradually faster as the number of groups replaced on the monomer increases. A SN2-

type mechanism has also been proposed for base-catalysed hydrolysis, with the formation 

of penta- coordinated transition states, figure 20. 
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The hydrolysis reaction is an equilibrium reaction and can therefore proceed in the reverse 

direction. Esterification of the silanol involves the deprotonation of an alcoholic group to 

form the nucleophilic RO- in the basic environment. For this reason, the reaction of 

hydrolysis in a basic environment is slower but complete and almost irreversible. The 

presence of deprotonated silanol groups on growing species means that there is mutual 

repulsion between them, thus favouring the addition of the monomer to the growing cluster 

rather than the condensation between oligomeric species. 

 

Figure 20 Base catalysed hydrolysis and condensation reactions. 

Temperature plays a decisive role because the silicic structure formed in the condensation 

process is soluble in a basic environment and its solubility increases with temperature. 

Since the smaller particles are more soluble than those of greater, increasing the 

temperature tends to favour the dissolution of the smaller particles, with the release of 

monomer that is added to the larger and less soluble particles. Therefore, by increasing the 

temperature it is possible to obtain larger particles.

3.2.2. Effect of the catalyst and pH dependence 

The process of polymerization takes place in three different stages: polymerisation of a 

monomer and formation of particles; particle growth and linking the particles in chains and 

subsequently extending the network through the liquid, which thickens until gel formation. 
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In particular, polymerization can take place in different ways depending on the conditions 

of pH. Approximately three pH domains can be distinguished: pH < 2; pH between 2 and 

7; pH > 7. 

The pH levels 2 and 7 constitute boundary for different reasons. The first is related to the 

fact that in the silica - water systems both the point of zero charge (PZC), where the surface 

charge is zero, and isoelectric point (IEP), where the electrical mobility of the silica 

particles is zero; both are in the range pH 1-3. On the other hand, for a pH value of 7, the 

solubility of the silicon particles and their dissolution rate are maximized, and the silica 

particle are ionized above pH 7. For higher pH values, however, the particles growth 

without aggregation or gelation, figure 21. 

  

Figure 21 Sol stability. Effect of pH in the colloidal silica water system. 

 

The gel times decrease steadily between pH 2 and 6 and aggregation rate increase. Above 

the IEP the condensation rate is proportional to concentration of OH- as in the following 

reaction (1) and (2): 

 

The most acidic silanols (those more likely deprotonated according with reaction (1)) are 

contained in the highly condensed species. Therefore, condensation occurs preferentially 

between highly condensed species and less condensed, neutral species through the 

formation of chains and networks. This means that the condensation degree is low, but once 
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the dimers have formed, they react preferentially with monomers to form trimers, which in 

turn react with other monomers to form tetramers. Cyclic species can be formed by 

condensation of reactive sites within the same molecule or more likely intermolecular, 

figure 22. At this point, the polymerization results proceed quickly, also thanks to the 

presence of the numerous final sites of the chains and the substantial decrease of the 

monomeric units. The growth and the aggregation process are almost indistinguishable, 

because they take place almost simultaneously. However, the particles growth stops once 

the dimensions are reached of 2 - 4 nm, it is due to the low solubility of silicon at these pH 

levels. 

 

Figure 22 Figure Formation of cyclic species during sol-gel reactions. 

 

Above pH 7, the polymerization proceeds in a similar way and the solubility increases 

proportionally to the basicity. Furthermore, as the condensed species are ionized more 

easily, the growth takes place first through the addition of monomers to the particles with 

a higher degree of condensation, and subsequently through the aggregation between the 

particles themselves. The growth of the primary particles continues through the Ostwald 

ripening, where the smaller particles dissolve and the dissolved silica is deposited on the 

larger particles. In this way growth is encourage, until a certain size, which depends mainly 

on temperature (temperatures higher ones produce larger particles due to increasing 

solubility of silica). In these pH conditions and in the absence of salts, a concatenated 

network is not obtained, because the agglomerates they are mutually repulsive. Thus, sols 

are constituted of particles of size rather large that can be used in industry. 
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As show in reaction (3), pH values lower than 2, silica is in metastability conditions, where 

the time required for gel formation is quite long. The polymerization rate is proportional to 

[H+] and involves the formation of a silicon ion ≡Si +. The formation and aggregation 

processes of primary particles are simultaneous and in such conditions (reaction (4)), a 

network made up of smaller dimensions, characterized by lower density due to low 

solubility. 

 

In conclusion, the change of hydrolysis and condensation rates as a function of pH can be 

followed in figure 23. In acid catalysed systems, the hydrolysis is faster than condensation, 

while in basic catalysed system a reverse trend is observed. The differences in the reaction 

rate in basic and acidic routes produce also difference structure of the silica clusters. Acid 

conditions, the higher reactivity of the electrophilic silicon, promotes the growth of - Si-O-

Si- bonds more chain-like structures. In basic conditions, the reactions rates of hydrolysed 

or partially hydrolysed species is higher than the monomeric alkoxide, branched and more 

connected silica structure are obtained, figure 24.  

The hydrolysis rate is faster than condensation at pH lower than around 5; and it decreases 

with the increase of pH until a minimum around 7. After this value, the hydrolysis rate 

increases quickly with the alkalinity of the solution. On the other hand, the condensation 

rate has a similar trend and decreases with the increases of pH even if has a lower reaction 

rate with respect of hydrolysis up to the value of around 5. After this pH value the 

condensation rate, quickly rise up to around 10, then decreases again. At this higher pH 

values, the cleavage of silica bonds is quickly rising and condensation and hydrolysis are 

in competition. 
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Figure 23 Relative hydrolysis and condensation rates as a function of pH for a silicon alkoxide. 

 

 

Figure 24 Formation of a gel from an acid (a) or basic (b) catalysed hydrolysis, the change of inorganic structure from 

a sol to a gel
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3.2.3. Effects of precursors 

Hydrolysis and condensation reactions are deeply affected by the structure of the silane 

alkoxides. The reactivity of organically modified alkoxides depends on the steric hindrance 

of the organic substituents groups. The reactivity of silicon alkoxides decreases with the 

increase of the size of the substituents because of the steric hindrance, therefore hydrolysis  

and condensation rates are lower the most by branched alkoxy groups. 

The electronic density of the silicon atom depends also on the nature of the substituents. 

Electron donor group, as an alkyl –R or alkoxy –OR group, in acid condition increasing 

the hydrolysis rate, whereas under basic condition the reverse trend is observed. 

Replacement of more electron donating OR groups with progressively more electron-

withdrawing OH and OSi groups, in the base-catalyzed condensation reaction enhance the 

kinetics, figure 25.  

In organosilanes organic substituents influence the acidity of silanols involved in 

condensation. Electron donating alkyl groups reduce the acidity of the corresponding 

silanol. Conversely, electron-withdrawing groups (OH or OSi) increase the silanol acidity, 

and the condensation rate for oligomeric species occurs at about pH 2. From the standpoint 

of organically modified alkoxysilanes RxSi(OR)4-x indicate that acidic condition are 

preferable, because acid is effective in promoting hydrolysis both when substituent are not 

present and when the degree of substitution is greater than zero. 

 

 

Figure 25 Inductive effects of substituents on silicon atom.
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3.2.4. Water molar ratio 

Water is water is an essential component in the sol-gel synthesis, and one of the key 

parameters to be controlled in the process. The hydrolysis reaction is affected by a quantity 

of water present in the system, water/alkoxyde ratio (H2O:Si) through r or alternatively 

alkoxy/water ratio Rw  index, espressed the amount of water which is available to start the 

hydrolysis, and it will affect the kinetic of the polycondensation process. 

The stoichiometric value of r is 4 (Rw = 1), it means that four molecules of water are 

necessary for a complete hydrolysis of a tetravalent alkoxide M(OR)4, while a ratio of 2 is 

enough for conversion of M(OR)4 into an oxide. 

Increasing the amount of water available while keeping constant the amount of solvent, the 

silicate concentration is reduced. This dilution effect will change the hydrolysis and 

condensation rate with an increase of the gel time.  

Figure 26 shows how the gel time changes as a function of the water/TEOS ratio keeping 

constant the solvent. The grey part indicate when water is present in understoichiometric 

amount, r < 4 and the white areas when the ratio is higher than four, r > 4. Higher content 

of water the gel time decreases, because more water is available for the hydrolysis; after 

around r = 5. However, the dilution effect is more effective and the gelation time increases 

quickly with the water content. 

The gel time also increases with the amount of solvent in the sol; the concentration of the 

oxide species is very important, more the sol is diluted longer will be the gel time. When 

the amount of water increase, the system could potentially enters in an area of immiscibility 

in the ternary phase diagram water/TEOS/ethanol fig.; the polycondensation reactions, 

however, produce also alcohol as a by-product which in most of the cases is enough to 

homogenize the system. 
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Figure 26 The gel time as a function of the water/TEOS molar ratio. The three different curves show the change of gel 

time at different ethanol/TEOS ratios (1, 2 and 3). 

 

3.2.5. Effect of the solvents 

Solvents are added to prevent separation between the liquid phases in the first step in the 

hydrolysis process and to control the concentrations of silicates and water, because they 

influence the kinetics of gel formation. 

The more polar solvents are often used to dissolve the polar silicates used in the sol-gel 

process. On the other hand, less polar solvents can be used in alky-substituted systems 

where complete hydrolysis is not desired. The availability of protons determines whether 

anions or cations are soluble more strongly through hydrogen bonds. As hydrolysis is well 

catalyzed in both acidic and basic environments, solvent molecules that bind by hydrogen 

bonds to hydroxyl ions have or hydronium ions, reduce catalytic activity. The aprotic 

solvents not form hydrogen bonds with hydroxyl OH-, ions (making the ions themselves 

more nucleophiles, while the protic solvents make H+ ions more electrophilic. Co-solvents 

can be added as drying control chemical additives (DCCA) in order to facilitate rapid 

drying of gels without cracking. 

3.2.6. Gelation  

A gel consists of a porous, three-dimensionally continuous solid network surrounding and 

supporting a continuous liquid phase (“wet gel”). Formation of the gels is due to the 

formation of covalent bonds between the sol particles. Gel formation can be reversible 

when other bonds are involved, such as van der Waals forces or hydrogen bonds. The 

structure of a gel network depends largely on the size and shape of the sol particles. 
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The gelation point, which divides the state of gel from the state of sol, is observable in a 

qualitative manner but its analytical understanding is complex. Normally, a given gelation 

time (Tgel) is associated with a rheological properties of the sol. The condensation and 

growth process is associated with an enhancement of viscosity (η), which increases with a 

power law until diverging near the gel point. There are also two principal theories to 

identify the gel point, one more commonly defined "classical" theory, or mean field theory, 

developed by Flory and Stockmayer 124; and the percolation theory examined by Zallen 

and Stauffer125. 

A simplification of the process initially involves the formation of clusters, which then 

increase, interpenetrating each other with physical nodes and chemical bonds, until 

macromolecules are obtained. These macromolecules, in their turn, bind each other 

forming the spanning cluster, this point is define gel point. The reactions, which lead to the 

formation of the gel, generally do not stop at the gel point, because there is still an 

appreciable amount of free oligomers to diffuse and react. The properties of the gel, such 

as the elastic modulus, continue beyond the gel time (Tgel) and therefore depend on the 

aging time. T gel is not an intrinsic property of the sol, but depends on several factors. The 

elements that increase the condensation rate, for example, lead to a decrease of the Tgel in 

silicon-based gels. Recently, some study have shown the correlation between solution pH 

and T gel. Another important factor is water amount; higher amount of water decrease the 

gel time. Finally, the factor is important for the pressure of the gel is the temperature. In 

fact, an increase in it is necessary for the solution so that the condensation process is 

completed within acceptable times. 

However, sol to gel transformation is a continuous transition, so there is not a specific value 

of temperature, pressure, and volume, which describes the transition event which is 

continuous and defined in statistical terms. Thus, a series of non-equilibrium aggregation 

processes leads to a sol-to-gel transition. Gelation can also be induced by rapid evaporation 

of the solvent, which is especially important for the preparation of films or fibres. 

3.2.7. Aging 

When the gel is kept in the liquid phase, its structure and properties continue to change 

even beyond the gel point. This process is referred to as aging time. During the aging phase, 

four processes can occur simultaneously or one at a time: polycondensation, syneresis, 

enlargement and phase transformation. Aging, with appropriate timing, is necessary in 
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order to reinforce the network before the drying process, in order to reduce the risk of 

breakage. In the aging phase, continue subsequent condensation reactions for the formation 

of the lattice as long as the adjacent silanols are close enough to react. 

The syneresis is the phase in which the gel contracts with the consequent expulsion of 

liquid from the pores. The syneresis is generally attributed to the formation of new bonds 

by means of the condensation reactions, which cause the reticule contraction and the 

expulsion of the solvent. it is difficult to make a distinction between this mechanism and 

polymerization reactions. 

Another mechanism that occurs in the aging process is the coarsening, or “Ostwald 

ripening”. This phenomenon consists in the coalescence of the particles in the dispersed 

phase. In other words, there is a decrease in the number of smaller particles to encourage 

the growth of larger particles. The mechanism is driven by thermodynamic stability, where 

larger particles are more energetically favoured by smaller particles due to the great surface 

tension. In fact, the molecules on the surface of the particles are energetically less stable 

than particles inside. This results that the smaller particles, which have a higher surface / 

volume ratio compared to large particles, they also have a greater surface tension and 

therefore will be more reactive. Therefore, in solution the smaller particles tends to be 

solubilized by increasing the concentration of the free molecules in solution. When the 

concentration of free molecules becomes supersaturated, they tends to deposit on the 

surface of the larger particles. All the smaller molecules tends to disintegrate favouring the 

growth of the large ones, to decrease the surface energy. 

Furthermore, the better morphological characteristic of the coating can be attributed to 

aging time: shorter aging times produces sols with high presence of unhydrolyzed precursor 

that possess low wettability and inadequate viscosity, generating discontinuous and non-

homogeneous coating. On the contrary, prolonged aging time promote the progress of the 

condensation reaction, which leads to a considerable increase in viscosity of the sols, as 

well as a high densification of the SiO2 network, producing coatings with cracking and 

delamination problems and reduces the thin film performances. 
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3.2.8. Drying  

The drying process can be divided into different stages, illustrated schematically in figure. 

27. Initially, the gel consists of a continuous solid network incorporating a continuous 

liquid phase. When evaporation begins to expose the solid phase, the liquid tends to spread 

over it, because the solid/vapour interface has a higher energy (γSV) than the solid/liquid 

interface (γSL) Figure 27 a). The sample undergoes a contraction proportional to the volume 

of liquid that evaporates, while the liquid-vapour interface remains outside on the surface. 

This first stage of the drying process is occurs at evaporation constant rate per unit of 

surface area and it is independent of time. At the beginning, the radius of the liquid-vapour 

meniscus on the surface is very large compared to the diameter of the pores, so the capillary 

pressure is low. 

As the liquid stretches to cover the solid, tensile stress appears in the liquid and 

compressive stress is imposed on the solid network. The gel network is so compliant that 

it collapses into the liquid (i.e., it is sucked under the surface) so that the network shrinks 

as fast as liquid evaporates, and the liquid/vapor meniscus remains at the exterior surface 

of the gel (figure 27 b). 

As the drying progresses, the formation of new bonds and the reduction of porosity, make 

the network increasingly rigid. Once the radius of the meniscus equals that of the pores of 

the gel, the force exerted by the liquid reaches its maximum value. The tension in the liquid 

can not lead to further contraction in the gel and therefore the solvent recedes into the 

network, leaving the air free to enter. During drying, the particles are too heavily packed 

and the internal rearrangement is no longer allowed. The radius of the meniscus is equal to 

the radius of the pores. This point is called critical point, because the solid is no longer able 

to contract and to accommodate the tensions induced by capillary pressure, the capillary 

tension is maximum, with consequent increase in the risk of fracture, figure 27 c). 

After the critical point the liquid-vapour meniscus recedes inwards. Evaporation still occurs 

on the surface as the liquid is still transported outwards through a thin film covering the 

pores. During the drying phase, the liquid, which withdraws inside the pores, generates a 

capillary tension, which causes a rearrangement of the structure, which becomes more 

compact, figure 27 d). At this point, the liquid withdraws inside, allowing the pores closest 

to the surface to fill with air. As the air enters the pores a thin film of continuous liquid 

allows a flow towards the outside, so that the evaporation can continue. When the liquid is 
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isolated in the pores and the drying can proceed only with the evaporation of the liquid 

inside the sample and diffusion of the vapour towards the outside. 

The stress generated in the contraction process is greater for gels prepared in acidic 

catalysis, due to the smaller size of the pores. The gels prepared in basic catalysis, on the 

other hand, consist of dense clusters separated by large empty spaces which therefore 

generate a low surface tension. 

 Figure 27  Schematic depiction of drying of gel.  Initial condition a) evaporation from surface b) and dry region 

forms. Sp and Vp are surface area and volume of pore, respectively. At the critical point the radius of the meniscus is 

equal to the radius of the pores. The capillary tension is maximum c) After the critical point the liquid-vapor meniscus 

recedes inwards. Evaporation still occurs on the surface as the liquid is still carried out by flow through the thin film 

that covers the pores. When the liquid is isolated in the interior spaces, evaporation occurs inside the pores d). 
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3.3. Organically Modified Silicon Alkoxides precursors 

The organo-substituted derivatives alkoxides R’n-Si(OR)4-n figure 28, comes from to ability 

of silicon to form a strong and hydrolytically stable bond with carbon126. 

 

Figure 28 Organoalkoxysilane general structure. 

They are characterized by different geometry, length, rigidity and functionality, allowing 

incorporation of organic moieties in inorganic materials. This led to a conceptually novel 

class of hybrid materials; composed of both inorganic and organic group. The final product 

is a characterized by the presence in the backbone of carbon atoms covalent bonded to 

silicon; the materials have in general intermediate properties between inorganic oxides and 

organic polymers. These materials are usually called ORMOSILs (organically modified 

silanes) or ORMOCERs (organically modified ceramic), and they possess great potential 

because the polymer brings new properties to the inorganic network (flexibility, 

hydrophobicity, refractive index modification, etc.). They are characterized by a general 

formula R′Si(OR)3 but also bi R′2Si(OR)3 or three R′3Si–OR substitute alkoxides can be 

employed, figure 29.  

 

Figure 29 A tetra-functional silicon alkoxide (n = 0) acts as a “network forming” structure, a trifunctional silicon 

alkoxide (n = 1) behaves as a “cross-linker”, a difunctional silicon alkoxide (n = 2) behaves as a “bridging” agent, 

and a monofunctional silicon alkoxide (n =3) can be used as a “modifying” agent. 
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The organic components in hybrid coatings allow tailoring of hydrophobicity, flexibility 

and functional compatibility, while the inorganic components provide an increase of 

durability and adhesion to the substrate by forming covalent bonds.  

The organically modified alkoxides can be mainly divided in two groups, on the basis of 

the role played by organic group, figure 30.  

If R’ is a non- hydrolysable organic group, it will have a network modifying effect. The 

organic moiety containing a functional group that allows the attachment to an inorganic 

network, they can act as a network functionalization compound. Organic groups as 

fluoroalkyl, alkyl chain, aryl, etc., are used to modify permanent property of treated 

surfaces, such as hydrophobicity, hydrophilicity oleophobicity, absorption, adhesion or 

charge conduction. Methyl groups are commonly used as the organic part for preparation 

of the hybrids with non- functional component. For example, tetraethoxysilane (TEOS) 

and phenyltrialkoxysilanes modify the silica network in the sol–gel process via the reaction 

of the trialkoxysilane group without undergo further chemical reactions to the material 

formed. 

On the other hand, the system is called a network former, when a reactive functional group 

is incorporated. Moreover, if R’ can react with itself or additional polymerizable 

monomers, its acts as a network builder. Organic polymerization can be carried out 

simultaneously with condensation of hydrolyzed alkoxysilyl groups. Organofunctional 

groups (epoxy, vinyl, methacrylic, etc.) are open to additional polymerization, these leads 

to materials in which the inorganic group is afterwards an integral part of the hybrid 

network. These processes lead to the formation of organic/inorganic polymers and 

organic/inorganic copolymers. In the table 1 have been reported the common 

organoalkoxysilane employed in the sol-gel process117. 
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Figure 30 Schematic representation of organically modified sol-gel network 

Table 1 Some example of functional organosilanes and properties of result material 

Structure Name Comment 

 
Triethoxymethylsilane Network former  

 
Tetraethylorthosilicate Network former 

 
3-(Trimethoxysilyl)propyl methacrylate 

Monofunctional organic 

crosslinking 

 
Vinyltrimethoxysilane 

Monofunctional organic 

crosslinking 

 
(3-Glycidyloxypropyl)trimethoxysilane 

Monofunctional organic 

crosslinking (polyether-type 

links) 

 

1H,1H,2H,2H-

Perfluorodecyltriethoxysilane 

Hydrophobic and oleophobic 

modification 

 

Phenyltriethoxysilane Hydrophobic modification 

 

(3-Aminopropyl)trimethoxysilane Hydrophilic modification 
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3.4. Thin films deposition techniques 

The crucial importance of deposition technology is the fabrication of thin solid films of a 

variety of materials on different surfaces. Based on nature of deposition processes, the 

methods employed for thin film deposition are categorized in two groups, physical and 

chemical. The difference between the chemical and physical thin film deposition methods 

depends upon the method of depositing thin film material on the substrate, Fig.3.1.  

Depositions that happen because of a physical phenomenon are physical depositions. This 

uses mechanical or thermodynamic means to produce a thin film of solid. Some of the 

commonly used physical methods are: vacuum evaporation, electron beam evaporation, 

molecular beam epitaxy, pulsed laser deposition, reactive evaporation, cathode arc 

deposition, diode sputtering, plasma enhanced evaporation, reactive sputtering, magnetron 

sputtering. 

In chemical deposition, a fluid precursor undergoes chemical change at a solid surface, 

leaving a solid layer. Chemical solution deposition uses a solution of precursors dissolved 

in an organic solvent. This is a relatively in expensive, simple thin film process that is able 

to produce also stoichiometrically accurate crystalline phases. Some of the commonly used 

chemical methods are: chemical vapour deposition (CVD), spray pyrolysis (SPT), 

electrodeposition, anodization, dip-coating, spin-coating, spray-coting Successive ionic 

adsorption and reaction (SILAR), chemical bath deposition (CBD),  

The deposition of films from a liquid phase whose precursor solution has been synthesized 

via sol–gel chemistry has widely been applied to produce coatings of different 

compositions and structures. Coating deposition techniques can be broadly classified as 

either chemical or physical methods. The difference between the chemical and physical 

thin film deposition methods depends upon the method of depositing thin film material on 

the substrate. 

Wet deposition processes, such as spin-, dip- and spray-coating, are very versatile methods 

for producing homogeneous coatings, with thickness typically ranging from a few 

nanometres to a few micrometres, through spreading of a solution onto a substrate and 

evaporation of volatile compounds. On the other hand, dry deposition techniques, such as 

physical vapour deposition (PVD), chemical vapour deposition (CVD), and plasma-
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enhanced chemical vapour deposition (PECVD), are excellent control of the inner layer 

structure and composition with manufacturing rapidity and cost efficiency, figure 31. 

 

Figure 31 Classification of thin film deposition techniques 

The choice of technique will depend on the various selection criteria, specific application, 

and available resources. More than one technique can be used to deposit a given thin film 

material. Some techniques are commonly used in various R&D and production industries, 

such as dip coating and spin coating, because of their easy applicability and availability of 

standard equipment. In the present work, two of above mentioned deposition techniques 

was used. Dip-coating and aerosol assisted chemical vapour deposition are the techniques 

for the preparation of hydrophobic and self-cleaning thin films on glass. Below we discuss 

in detail this technique of deposition of thin films. 

 

Thin film 
deposition 
techniques

Physical 
Deposition 
Processes

Physical 
vapour 

deposition 
(PVD)

Pulse laser 
deposition 

(PLD)

Sputtering

Laser 
Ablation

Molecular 
beam epitaxy

Chemical 
Deposition 
Processes

Gas phase

Chemical 
Vapour 

Deposition 
(CVD)

Plasma 

Enhanced 
CVD 

Electro-
chemical  

vapour 
deposition

Atmospheric 
pressure CVD

Metal orgsnic 
CVD

Aerosol 
assisted CVD

Solution

Dip-coating

Spin-coating

Spray-
coating

https://www.sciencedirect.com/topics/chemistry/film-material
https://www.sciencedirect.com/topics/chemistry/film-material
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CHAPTER 4 

Hydrophobic and self-cleaning sol-gel 

coating on glass substrate via dip-coating 

deposition technique 
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4.1. Dip coating deposition technique 

Among various wet chemical deposition methods to obtain thin film on the surface, dip 

coating represents oldest commercially applied coating process127. Nowadays sol-gel 

derived coatings are being studied for a manifold range of applications such as 

ferroelectrics, dielectrics, sensors and actuators, membranes, superconducting layers, 

protective and optical coatings, ect. With dip coating, thin films can be deposited on 

cylinders, plates, and irregular objects. Basically, the process may be separated into three 

important technical stages, figure 32:  

1. Immersion. The substrate to be coated is immersed into the precursor solution at a 

constant speed a by a certain well time in order to leave sufficient interaction time 

of the substrate with the coating solution for complete wetting. 

2. Deposition. The substrate is withdrawn upward at a constant speed under controlled 

temperature and atmospheric condition. A thin layer of precursor solution is 

formed, i.e. film deposition. Excess liquid solution is drain from the surface. 

3. Evaporation. The solvent evaporates from the fluid, forming the as-deposited thin 

film, which can be promoted by heated drying. Subsequently the coating may be 

subjected to further heat treatment in order to burn out residual organics and induce 

crystallization of the functional oxides. 

 

Figure 32 Schematic representation of dip-coating process. 

 

 

1. 2. 3. 
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The dip coating, involves immersing a substrate in a solution bath for some time and once 

it is completely wetted it is removed vertically from the coating bath at some withdrawal 

constant speed, Uo. The substrate is entrained upward the liquid, in a fluid mechanical 

boundary layer, δ, that splits in two above at the free surface (point S in figure 33) the liquid 

bath surface, returning the outer layer to the bath. Above the stagnation point S (figure 33) 

point, the process is steady state with respect to the liquid bath surface and film acquires 

an approximate wedge-like shape that terminates in a well-defined drying line (x= 0). The 

species in the precursor solution are initially concentrated by evaporation of solvent, as 

they are transported from the coating reservoir toward the drying line within the thinning 

fluid film during withdrawal. They are further concentrated (compacted) at the final stage 

of the deposition process by the capillary pressure PC. The non-volatile species are 

progressively concentrated by evaporation, leading to aggregation, gelation, and final 

drying to form a type of dry gel or xerogel layer. The coating thickness ho is related to the 

streamline dividing the upward and downward moving layers. 

 

Figure 33 Flow patterns (streamlines) during the dip-coating process. U0 is the withdrawal speed, S is the stagnation 

point, δ the boundary layer, and h0 is the thickness of the entrained fluid film on the substrate. 

 

Competitive forces govern the film thickness; it is a function of the withdrawal speed, 

solvent evaporation, matrix concentration, and viscosity 

In the case for sol-gel film deposition the substrate speed (typical range of ~1–10 mm/s) 

and liquid viscosity η are low. Thus, the thickness is modulated by the ratio of viscous 

drag to liquid-vapor surface tension γLV, according to the relationship derived by Landau 

and Levich for a Newtonian and non-evaporating fluid: 
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where ρ is the liquid density, g is the acceleration of gravity, viscous drag (ηU0) and gravity 

force (ρg). This draining approach is applied with withdrawal speeds in the range of ~1–

10 mm/s , it describes the thickness evolution of dip-coating derived films relatively 

well128.  

In case of very low withdrawal speeds, i.e. in the capillarity regime, the solvent evaporation 

becomes faster than the movement of the drying line leading to a continuous feeding of the 

upper part of the meniscus by the precursor solution through capillary rise. By assuming 

that the evaporation rate E is constant and applying the mass conservation law the following 

relation for the final film thickness hf (i.e. after stabilization by thermal treatment) could 

be derived for the capillarity regime129: 

 

where ci is the inorganic precursor solution concentration, Mi is the molar weight of 

inorganic material, αi is the fraction of inorganic material in the film, ρi is the density of the 

inorganic material, and L is the width of the film. Since αi does not vary significantly with 

U0 a new solution dependent material, proportion constant ki  is introduced. The sol-gel type 

of coating using alkoxides or pre-hydrolysed sols are open reactive system when it applied 

in dip-coating, therefore the control of the atmosphere is indispensable. The atmosphere 

control the evaporation of the solvent and subsequent leads to the gelation process and the 

formation of a film due to the nanometers particle size in the sol, figure 34 . 
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Figure 34 Schematic of dip-coating process, showing the sequential stages of structural development that result from 

draining accompanied by solvent evaporation, continued condensation reactions, and capillary collapse 130 

 

The final microstructure of the deposited film depends on several factors: 

 the structure of the entrained inorganic species in the original sol (for example, size 

and fractal dimension) 

 the reactivity of these species (for example, condensation or aggregation rates) 

 the time scale of the deposition process (related to evaporation rate and film 

thickness) 

 the magnitude of shear forces and capillary forces that accompany film deposition 

(related to surface tension of the solvent or carrier and surface tension gradients). 

Therefore, the use and setting up parameters in the dip coating deposition technique will 

be adjusted on based of the initial system. 

The most important requirements for successful dip-coating are that the condensed phase 

remain dispersed in the fluid medium, that macroscopic gelation be avoided, and that the 

sol be sufficiently dilute so that upon deposition the critical cracking thickness not be 

exceed
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4.2. Aim of work 

The hydrophobic surfaces are relevant for multifunctional applications such as self-

cleaning, water-resistant glass for architecture, easy-to-clean elements and glassware. 

However, producing this kind of coating with high transparency, hydrophobicity, good 

adhesion and mechanical properties remains a key challenge. Ideally, such coating should 

be able to maintain its designed performances after exposure at different conditions. In 

most cases, the surface changes hydrophobicity after exposure of increment temperature or 

to erosion/abrasion environment, this being associated with the elimination of the 

hydrophobic part. A suitable process of the synthesis is necessary to protect hydrophobic 

radicals, thus making possible to maintain the surface highly hydrophobic. Fabbri et al 130 

reported the preparation of organic-inorganic hybrid coatings by dipping, using a 

commercial perfluoropolyether (PFPE) as precursor. Water contact angle (WCA) around 

105° and oil contact angle (OCA) around 65° were obtained after curing at 100°C. The 

same precursor was modified using block copolymers in order to increase the WCA. 

Polymer-silica based hybrid coatings with similar WCA between 90° and 110° were also 

prepared131. Kessman et al used polysilsesquioxane resin (PSQ) and perfluoropolyether 

(PFPE) precursors to prepare hydrophobic coatings. The increment of temperature 

produced the decrease in WCA and OCA to 55° and 25°, at 150°C, respectively132.  

The aim of work was to obtain hydrophobic and self-cleaning coatings on glass surfaces to 

be used in glassware for oven and glass cooktop panels. For example, glass for oven, glass-

ceramic cook-top panels or cooking containers accumulate several substances or the dirty 

can be transferred by finger on the surfaces. Therefore, glass surfaces applied in kitchen 

space can be very difficult to clean, and it representing an important problems for 

consumers. In this work, an optimized process to obtain transparent and highly 

hydrophobic sol-gel coatings was investigated. Organoalkoxysilane sols were prepared 

incorporating an organic based precursor,1H,1H,2H,2H Perfluorooctyltriethoxysilane 

(POTS), into a silica-based hybrid sol of tetraethylorthosilicate (TEOS) and 3-

methacryloxypropyltrimethoxysilane (MPS) and deposited on microscope glass slide by 

dip–coating technique. In addition, it was studied the effect of adding silica nanoparticles 

on the characteristics and behaviours of the coatings such as hydrophobicity, self-cleaning, 

durability and mechanical robustness. The whole sol-gel synthesis, in this work, has been 

examined to obtain coatings with high contact angle at high self-cleaning property. The 
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results showed hydrophobic coating optically transparent and durable, exhibiting attractive 

easy-to-clean properties and being quite simple to upscale. 

4.3. Experimental details 

4.3.1. Materials  

Tetraethylorthosilicate (TEOS), 3-methacryloxypropyltrimethoxysilane (MPS), 

triethoxymethylsilane (TMES), 1H, 1H, 2H, 2H Perfluorooctyltriethoxysilane (POTS) 

were purchased from Dynasylan® (Evonik Industries AG) . Hydrochloric acid (HCl 37%), 

ammonium hydroxide (NH4OH 30%), sodium hydroxide (NaOH), potassium hydroxide 

(KOH ≥85%) ,and absolute ethanol were purchased from Sigma Aldrich Italy. Microscope 

glass (dimensions: 76 mm x 26 mm x 1 mm) was supplied by Amicroscope Ltd. 

Micrograined sandpaper (Premier red P37C) was bought from Flexovit. 1-methoxy -2-

propanol (PM) and hydroxyl-terminated polydimethylsiloxane (PDMS, viscosity 25 cst), 

lactic acid (CH3CH(OH)COOH >98%), sodium chloride (NaCl >99%), sodium hydrogen 

phosphate (Na2HPO4 2H2O) were purchased from Merck. Acetic acid (CH3COOH) was 

purchased from Carlo Erba. Congo red and Methyl red dyes were supplied by BDH 

Chemicals Ltd. 

4.3.2. Preparation of silica hybrid sols 

The coating solution were prepared in three steps. Firstly, a sol was obtained by mixing 

the silica precursors TEOS and MPS, with absolute ethanol, H2O and HCl 0,1M and 

maintained under stirring during 1 hour at 60°C. The mixture was then cooled to room 

temperature. Then, more HCl 0,1 M H2O were further added and POTS was added drop by 

drop to the solution under constant stirring. The resultant solution was stirring and aging 

for 24 hours figure 35 a). Different weight ratios of SiO2 were added to first sol. The 

colloidal suspension of SiO2 nanoparticles were prepared according to Stöber method 133. 

First, 3 mL of ammonium hydroxide (25%) was added to 50 mL ethanol and vigorously 

stirred at 60°C for 30 min. Then, a mixture of 3 mL tetraethylorthosilicate (TEOS) and 2.4 

mL triethoxymethylsilane (TMES) was added dropwise to the solution. Finally, the 

solution was further stirred for 24 hours figure 35 b). 

https://www.sigmaaldrich.com/catalog/product/sigald/p5958?lang=en&region=GB
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Figure 35 Flowcharts of the synthesis of silica hybrid sol a) and b) with silica nanoparticles 

4.3.3. Deposition of coating 

Soda-lime microscope slides with dimensions 76 mm x 26 mm x 1 mm were used as 

substrates. The surface of the microscope glas substrate was cleaned with saturated aqueous 

solution of KOH, a pH > 9, for 15 minutes at room temperature. Afterward, the glass was 

soaked in aqueous solution of HCl 0.1 M for another 5 minutes, to neutralized the alkali 

attack on the surface. Then, the glass was rinsed in deionized water and dried in air. Then 

the uniform films were prepared using a dip-coater, with the withdrawal rate between 15 

cm/min. All coating processes were conducted in ambient atmosphere (approximately 

20°C, 40 % relative humidity). After deposition, the coatings were thermally cured at 

100°C during 5 hours.  

 

4.3.4. Characterization  

The samples were coated with thin film of chromium to improve surface electrical 

conductivity. The FT-IR spectra was recorded on PerkinElmer SPECTRUM 100 over the 

range of 400 to 4000 cm−1. The samples for FT-IR characterization were prepared by 

removing the film from the substrate using a stainless steel knife. Scanning electron 

microscopy (ZEISS Sigma 300) was used to detect surface morphologies of the as-prepared 

coatings. A thin layer of chromium was sputtered onto the sample surfaces under vacuum 

to improve the electrical conductivity. Energy dispersion spectroscopy (EDX) was also 
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carried out on the same machine with QUANTAX EDS BRUKER and was used to obtain 

the chemical composition of the film. 

The wetting properties of the coatings were studied by measuring the water contact angle 

(WCA) using a FTÅ 1000 B Class instrument with a 7 µl water droplet used. It was tested 

at five different positions on each sample, and the average value was used. 

4.3.5. Durability testing  

Various durability tests were performed to evaluate the hydrophobic coating behaviour in 

different environments. The tests were carried out including stability in acidic and alkali 

environment, stability in commonly used organic solvent, UV light resistance and heat 

resistance. The CAs were measured before and after each test to estimate the eventual 

decrease of hydrophobicity.  

In the UV resistance test, the samples were exposed to UV light (365 nm, 3.7 mW/cm2) 

for 72 h at room temperature, the wavelength was chosen to be as close as possible to the 

common external UV irradiation. In order to determine the anticorrosion resistance of the 

film, the samples were immersed in alkali (NaOH) and acidic (HCl) aqueous solution (pH 

= 1 and 14) for 72 h, then rinsed until neutral with pure water and dried in air. To observe 

the effect of common organic solvents, the surfaces were tested in solvents as methanol, 

acetic acid, acetone, N,N-Dimethylformamide (DMF), for 5 hours. The heat thermal 

resistance was conducted in an oven, at 300 °C for 5 h and subsequently at 400 °C for a 

further 5 h to measure the samples resistance to prolonged thermal stress. 

4.3.6. Mechanical robustness testing  

The sandpaper abrasion tests were carried out on the coated glass. The coated sample was 

placed face-down to sandpaper (standard glass- paper, grit no. 280) with a 100 gr weight 

above it, and moved for 10 cm along the ruler; the sample was rotated by 90° (face to the 

sandpaper) and then moved for 10 cm along the ruler. This process is defined as one 

abrasion cycle, which guarantees the surface is abraded longitudinally and transversely in 

each cycle even if it is moved in a single direction. The water contact angles were checked 

after each five-abrasion cycles. 
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4.3.7. Self-cleaning testing 

The self-cleaning properties were investigated by dispersing dye powders on the film 

surface, which were removed through water droplets being continuously dropped on the 

surface. Furthermore, artificial dirt solution was dispersed on the surfaces. Artificial dirt 

was first prepared, consisting of 85 wt.% clay,10 wt.% silica particles, 1 wt.% carbon black, 

2 wt.% oil, and 2 wt.% salts134. The different components were mixed before using. The 

samples was supported in a petri dish with a determined tilt angle. When the surface 

remained clear without contaminants, the film shows excellent self-cleaning properties. 

4.3.8. Fingerprint testing 

Fingerprint is closely linked on the skin structure, hardness, fat excretion ect. of the 

individuals and it is also further complicated by the pressure applied when touching the 

surface135 Several studies have attempted to come up with a test procedure, there is not 

accepted a standard fingerprint test to properly evaluate fingerprint impression and 

residual. Wu et.al developed acceptable qualitative measurement of fingerprint therefore; 

it was used in this work in order to test performance of the coatings136. 

The coatings were tested with artificial fingerprint liquid prepared a mixture of 1-methoxy 

-2-propanol (PM) and hydroxyl-terminated polydimethylsiloxane (PDMS, viscosity 200 

cst) 1:1 by weight. After that, it was added at the ratio of 20% by weight into the artificial 

sweat, which comprises of 3ml/L lactic acid, 5ml/L acetic acid, 10gr/L sodium chloride, 

10 gr/L sodium hydrogen phosphate in deionized water and a little amount of liquid dye. 

The finger was immersed in the artificial fingerprint liquid and the touching the surface. 

The amount of artificial liquid remaining on the surface was evaluated immediately after 

the artificial sweat application and once this liquid dried. 

4.4. Result and discussion  

The cleaning procedure has proved to be a fundamental step to promote the coating 

formation on the surfaces, when film are deposited by dip-coating. This step helps to 

achieve uniform defect-free deposition, keeping the substrate free from dust and other 

particles. In addition, cleaning procedure is able to uniform wetting to the sol-gel solution. 

Soda lime glass contains about 13% sodium oxide. This component is highly soluble in 

water, reacting with humidity in the air to from a coating of sodium hydroxide. This layer 

may interfere with adhesion to the glass surface, because it can react with carbon dioxide 
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in air, leading to the formation of a sodium carbonate powder. The cleaning procedure 

remove the contaminant thickness layers and lightly etch the glass, improving the wetting 

properties the solution on the surface, as show in figure 36  

 

Figure 36 Wettability behaviour of a) no-cleaning glass and b) glass after cleaning procedure. 

The fabrication process of the coating on the glass substrate is shown in figure 37. The 

alkoxysilane precursor undergo at hydrolysis reaction in the sol (see chap. 3). During this 

reaction, silanol species are formed, R’Si R2(OH), on the surface of sol. When the glass 

substrate was dipped in the sol–gel solution, the silanol groups were attracted onto Si-OH 

groups of the glass substrate, through a van der Waals force the hydrogen bond. Then, the 

hydrogen bond of Si-OH groups are transformed to covalent bond of Si-O-Si through a 

condensation process. Water and alcohol are eliminated, while bond between the sol layer 

and the glass surface are created 137. 

 

Figure 37 Representation of chemical bonds between the coating layer and glass surface. 

The curing step, at 100° for 5 hours, was used to form a dense three-dimensional structure 

by thermally induced self-condensation reactions within the coating material as hydroxide 

groups were removed from the remaining solvent and water molecules, and the structure 

was bonded to the underlying substrate. 



 

74 

 

A series of hybrid silica sols were synthesized by adjusting the concentration of the 

reactants, the detail reaction conditions were displayed in table 2. Sol 4 and sol 6 gives the 

best results in terms of transparent, homogeneous and water contact angles, thus they were 

analyzed in more detail. 

The coating obtained with sol 4 showed a higher WCA, around 105°, and resulted more 

transparent and homogeneous compared to other films. After that, the addition of colloidal 

silica in the sol 4 was investigated. The amount of silica nanoparticles in Sol 6 increased 

the WCA around 120° and does almost no effect on homogeneity of the film, figure 38. On 

the other hand, presence of the silica nanoparticles has reduced film transparency. The 

difference between water contact angles is associated with the increase in surface 

roughness that changes with the incorporation of colloidal silica nanoparticles. 

Table 2 Coatings composition 

 
TEOS 

(mol) 

MPS 

(mol) 

POTS 

(mol) 

EtOH 

(mol) 

H2O 

(mol) 

HCl 

0.1 M 

(mol) 

SiO2 : sol 

(volume 

ratio) 

WCA 

(°) 

UV-

visible  

T (%) 

Sol 1 0.12 0.05 - 0.22 0.092 7‧10-5 - 39°±1.3° 90 

Sol 2 0.12 0.05 0.006 0.22 0.092 7‧10-5 - 89°±1.25° 91 

Sol 3 0.12 0.05 0.008 0.22 0.092 7‧10-5 - 102°±1° 92 

Sol 4 0.12 0.05 0.01 0.22 0.092 7‧10-5 - 105°±0.8° 92 

Sol 5 0.12 0.05 0.004 0.22 0.092 7‧10-5 1:1 119°±1.15° 80 

Sol 6 0.12 0.05 0.006 0.22 0.092 7‧10-5 1:1 121°±1.6° 86 
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Figure 38 Water contact angle of blank glass a) glass coated with sol 4 b) and glass coated with sol 6 c)  

The sol 4 and sol 6 formulations resulted in highly transparent materials with the most high 

water contact angles. The optical measurements were performed with UV–vis absorption 

spectrophotometer in the visible light range of 400–700 nm. Figure 39 shows the optical 

transparencies for sol 4 is around 92%, instead for sol 6 the transmittance decrease at 86%. 

The lower sol 6 optical transmittance is due to presence of silica nanoparticles 138,139. 

 

Figure 39 UV-visible spectra of blank glass (light blue line), sol 4 coated glass (orange line) and sol6 coated (purple 

line). 

The figure 40 shows the FT_IR spectra of the sol 4 and sol 6 dip coated on glass substrates. 

The peak around at 1,030 cm−1
 is due to the asymmetric stretching vibration of Si-O-Si 
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bonds in the silica nanoparticles in the thin films. In the FT-IR sol 6 spectra, this particular 

peak shows clearly an increase in intensity with an increase in increase of the concentration 

of silica nanoparticles on the surface. Another small peak appearing at around 900 cm−1
 is 

attributed to silicon hydroxide (Si-OH) bonds present on silica nanoparticles bonds. In 

addition, the peak at 700 cm−1
 is associated with Si-O bond for the rocking vibration140. 

The absorbance band at 1375–1275 cm−1 corresponds to CF3-CF2- group141. The peak 

corresponding to C–F will be at around 1148–1206 cm−1. The strong absorbance band 

observed at 1737 cm−1 corresponds to >C=O of the methacrylate group of the MPS. The 

absorbance band observed at 2971 cm−1 corresponds to –C=C- stretching mode of the 

acrylic double bonded carbon atom142.  

 

Figure 40 FT-IR spectra of sol 4 and sol 6 

SEM images of surface morphology of the coatings with and without silica nanoparticles 

are shown in figure.. The SEM image sol 4 showed evenly distributed nano-size particles, 

few particles around 200 nm and most of them around 10 nm (figure. 41-a). In the SEM 

image sol 6, the shape of particles that was observed was spherical, with aggregation and 

average particle sizes of 50-100 nm (figure 40-b).  

Figure 42 shows a cross sectional SEM image of coating sol4 figure 41-a) and sol 6 figure 

41-b), where the coatings thickness were estimated to be 1 µm and 1,5 µm respectively. 
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Figure 41 SEM images of sol4 a) and sol 6b) 

 

 

Figure 42 Cross section SEM images sol4 a) and sol6 b) 

The durability testing were performed to evaluate the resistance of the sol 4 and sol 6 films 

in various environments. Corrosion testing was performed by immersing the films for 72 h 

in hydrochloric acid (pH = 2) and sodium hydroxide (pH =14) solutions. The water CA 

was checked every 12 h. The water CAs of the sol 4 and sol 6were still unchanged after 72 

hours. Figure 43 a-b  

Supplementary test was performed to evaluate the behaviour of the coatings in methanol, 

acetic acid, acetone, N,N-Dimethylformamide (DMF). The sol 4 and sol 6 were immersed 

in organic solvent for 5 hours; CA checked every 30 min. Organic solvents test results are 
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shows in Figure 43 c. It can be seen that the samples resist in different organic 

environments, without any change in water contact angle. In Figure 43 d, the heating test 

results are illustrated, after 5 hours at 300 °C, and then at 400 °C. The contact angle 

remained high at 105° for sol 4 and 120° for sol 6. Hence, the samples resisted prolonged 

thermal stress. In order to test the UV resistance of the hydrophobic surfaces, the samples 

were exposed to UV light (365 nm, 3.7 mW/cm2) for 72 h at room temperature, and CAs 

of the resulting surfaces were measured after each 24 h period as shown in Figure 43 e. The 

contact angle does not change significantly after UV exposure time indicating that the 

coatings can stably maintain its hydrophobicity. 

Abrasive resistance is an important measure of the mechanical strength of the coating and 

is one of the important indexes indicating the performance of the coating. In general, 

hydrophobic coatings are not mechanically stable, owing to their surface roughness, and 

they are susceptible to damage from mechanical friction. In order to verify the abrasive 

resistance of the coatings sol 4 and sol 6, sandpaper test was performed figure 43-f.  Coated 

glass with sol 6 the contact angle went down to 108°. On the other hand, in coated glass 

with sol 4 the contact angle does not change after 20 cycles. Figure 44 show the SEM 

images of the sol 4 (figure 44 a) and sol 6 (figure 44 b) after sandpaper abrasion cycles.  
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Figure 43 Contact angle and sliding angle of sol 4 and sol 6 films after corrosion test a) and b), organic solvents test 

c), thermal test d) and UV-resistance test e), sandpaper test f). 

 

a) b) 

c) d) 

e) f) 



 

80 

 

 

Figure 44 SEM images sandpaper test after 20 cycles of abrasion sol 4 and sol 6. 

 

Self-cleaning performance is one of the most important properties of hydrophobic coatings, 

and is crucial for some applications. In order to characterize the self-cleaning performance, 

contaminant powders were uniformly spread on the coated surfaces and uncoated 

microscope glass. Methyl red and Congo red dyes were used as contaminants, figure 45 a-

c respectively.The self-cleaning process is shown figure 45, where water droplets can easily 

roll off the inclined surface and remove contaminates from coated glass with hydrophobic 

film, figure 45 c-f. The results showed that hydrophobic coating remains clean without any 

dust, after the passage of water, compared to uncoated glass. 

 

Figure 45 Self-cleaning tests. Methyl red deposition a),  methyl red self-cleaning test on blank glass b) and  methyl red 

self-cleaning test on coated glass. Congo red deposition d), congo red self-cleaning test on blank glass c) and congo 

red self-cleaning test on coated glass. 

a) b) 
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Finger print staining were evaluated on coating sample by visual inspection. The artificial 

sweat deposited by finger is clearly seen in the figure 46 a). Few hours later the deposition 

of artificial sweat (figure 46 b) and  when the liquid is dried (figure 46 c) in the blank glass 

figure 46 b., the liquid is spread on all surface instead, in the coating glass samples with 

sol 4 and sol 6, it is localized in a few small portion on the surface.  

  

Figure 46 Fingerprint test. Artificial sweat deposited by finger a), after few hours b) and when the liquid is dried c) 

4.5. Conclusion 

Hybrid silica sols were successfully prepared by sol-gel process to obtain homogeneous, 

transparent and highly hydrophobic silica coatings on glass-slide by dip-coating. 

Fluorosilanes and silica nanoparticles induce hydrophobicity by modification of the 

interaction of surface of solids with water. The water contact angles WCA were found to 

increase with the incorporation of colloidal silica nanoparticles, decreasing the mechanical 

robustness. The cleaning test showed that the high easy-to-clean properties of the hydrid 

coatings. The fingerprint test confirmed the oleophobic property anti-fingerprint property 

of the surface. 

These hybrid fluoroalkylsilane sol-gel coatings are a good alternative to provide antistick 

and easy-to-clean properties to glass substrates being quite easy to scale up. 

 

  



 

82 

 

  



 

83 

 

 

 

 

 

 

 

CHAPTER 5 

 Aerosol assisted chemical vapour 

deposition of transparent superhydrophobic 

film by using mixed functional alkoxysilanes 
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5.1. Aerosol assisted chemical vapour deposition  

 Aerosol assisted chemical vapour deposition (AA)CVD is variation from conventional 

CVD, which involves the use of an aerosol precursor solution and therefore the reactants 

are in the liquid-phase removing the volatility requirement. The deposition of 

superhydrophobic films by using AACVD is currently an area of great interest, as it 

involves a solution-based process that requires solubility of the precursors, which 

considerably expands the range of possible precursors143. The potential to obtain good 

quality and uniform films can be achieved by controlling the main parameters, such as 

deposition temperature, deposition time, gas carrier flow-rate and concentration of 

precursors solutions. AACVD has showed good results in the preparation of 

superhydrophobic films by using precursors, which vary widely from each other144. 

AACVD uses a solution of precursors as starting materials. The precursor solutions are 

vaporised by an ultrasonic humidifier (nebulizer), into an aerosol. The aerosol 

microdroplets diameter of the precursor solution depends on the method of vaporisation 

and solution used. This aerosol, once in the AACVD reactor chamber, passes into a heater 

reactor by a carrier gas, and it reaches the substrate due to the increase in temperature. In 

the heater reactor, the solvent evaporates leaving the vapourised precursor in its gaseous 

state, after which deposition onto the substrate can occur. Any gaseous by-products leave 

the reaction chamber via an exhaust. The formation of thin films can occur in two principal 

ways. In the first way, decomposition vaporised precursor in the gas phase and 

heterogeneous reaction leads to the formation of intermediates, which they are adsorbed to 

the substrate. The resulting thin film shows a generally good quality and well adhesion on 

the substrate. Second way can occur when substrate temperature is too high. The 

decomposition and chemical reaction take a place predominantly in the gas phase leading 

to homogeneous nucleation of particles. These particles are adsorbed on the substrate, 

leading to the production of porous films145. However, conditions applied to an AACVD 

process during deposition are key to gaining thin films with the desired microstructure. The 

morphology of the deposited films can often change depending on a range of factors, for 

example the temperature, solvent or substrate used. 

This chapter details the AACVD deposition technique for mixed alkoxysilane precursor to 

obtain a superhydrophobic glass surface, explaining the parameters used, and finally the 

microstructure of films deposited is analysed. 
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Figure 47 Imagine of AACVD reactor and experimental set-up for the AACVD deposition. 

 

Figure 48 Schematic illustration of the process involved in AACVD. 

5.2. Aim of work 

In the present work, a novel multilayer transparent superhydrophobic coating was 

fabricated on a glass surface by using functional alkoxysilanes via aerosol assisted 

chemical vapour deposition (AACVD). It was possible to obtain dual-scale roughness of 

silica nanoparticle films, through a three-layer deposition of hydrolysed acidic solutions of 

the following precursors: 3-methacryloxypropyltrimethoxysilane (MPS), 

tetraethylorthosilicate (TEOS) and 1H, 1H, 2H, 2H perfluorooctyltriethoxysilane (POTS). 

This multilayer film shows better transparency compered to superhydrophobic films 
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created by AACVD and silica nanoparticles formed by hydrolysis of acidic solutions of 

TEOS146. However, these precursors are typically used in the formation of 

superhydrophobic films by using the sol-gel method followed by deposition techniques 

such as dip-, spin- and spray-coating147. Therefore, the most appropriate parameters to 

obtain an aerosol from a solution of the alkoxysilanes was investigated in detail. The 

advantages of using three layers was exploited to optimize the water CA, creating dual-

scale roughness nanocomposite silica films. In addition, different tests to evaluate the 

durability in various environments, UV-resistance, mechanical robustness and self-

cleaning properties of the surface were studied. 

5.3. Experimental details 

5.3.1. Materials  

Tetraethylorthosilicate 98% (TEOS) and 3-methacryloxypropyltrimethoxysilane 98% 

(MPS) were purchased from Sigma-Aldrich U.K., 1H, 1H, 2H, 2H 

Perfluorooctyltriethoxysilane 97% (POTS) was purchased from Alfa Aesar. Hydrochloric 

acid (HCl 37%) was purchased from Sigma Aldrich U.K. Methanol and absolute ethanol 

were purchased from Fischer Scientific, U.K. The SiO2 barrier glass (dimensions: 145 × 

45 × 5 mm) was supplied by Pilkington NSG Ltd. Micrograined sandpaper (TUFBAK, 

ADALOX, P1000) was bought from Norton Company. Congo red and Methyl red dyes 

were supplied by BDH Chemicals Ltd. 

5.3.2. Precursors solutions 

Precursors solutions were prepared, one for each precursor. The solutions were prepared 

by mixing alkoxysilane and deionized water with HCl as catalyst, absolute ethanol and 

methanol as solvent in a volume ratio 1:1. All precursors solutions were prepared with an 

alkoxysilane concentration of 0.9 M in absolute ethanol-methanol mixtures. Solution of 3-

methacryloxypropyltrimethoxysilane (SOL-MPS) was prepared in a molar ratio 1:1.5 with 

a aqueous acidic solution of HCl 0.1 M; solution of tetraethylorthosilicate (SOL-TEOS) in 

a molar ratio 1:2 and solution of 1H,1H,2H,2H perfluorooctyltriethoxysilane (SOL-POTS) 

in 1:1.5. In all solutions, processing was initiated by mixing the alkoxide and ethanol-

methanol for 15 min. In the second step, aqueous HCl solution was added dropwise to the 

alkoxide/ethanol-methanol solution under constant stirring at room temperature. After 
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stirring for 1 hour under atmospheric conditions, the solutions were used to prepare the 

films. 

5.3.3. Fabrication of superhydrophobic film 

The surface of the glass substrate was cleaned with aqueous solution of NaOH, a pH > 9, 

for 15 minutes, followed by treating with an acidic aqueous solution of HCl 0.1 M for 

another 15 minutes. Then, the glass was rinsed in deionized water and dried in air.  

The deposition process of the materials consisted of coating the glass surface using an 

AACVD reactor, described previously148, and was carried out in a cold-walled horizontal 

CVD reactor. The CVD reactor consists of a quartz tube that enclosed a carbon block for 

heating, on which the bottom plate was placed and a top plate was positioned 8 mm above 

and parallel to the bottom plate. The aerosol was formed using a PIFCOHEALTH 

ultrasonic humidifier, operating at a frequency of 40 kHz and 25 W of power. A nitrogen 

gas flow, with a rate at 1 l/min, was used to move the aerosol from a cylindrical mixing 

chamber to the CVD reactor, and it was continued throughout the deposition time. The 

superhydrophobic films were deposited using 20 ml of the precursor solutions, previously 

described in section 2.2, for the three main parts of the film: lower, middle and top layers, 

as shown in Figure 1. The multilayer MPS-TEOS-POTS film was created by depositing 

three layers, with the AACVD reactor, each at a different temperature but with a constant 

deposition time. First, the lower layer, in contact with the substrate, was obtained by 

depositing SOL-MPS at 450 °C. Then, the deposition of the middle layer was performed 

at 350 °C using SOL-TEOS. The top layer was deposited from SOL-POTS at 270 °C. 

Depositions were carried out for various durations 5 min, 6 min, 7 min and 10 min for each 

layer. Once all 3 layers were deposited, the film was cooled in situ in the reactor under a 

flow of nitrogen gas, and subsequently handled and stored in air. 
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Figure 49 Procedure to fabricate of MPS-TEOS-POTS superhydrophobic film by AACVD 

5.3.4. Characterisation 

The surface morphologies of the sample were studied using a JEOL JSM-6301F field 

emission scanning electron microscope (SEM). A thin layer of gold or carbon was sputtered 

onto the sample surfaces under vacuum to improve the electrical conductivity. Energy 

dispersion spectroscopy (EDS) was also carried out on the same machine and was used to 

obtain the chemical composition of the film. An optical Leica DM LM microscope was 

used for examination of the layers.  

Fourier transform infrared spectroscopy (FT-IR) were recorded on a Bruker FT-IR 

Platinum ATR single reflection, over the range of 400 to 4000 cm−1. The samples for FT-

IR characterization were prepared by removing the film from the substrate using a stainless 

steel knife. X-ray photoelectron spectroscopy (XPS) was carried out on a Thermo Scientific 
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K-alpha photoelectron spectrometer with monochromatic Al-Kα source to identify the 

chemical state and constituents of the film. Ultraviolet/visible (UV/Vis) spectroscopy was 

conducted using a Shimadzu UV-VIS 2600 spectrophotometer. Water contact angles (CA) 

were measured with a FTÅ 1000 B Class instrument with a 7 µl water droplet used and the 

sliding angle (SA) measurement were performed using the tilted drop method with a water 

droplet volume of 15 µl and were measured with a Silverline digital angle level. It was 

tested at five different positions on each sample, and the average value was used. 

Bounce dynamics of water droplets on the as-prepared superhydrophobic surfaces has been 

recorded by high speed camera (fps 1000HD), The slow motion camera company, UK) at 

the frame 1000 frames per second. The distance between the pipette tip and the sample 

surface was fixed at 2 cm and the volume of dispensed water was 8 µl. Individual frames 

were collected from the camera as digital negative (.DNG) files and processed using Da 

Vinci Resolve 14 ( Blackmagic Design Pte. Ltd. ) and Above Bridge CS5.1 with Camera 

Raw (Above Inc.). 

5.3.5. Durability testing 

A range of tests was performed to evaluate the durability and resistance of the multilayer 

superhydrophobic surface149. A set of the tests were carried out including stability in acidic 

and alkali environment, stability in organic solvent, UV light resistance and heat resistance. 

The CAs and SAs were measured before and after each test to estimate the eventual 

decrease of superhydrophobicity.  

In the UV resistance test, the samples were exposed to UV light (365 nm, 3.7 mW/cm2) for 

72 h at room temperature, the wavelength was chosen to be as close as possible to the 

common external UV irradiation. In order to determine the anticorrosion resistance of the 

film, the samples were immersed in alkali (NaOH) and acidic (HCl) aqueous solution (pH 

= 1 and 14) for 72 h, then rinsed until neutral with pure water and dried in air. To observe 

the effect of slightly polar organic solvent and of an apolar solvent, the surfaces were tested 

in two different kinds of solvents, ethanol and toluene respectively, for 5 hours. The heat 

thermal resistance was conducted in an oven, at 300 °C for 5 h and subsequently at 400 °C 

for a further 5 h to measure the samples resistance to prolonged thermal stress. 
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5.3.6. Mechanical Robustness testing 

The mechanical robustness property of the as-prepared superhydrophobic film was 

demonstrated by sandpaper (Standard England sandpaper grit no. 240). A 40 x 30 mm 

sample was placed onto the sandpaper sheet, with the superhydrophobic film side into 

direct contact with the abrasive sheet. Then, a 100 gr weight was put on the middle of the 

sample and moved for 20 cm along the ruler. The sample was rotated by 90° (face to the 

sandpaper) and then moved for 20 cm along the ruler, thus ensuring the longitudinally and 

transversely abrasion of the surface. 

5.3.7. Self-cleaning testing 

The self-cleaning properties were investigated by dispersing dye powders on the film 

surface, which were removed through water droplets being continuously dropped on the 

surface. The superhydrophobic glass was supported in a petri dish with a determined tilt 

angle. The dye powders, Congo red and Methyl red, were used to simulate contaminants 

or dusts on the surfaces. When the surface remained clear without contaminants, the film 

shows excellent superhydrophobic properties and low surface energy. 

5.4. Results and discussion 

In the AACVD process, an aerosol is generated from a solution of precursors dissolved in 

a solvent via the use of an ultrasonic humidifier. The precursor mist is transported by a 

nitrogen carrier gas to a CVD reactor (cold-wall reactor), where a heated substrate is 

located. Once inside the reactor, solvent aerosol droplets undergo evaporation; meanwhile 

precursor droplets can react leading to the formation of a thin film. The morphology and 

particle size of the deposited film is controlled by the deposition temperature, solvent and 

deposition time116. The precursors solutions SOL-MPS, SOL-TEOS and SOL-POTS were 

prepared by using acidic aqueous solutions so that alkoxysilane can react with water to 

form hydrolysed species able to react in the aerosol/reactor to form silica nanoparticles. 

The hydrolysed siloxanes, by condensation reaction form siloxane bonds (Si–O–Si), and 

subsequently silica nanoparticles. For MPS, TEOS and POTS, it was necessary to stir the 

precursor solutions for 1 hour, in order to promote the hydrolysis reaction150. The formation 

of silica nanoparticles was improved by the presence of the acidic catalyst, HCl, and a 
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lower amount of water had to be used for the hydrolysis reaction, in order to obtain a more 

transparent film (molar ratio SiOR4:H2O = 1:2). By using a stoichiometric amount of water 

in the precursor solutions, an opaque film was obtained. 

In AACVD, the hydrolysis and condensation reactions take place mainly during the aerosol 

transport. The aerosol phase of the alkoxysilane precursors, once in the reactor, lose water 

and solvent via evaporation leaving micro/nano-particles in the gas phase. The precursors 

react and nucleate in the aerosol to form silicon dioxide particles. These silica particles 

move away from the immediate vicinity of the heated bottom plate and are attracted 

towards the colder top plate. This phenomenon, called the thermophoretic effect, allows 

the deposition of solid particles on the top glass substrate151. 

Aerosol production efficiency depends on physical parameters related to the liquid nature 

of the solution. Therefore, it was important to optimize the solution parameters, such as 

concentration of silicon alkoxide and solvent. The solvents MeOH and EtOH, in a volume 

ratio 1:1, were chosen for two reasons. First, to have the same carbon chain as the ligands 

of the alkoxide, to prevent the possibility of ligand exchange. Second, MeOH is more 

volatile than EtOH improving the formation of the aerosol. Another key factor was the 

concentration of starting solution. Different concentrations were tested and at lower 

concentration of precursor solution (0.1 - 0.4 mol/l) a non-homogenous deposition of the 

film was obtained caused by the low presence of silica nanoparticles on the substrate figure 

50 a) . Higher concentrations (2–2.5 mol/l) resulted in the solution becoming more viscous 

and unable to be atomized152. Moreover, higher concentration of solutions favoured the 

nucleation of larger and fewer particles with a loss in optical transmission (figure 50 b)153. 

A concentration of 0.9 mol/l and a gas flow rate of 1 l/min were used to deposit 

homogeneous films. Using higher gas flow rates resulted in less control of the 

homogeneous and optical quality of the films. The optimum parameters for the deposition 

of the multilayer films is provided in Table 3 
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Figure 50 SEM imagines of MPS-TEOS-POTS coating at lower concentration solutions 0.2 mol/l a) and higher 

concentration solution 2.5 mol/l b) 

 

Deposition parameters Values 

Molar ratio Si(OR)4: H2O 

                     R’Si(OR)3:H2O 

1:2 

1:1.5 

Concentration Solution 0.9 mol /L 

Solvents MeOH:EtOH 1:1 

Carrier gas N2 

Gas flow rate 1 L/min 

Table 3 Optimum deposition parameters of MPS-TEOS-POTS film 

 

The fabrication process of the MPS-TEOS-POTS film consisted of using different 

deposition temperatures for each layer, in order to produce a micro and nano-roughness on 

the surface. It is well known, that multiscale roughness promotes water repellency and self-

cleaning properties. For example, Lu Y. et.al. showed a superhydrophobic self-cleaning 

surface based on micro/nano morphologies of titanium dioxide nanoparticles 

perfluorosilane-coated45. Shirtcliffe and co-workers, created superhydrophobic surfaces by 

employing two length scales of pillars on slightly rough surfaces on the base surface. They 

noticed that a larger scale combined with a small-scale roughness on the base surface 

enhanced the contact angle154. Grundmeir et al. also used a combination of micro and nano- 

scale to produce a polymeric coating on the flat surface with a higher contact angle155. 

Colin R. et. al. showed how different deposition temperatures in AACVD allows for the 

a) b) 
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formation of silica microparticles with various sizes. The silica microparticles surface were 

converted from superhydrophilic to superhydrophobic with a post-treatment using 

hexamethyldisilazane (HMDS) 146. 

For these reasons, three different temperatures were used to fabricate the MPS-TEOS-

POTS films. The lower layer was formed using MPS nanoparticles deposited at 450 °C via 

AACVD of SOL-MPS, resulting in the formation of nanoparticles of <100 nm, as shown 

in figure 54-a,b,g. The MPS nanoparticles assume a square shape, probably due to the 

presence of the methacrylate group in the MPS precursor. These nanocube particles, with 

size range at 20 – 100 nm, result in almost unaltered glass transparency. Comparison of the 

glass transparency is provided in figure 51, after deposition of SOL-MPS (figure 51-a) and 

SOL-TEOS (figure 51-b) at 450 °C.  

The observed differences are likely due to changes in particle shape and size at 450 °C. 

The middle layer consisted of a silica nanoparticles layer deposited from SOL-TEOS at 

350°C. SEM images (figure 54 c,d) and microscope image (figure 54 h), clearly show a 

structure with spherical silica particles arranged in microscopic clusters distributed across 

the surface. The particle sizes were concentrated in the 300 nm – 1 µm range. These 

aggregates created a number of peaks and cavities thereby roughening the surface. Such 

structured surfaces has a maximum peak height of 2.17 µm (Figure 53). Finally, the top 

layer was deposited at 270 °C from SOL-POTS to form a monolayer of low surface energy 

on the silica nanoparticles. This final layer grafted on the silica nanoparticles through 

covalent bonds that form via condensation and polymerization reactions between the SiOH 

of pre-hydrolysed POTS precursor and silanol groups present on the silica nanoparticles. 

In figure 54 e, f, i, it can be seen that the morphology is quite similar before and after the 

SOL-POTS deposition since POTS tends to form a very thin near self-assembled 

monolayer48. In table 4, the wettability behavior of the coating made by various 

combinations of the layers are compared. The lower layer formed by MPS shows a CA 

around 90°. Then the film fabricated with two layers (MPS-TEOS) showed an increased 

contact angle of 122° due to micro-nano silica particles. 

 

 

 

 

 



 

95 

 

Table 4 Wettability behaviours of different combination of layers on the glass surface  

However, with the combination of the full three layers, MPS-TEOS-POTS, a higher water 

CA, around 165° (Figure 4), and a lower SA of 0.5° (SI Movie S1) was formed. Therefore, 

silica nanoparticles modified by the addition of the lower energy compound POTS, greatly 

increases the hydrophobicity of the layers. The results show a synergetic effect between 

dual scale micro/nano particles and low surface energy species 49. The randomly 

distributed silica particles created by deposition of MPS and TEOS, with a moderately 

dense coverage of the surface and POTS enables the superhydrophobic properties to be 

achieved. 

 A high-speed camera was used to capture the bouncing behavior of water droplet onto 

superhydrophobic surface at room temperature. As shown in figure 52, 8 µl droplet of water 

was released from a height of 2 cm above the superhydrophobic film surface and high speed 

camera was used to capture the dynamic bounce behaviour of water droplet onto 

superhydrophobic film. The water droplet began to impact the superhydrophobic surface 

for the first time at the speed of 0.54 m/s when t=54 ms and then the deformation of the 

water shape can be observed. The water droplet will move upwards until its velocity 

reduced to 0 m/s where the height of the water droplet was 6.5 mm (t=76 ms). The curve 

of height of water droplet at different time indicated that were 7 bounced cycles figure 52 

b) . The MPS-TEOS-POTS superhydrophoibc film showed an excellent anti-wettability 

behavior, which is attributed to the low adhesive force between the water and 

superhydrophobic film.  

 

Coating composition Contact Angle [°] Sliding Angle [°] 

MPS-TEOS-POTS 164.9±1.5 0.5±0.1 

MPS-POTS 113.6±2.3 82.3±1.1 

MPS-TEOS 122.9±1.9 80.5±0.9 

TEOS-POTS 

MPS 

139.3±3.2 

90.2±4.7 

48.1±1.3 

>90 
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Figure 52 A water drop bouncing on superhydrophobic MTP-TEOS-POTS film (a) and the height of the water drops a 

different times (b). High-speed images of the bouncing showed that the water drop detached from the surface after 54 

ms. 

 

Figure 53  The cross-section a) and top down b) SEM imagines. In a) thickness of MPS-TEOS-POTS film and in b) 

silica particles size. 

a) 

b) 

Figure 51 figure S2 Visual comparison of transparency and SEM images between TEOS layer deposited at 450°C for 5 

min a) and MPS layers at 450° for 5 min b). 

 



 

97 

 

 

 

Figure 55 Wettability and contact angle of MPS-TEOS-POTS superhydrophobic film on glass surface. 

The relationship between the deposition time of each layer with the transparency and 

superhydrophobicity was also investigated. The depositions times were increased for each 

layer of 5 min, 6 min, 7 min and 10 min; keeping fixed depositions temperatures at 450 °C 

for MPS, 350 °C for TEOS and 270 °C for POTS. Figure 57 a-d) shows the visible 

transparency and CA for the different deposition time. Increasing the time of deposition, 

100 nm   1 µm   

  1 µm     1 µm   

  1 µm     1 µm   

a) b) 

 

c) d) 

e) f) 

g) 

h) 

i) 

Figure 54 SEM images of the three layer deposited via AACVD. Lower layer deposited at 450°C at 30 000x a) and 20 

000x b) magnification. Middle layer deposited at 350°C at 10 000x c) and 5 000x d) magnification; and Top layer 

deposited at 270°C at 10 000x e) and 5 000x f) magnification. Images from optical microscope 500x of lower g), middle h) 

and top i) layers. 
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resulted in the particle density become greater, thus leading to a higher degree of texture 

on the surface (figure 56-b) and the water CA increase until 169°. In Figure 57, the sample 

at 5 min was compared to an uncoated glass. The sample at 5 min, as shown in Figure 57-

a, gives the best transparency while preserving a higher water contact angle. 

 

Figure 57 Optical images for visible transparency of MPS-TEOS-POTS film on the glass surface with different 

deposition time 5min. a), 6min b), 7min c) and 10 min d). In the images, e) visual comparison between glass uncoated 

and glass coated with MPS-TEOS-POTS film. 

Optical transmission measurements were performed to evaluate the optical clarity of the 

coatings obtained at different deposition times. In figure 58, the UV-vis spectra of the MPS-

TEOS-POTS films at different deposition times were compared with the UV-vis spectra of 

blank glass. Absorption was examined in the wavelengths 200–800 nm. From UV-vis 

spectra, in the visible light wavelength range, it was observed that for deposition at 5 

minutes (Figure 6 blue line), the uncoated glass transparency declined by just 10%. In the 

spectra, it is also possible to see how transparency drastically decreases with deposition 

time. At a deposition time of 10 minutes (figure 58 green line), the transparency was 

a) b) 

Figure 56 figure S4 SEM images of MPS-TEOS-POTS at 5 min a) and 10 min b) of depositions. 



 

99 

 

reduced by 50%. In addition, as shown in figure 58, there is a constant decrease in 

transparency on raising the deposition time from 6 (pink line) to 7 minutes (orange line). 

The deposition at 5 min showed the best transparency property with a water contact angle 

of 165° and sliding angle lower than 1°, thus it was analyzed in more detail. 

 

Figure 58 Uv-vis spectra of MPS-TEOS-POTS films deposited at different times with AACVD: 5 minutes (blu line), 

6minutes( pink line), 7minutes (orange line) and 10 minutes (green line) for each layer. 

The chemical composition of the MPS-TEOS-POTS coating was identified by FT-IR; EDS 

and XPS analysis. Figure 59 shows the FT-IR spectra of the lower, middle and top layers 

within the wavenumber range of 400 –3000 cm−1. In all FT-IR spectra, the bands from 400 

to 1000 cm−1 are characteristic for different modes of the Si–O vibrations. The peaks 

around 430−780 cm−1 can be attributed to the rocking transverse and symmetric stretching 

of Si-O bonds respectively 156. 

 The highest frequency band with the highest intensity at 1000-1070 cm−1 corresponds to 

the asymmetrical stretching of Si-O-Si157. In the FT-IR spectra of the middle and top layer 

peaks at 961, 898 and 948 cm−1, were observed which are likely due to Si-OH vibrations. 

The strong absorbance band observed at 1723 cm−1 in the lower layer, corresponds to -C=O 

of the methacrylate group of the MPS 158. The characteristic peaks at 1187 cm−1 and 1138 

cm−1 are the stretching vibration absorptions of –CF3 and -CF2 group in the top layer. It 

should be noted that the Si-O peaks in the top layer spectra are slightly broadened and this 

may be due to partial overlap of the C-F peak with the siloxane peaks 159. In addition, weak 
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peaks at 2950 cm−1 caused by the C-H stretch of CH2 groups were present in MPS and 

POTS precursors. 

The chemical composition of the film was also confirmed by Energy Dispersive X-Ray 

Spectroscopy (EDS) microanalysis. The EDS spectra of the three layers confirms a 

composition consistent of silica nanoparticles, which gave a Si:O ratio of 1:2 in each 

spectrum. Furthermore, EDS spectra of the lower and top layer shows the presences of C 

and F, in agreement with the FT-IR data spectra. 

 

Figure 59 FT-IR spectra of three layer in the MPS-TEOS-POTS coating 

X-ray photoelectron spectroscopy (XPS) was employed to analyse chemical states and 

composition of elements present in the film surface, at a sampling depth of 2-10 nm160. In 

the XPS survey spectrum binding energies of 102.5, 284.8, 533.3, and 688.8 eV were 

observed, indicating the presence of Si, C, O, and F, respectively. Moreover, to further 

analyse the superhydrophobic film, high-resolution spectra of Si 2p, F 1s, C 1s and O 1s 

were obtained, as shown in figure 59 a. The C 1s region of the XPS spectrum (figure 59 b), 

showed that the carbon atoms were present in five chemical states. The peak at 284.6 eV 

corresponds to carbon linked to hydrogen C-H or carbon C-C; at 285.66 eV to carbon 

linked to one oxygen C-O ; at 288.8 eV to one carbonyl oxygen C=O and at 291.8 and 

293.8 eV to CF2 and CF3 bonds of the fluoroalkyl group58. Furthermore, figure 59 c shows 

the F 1s spectra, where it is evident that the typical symmetric peak of organic fluorine was 

present at 688.9 eV. The elements that act as a marker for silica nanoparticles are the Si 2p 
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and O 1s signals. The intense peaks due to silica nanoparticles, in the spectra of Si 2p and 

O 1s (Figure 59 d,e), were at 102.2 and 532.3 respectively158. Table 5 provides the atomic 

percentages for the content of the surface. 

 

Figure 60 XPS survey spectrum of superhydrophobic film (a) and high resolution spectra of C 1s (b), F 1s (c), Si 2p (d) 

and O1s (e). 

a) 

d) e) 

c) b) 
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Table 5 XPS Surface composition of superhydrophobic MPS-TEOS-POTS film. 

Components Position  % Area  

 

C1s   

             C-C; C-H 284.66 51.22 

             C-O 285.66 28.66 

             C=O 288.86 13.08 

             CF2 291.56 6.49 

             CF3 293.86 0.24 

O1s   

            SiO2 532.33 80.28 

            C=O 533.70 17.31 

            C-O 530.33 2.41 

Si2p   

           SiO2 102.49 86.76 

           Organic Si 103.12 13.24 

F1s   

           Organic F 688.95 100 

   

 

The durability of superhydrophobic coating is an issue that currently represents a hindrance 

for the technology transfer from laboratory to industrial applications. Therefore, different 

tests were performed to evaluate the resistance of the MPS-TEOS-POTS film in various 

environments. Corrosion testing was performed by immersing the films for 72 h in 

hydrochloric acid (pH = 2) and sodium hydroxide (pH =14) solutions. The CA and SA 

were checked every 12 h. The CA and SA of the surface were still unchanged after 48 

hours. However, after 48 hours soaking in acidic and alkaline solutions a slight lowering 

of CA and a raising for SA was observed. This change at 48h was more evident for the 

sample in alkaline environment, for CA and SA until 150° and 3°, respectively figure 61 a, 

which may be due to the stress after the tests in strong basic conditions. 

Supplementary test was performed to evaluate the behaviour of the MPS-TEOS-POTS film 

in an organic environment. The surface was tested in two different kind of the solvents, in 

order to observe the effect of a slightly polar organic solvent, as ethanol (EtOH) and of an 

apolar solvent, such as toluene. The samples were immersed in organic solvent for 5 hours; 

CA and SA checked every 30 min. Organic solvent test results are shown in figure 61 b. It 

can be seen that the samples resist both the ethylic alcohol test and toluene test, without 

any change in CA and SA. In figure 61 c, the heating test results are illustrated, after 5 

hours at 300 °C, and then at 400 °C. The contact angle remained high at 165° and sliding 

angle lower than 1°. Hence, the samples resisted prolonged thermal stress. The UV light 

resistance test was carried out because UV radiations can be potentially harmful for a 

material. In order to test the UV resistance of the superhydrophobic multilayer surfaces, 
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the samples were exposed to UV light (365 nm, 3.7 mW/cm2) for 72 h at room temperature, 

and CAs and SAs of the resulting surfaces were measured after each 24 h period as shown 

in figure 61 d. The results showed excellent UV stability no changes on wettability, 

preserving the CA and SA.  

 

 

Figure 61 Contact angle and sliding angle of MPS-TEOS-POTS film after corrosion test a), organic solvents test b), 

thermal test c) and UV-resistance test d). 

 

Mechanical durability is another important factor that affects the practical application of 

superhydrophobic materials, especially mechanical friction that leads to the damage of the 

surface micro/nano structure, resulting in the loss of superhydrophobicity. 

In this work, a sandpaper abrasion test was to examine the surface mechanical durability 

of the MPS-TEOS-POTS film fabricated at 5 minutes. Figure 62 shows details of how this 

was carried out, and in Figure 10 b, the contact angles and sliding angles after 5, 10, 15 and 

20 of abrasion cycles are shown. At 5 cycles, which is equivalent to 1 m in distance, the 

surface retained a contact angle of 150° and sliding angle around 3°. However, the CA 

reduced to 138° after 10 cycles and 120° to 15 cycles (3 m), which is an indication that the 

a) b) 

c) d) 
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top layer was completely removed from the surface. Increasing the cycles to 20, i.e. 4 m in 

distance, the contact angle went down to 90°, corresponding to the lower layer on the 

surface such that most of the middle layer has been removed. The SEM imagine (Figure 

63) showed the MPS-TEOS-POTS film after having been subjected to the abrasion test. 

Mechanical robustness is closely related to the thickness of the film. Thicker films tend to 

produce a greater robustness, but it is at the expense of the transparency. 

 

Figure 62 Sandpaper abrasion test. The sample was positioned face-down to sandpaper and moved for 20 cm along the 

ruler; the sample was rotated by 90° (face to the sandpaper) and then moved for 20 cm along the ruler a). The contact 

angle and sliding angles of MPS. 

 

 

The self-cleaning property is an important feature in technical applications ranging from 

self-cleaning window glasses, paints, and textiles and include low-friction surfaces for fluid 

flow and energy conservation161. To demonstrate the self-cleaning performances of MPS-

TEOS-POTS coating, Congo red and Methyl red dyes were used as contaminants. The 

 

Figure 63 SEM images sandpaper test after 20 cycles of abrasion. 
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Figure 64 shows the self-cleaning behavior of uncoated glass and coated glass with MPS-

TEOS-POTS film; Methyl red dye as a contaminant insoluble in water in Figure 64 a-c and 

Congo red as a contaminant soluble in water in figure 64 d-f. The dye powder was randomly 

distributed on the two surfaces, and then they were cleaned with a jet of water. Impacting 

and rolling water drops removed the contaminating particles on the coated surface, all 

particles were easily removed from the surfaces when subjected to jet of water. The results 

showed that superhydrophobic coating remains clean without any dust, after the passage of 

water, compared to uncoated glass. 

 

Figure 64 The self-cleaning test. Deposition of contaminates on the surface methyl red a) and congo red d). Self-

cleaning process of uncoated glass from methyl red b) and congo red e) and self-cleaning process of glass coated with 

MPS-TEOS-POTS film from methyl red c) and congo red f). 

 

Thanks to the novel strategy adopted in this article, this multilayer silica coating exhibits 

one of the most higher level of transparency and superhydrophobicity by using AACVD 

compared to existing works. Colin R. et. al. prepared silica microparticles films deposited 

using AACVD which showed extreme hydrophobicity, water contact around 180° but films 

appear white hazy 146. Zhuang A. et. al. fabricated a robust superhydrophobic surface 

depositing epoxy resin and polydimethylsiloxane (PDMS).via AACVD162. Such film was 

found to have transparency in the visible light of 80 % but a WCA of 127.4°. Recently, 

Zhuang A. et.al reported preparation of micro/nano- structured transparent 

a) b) c) 

f) d) e) 
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superhydrophobic polytetrafluoroethylene (PTFE) films with a water contact angle of 168° 

and a transmittance to visible light 90% via AACVD 144. 

The coating described in this paper comprises three layers, deposited separately by 

AACVD, helps the creation of transparent, durable superhydrophobic coating. The lower 

and middle layers have created a silica nanoparticles dual scale roughness, keeping 

excellent optical performance. Finally, the fluoro-based top layer provides water-

repellency because of its low surface tension chain. As well known that the coexistence of 

surface roughness and low surface energy material are requisites for achieving 

superhydrophobicity 163. 

Hence, highly transparent superhydrophobic, environmentally durable and self-cleaning 

MPS-TEOS-POTS coating can be easily applied in industrial applications as architectural 

glazing, screens for electronic devices and protective layers for solar panels164 . 

5.5. Conclusions 

Transparent superhydrophobic film with hierarchical micro/nano-structured MPS-TEOS-

POTS was prepared on glass substrates using aerosol-assisted chemical vapour deposition. 

To accomplish this combination of properties, a three layer assembly method was utilized 

to control the placement and level of aggregation of differently sized nanoparticles within 

the resultant multilayer thin film. The films demonstrated water droplet contact angles up 

to 168°, sliding angles less than 1° and excellent optical transmittance exceeding 90% in 

the visible range (400–760 nm). In order to obtain a micro/nano structure and transparent 

superhydrophobic surfaces from alkoxysilane precursor by using AACVD, deposition 

parameters and concentration of the solutions plays an important role. 

The coating demonstrated a superhydrophobic performance and excellent stability, after 

having been subjected to durability testing as corrosion, UV-resistance, organic solvents 

and thermal tests. The mechanical robustness testing indicated that the film retains 

superhydrophobicity after 5 cycles (1 m) after abrasion test. Meanwhile, the film also 

demonstrated excellent performance in self-cleaning testing. The procedure we have here 

described ensures that the transparent superhydrophobic coating resulting from 

alkoxysilane with AACVD. The possibility to deposit such films would increase again the 

potential of this technique and provides a new potential route for the preparation of higher 

transparent silica superhydrophobic coating in large –scale applications. 
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CHAPTER 6 

Anticorrosion sol–gel coating as a protective 

film of mirrors 
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6.1. Corrosion process 

Corrosion process is defined as the degradation or deterioration of a substance and its 

properties, usually a metal. It is a naturally occurring process, when the metal surface is 

over environmental exposure for a period of time, which results in changes in the properties 

of the metal and which may often lead to impairment of the function of the metal165. This 

is an exergonic process as the metal tends toward the lowest possible energy state, when 

combined with oxygen and water to form hydrated or metal oxides as corrosion products. 

Of the various metals subject to corrosion, iron is the most popular and as well know. 

Corrosion of iron is an electrochemical reaction that requires the presence of water (H2O), 

oxygen (O2) and ions such as chloride ions (Cl¯), all of which exist in the atmosphere. This 

electrochemical reaction starts when atmospheric oxygen oxidizes iron in the presence of 

water figure 65. When iron corrodes, it forms a red-brown hydrated metal oxide 

(Fe2O3·xH2O), commonly known as rust. In addition, the atmosphere also carries emissions 

from human activity, such as carbon dioxide (CO2), carbon monoxide (CO), sulphur 

dioxide (SO2), nitrous oxide (NO2) and many other chemicals, which can also be significant 

in the corrosion process.  

 

When the integrity of the material is affected by the external action of the environment, it 

may become necessary to protect it against this detrimental action. Application of coatings 

is the most suitable route to protect the metallic surfaces. Coatings designed for corrosion 

protection must offer an effective physical barrier, impeding the access of aggressive 

species to the metallic interface. 

Figure 65 Schematically exhibits of corrosion process. 

https://www.sciencedirect.com/topics/materials-science/corrosion-protection
https://www.sciencedirect.com/topics/materials-science/corrosion-protection
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6.2. The mirrors 

Known since antiquity, especially as artistic object, the principal function of mirror is to be 

a perfectly reflective surface. The reflective property is due to a deposition of a metal layer 

on a glass surface. Although, the mirrors are known for many millennia, there are very few 

studies and publications regarding the study, characterization and identification of 

processes and degradation products of ancient and modern mirrors. In the past, production 

of mirrors took place with tin and mercury amalgam but it proved to be very expensive and 

difficult. The traditional method was very expensive because of the large amount of raw 

material needed, and very dangerous because of the toxicity of mercury vapour that develop 

during preparation. The imperfections of the glass sheets, the long preparation times, and 

the dangerous of method induced the search for new ways for the production of these 

artifacts. Since XIX century, it began to look for a substitute, less dangerous and expensive 

method of production for the deposition of a reflective layer of metal on a glass plate. In 

1843, Drayton invented the silvering method by the wet way, based on silver alkaline 

solutions, following the treatment with a reducing agent, the metallic silver is separated, 

that is deposited on the surface of the glass in the form of a shining layer 166. 

The silvering of the mirrors is obtained by immersing the glass in four solutions. The first 

solution is a very diluted solution of stannous chloride (SnCl2), the second solution is 

prepared by mixing and diluting silver nitrate (AgNO3) and ammonia, the third solution is 

formed instead of only soda diluted in water and the fourth, finally, it is prepared by mixing 

dilute sulfuric acid in distilled water and sugar. It allows the reduction of a greater quantity 

of silver than with the reducing agent alone. The tin chloride, in contact with the glass, 

reacts with the silica lattice oxygen forming tin oxide. Although, the mechanism of the 

activation process is not yet well known, it is hypothesized that an oxidation-reduction 

reaction occurs between the tin adsorbed on the surface of the glass and the silver in 

solution, according to the reaction:  

 

 

The second, third and fourth solutions are deposited onto the plate wetted by the bivalent 

tin chloride solution. The solution is allowed to rest on the glass for a few minutes and then 

the silver will start to precipitate and form a layer. The chemical reaction that allows the 

deposition of metallic silver is an oxidation-reduction reaction between the nitrate silver 
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and the polysaccharide aldehyde. In this redox, the aldehyde is oxidized to carboxylic acid 

and the silver is reduced from Ag1+ to Ag0, forming the reflective deposit layer on the glass 

surface. The global reaction involves the formation of soluble ammonia silver hydrate 

complexes (reaction a), which subsequently react with aldehyde reducing it (reaction b). 

 

In the industrial production of mirrors, above the silver layer a metal layer is usually 

precipitated, which acts as a sacrificial anode. The metal applied is less noble than silver 

like copper, in the case of an oxidizing environment, it is oxidized before then silver, thus 

allowing the good preservation of the reflecting layer. A protective paint is usually applied 

above the possible copper layer. Moreover, it is usually of polymeric origin (alkyd or 

siliconic) with different fillers and colors depending on the function of the layer. The first 

layer of paint has the role of chemical anti-corrosion protector. The paint of this layer is 

usually loaded with inhibitory pigments, such as those based on lead or iron. The thickness 

of this layer is about 30 μm, and contains about 10-20% of lead salts 167. The second layer 

of paint has instead a role of physical-mechanical protector of the mirror. This layer allows 

a better resistance to scratches due to handling or cutting. The thickness of this layer is 

usually about 20 μm, it does not have inhibiting pigments, and is usually grey-blue or green 

depending on the chosen pigment 168. At the end of the process the overall thickness of all 

the layers is between 40 and 50 μm 169,170. 

 

Figure 66 The succession of the layers of an industrial mirror. 

The importance of preservation of the reflecting layer in industrial mirrors has led to intense 

scientific research in the field of paints, in order to prevent corrosion of the metallic silver 

layer. In addition, extensive research into anti-corrosion paints is still ongoing, while 

allowing for the strength of the reflective layer, low pollution content and high reflective 

power. Indeed, since the 1980, research has focused on the development of less polluting 

production methods. This has led to layers of copper-based degradation inhibitors based on 

highly polluting lead-rich coatings in layers formed by less harmful substances such as tin, 
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nichel, colbalt. Moreover, numerous methods of protecting the silver film have been 

studied through successive stratifications of material goods, for example alumina and silica 

gel171,172. 

6.2.1. Degradation of the reflective layer 

Studies conducted on the degradation of industrial mirrors have shown that there are two 

main mechanisms of initial degradation. The first consists in the attack of the copper film 

on the side of the overlying paint layer and the subsequent degradation of the silver layer 

underlying the copper layer; the second one consists in a reaction that takes place at the 

glass-silver interface without the previous corrosion of the copper layer173. In general, the 

degradation of the silver layer results from the appearance of dark spots in the center or at 

the edge of the mirror, which can cause a loss of reflection between 5 and 20%. The 

corrosion of a mirror appears to be extremely visible with small black specks, which give 

the mirror a dark and blurred appearance. Over time, corrosion spreads up to a 

homogeneous grey-brown layer or from spots with concentric lines of variable colour 

between grey-brown, yellow and white. figure 67. 

 

Figure 67 Images of mirrors with degraded edges(a) and degradation in central spots (b). 

Copper and silver films are two metallic films; both of them might be corroded from agents 

that usually attack metal. There are two types of corrosion, which depends on the types 



 

114 

 

different from degradation agents. When the aggressive agents exceeded the layers of paint 

to reach the screen, the degradation will be environmental; it is due to the thermo-

hydrometric conditions and the presence of corrosive compounds in the environment in 

which the mirror is stored. These substances can penetrate into the paint in a gaseous form 

or be carried by the water. 

The type of agents that get past painting and reach the film-film interface of copper can be 

divided into two categories: the agents that corrode both copper and silver, which cause the 

total degradation of the reflective film, and the agents which corrode only copper and not 

silver, which do not cause degradation of the reflective layer. 

Copper reacts, in the atmosphere, with oxygen forming tenorite (CuO) and cuprite (Cu2O) 

and with carbon dioxide due to the formation of basic carbonates of copper. These agents 

do not react with silver, as well as sulfates and carbonates, so the degradation of reflective 

film can not be considered. 

On the other hand, sulphides and chlorides react with both copper and silver, forming silver 

sulphide (Ag2S) and silver chloride (AgCl), and copper sulphide CuS and CuCl2 the 

degradation products found in the mirror areas where the total loss of reflective film. When 

the degradation began at the interface between the glass and the silver layer, it is possible 

to hypothesize that this is due to imperfections in the production process. The presence of 

high quantises of chlorides, in the interface between the silver layer and the glass, is 

probably due to the sensitization of this with tin chloride, subsequently not adequately 

rinsed 173 or use, during edge treatment of aggressive chlorinated agents169. They can cause 

the formation of white silver chloride salts and blue-green chlorides of copper chlorides, 

which can cause the subsequent separation of the layers by swelling, in the presence of 

humidity. This type of degradation develops mainly on the margins of mirrors. Another 

type of degradation can be due to the protective paint. Impurities or high soluble salts as 

fillers, present in the paint can act as degradation agents. Furthermore, the excessive 

stiffness of the paint itself can cause cracks in the reflective film. 

In this thesis, work has been studies and analysed in detail-degraded area of mirror sample 

by use of scanning electron microscopic (SEM) and energy-dispersive x-ray spectroscopy 

(EDX) figure 68. In the degraded portion has been identified the degradation products as 

CuO and AgCl2. They are mainly due to silver layer that reacts with ions Cl- figure 68 c-

d). and oxygen that react with copper layer on the mirror figure 68 e-f). In the sample 

analysed, the major degradation product is represent by AgCl2, this is due to the presence 
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of Cl-in moisture. Atmospheric chloride ions are in greatest abundance anywhere, 

particularly in areas near the coastline. Once chloride ion enters aqueous airborne particles, 

may be penetrated onto the silver surface and form silver chloride upon evaporation of the 

aqueous layer. 

The importance of preservation of the reflecting layer in industrial mirrors has led to intense 

scientific research in the field of paints, in order to prevent corrosion of the metallic silver 

layer. The most conventional mirrors undergo substantial degradation of their reflective 

properties within several years in indoor environments. In the case of outdoor 

environments, as solar collector installations, mirrors started the degradation process 

within several months, which is a relatively short time when a useful life of 20 years is 

generally considered a minimum design requirement for economical point of view. 
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a) b) 

e) 

d) f) 

c) 

Figure 68 Optical microscope image at 50 magnification a) and SEM image at 100 magnification b) of the 

degraded portion, where the paint is peeled off from reflective layer. SEM images at 10 000 magnification of the 

same degraded portion c) and e); the presence crystalline structure of CuO and AgCl2 is confirmed with EDS 

analysis d) and f). 
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6.3. Aim of work 

This work concern a preliminary study about the protective barrier coating to protect the 

integrity of the silver from deleterious chemical degradation in a mirror structure. The 

protective anti-corrosion sol-gel coating, around the layers of a mirror structure can be 

useful to repel any outside humid, contaminating, or corrosive agents, protecting and 

prolonging the useful life of a thin sheet mirror structure.  

Considerable research effort has been directed toward utilizing a layer produced from sol-

gel functional silane on the stainless steel or other alloy surface for corrosion 

performances174. Organic- inorganic hybrid thin coating materials have also been proved 

to have excellent corrosion protection performance on Al-2024 alloy, steel, copper and 

magnesium substrate 175,176. Atik et al. made hybrid coatings of polymethylmethacrylate 

(PMMA) and ZrO2 onto 316L stainless steel. Coatings’ anticorrosion behaviour was 

analyzed in 0.5 M H2SO4 solution through potentiodynamic polarization curves at room 

temperature. The coatings act as geometric blocking layers against the corrosive media and 

increase the lifetime of the substrate 177. Lui et.al. reported that the TEOS-MAPTS hybrid 

coatings were uniform and crack-free on Dacromet-coated carbon steel to enhance the 

erosion–corrosion resistance of the Dacromet. The electrochemical measurement showed 

that the composite system also presented a longer controlled cathodic protection than that 

of Dacromet and an enhanced corrosion resistance for Dacromet 177. Hybrid coatings were 

synthesized by copolymerization of epoxy-siloxane and titanium or zirconium alkoxides. 

The sol–gel coating system doped with tris(trimethylsilyl)-phosphate revealed improved 

corrosion protection of the magnesium alloy due to formation of hydrolytically stable Mg–

O–P chemical bonds 178. 

The aim of this work has been to develop protective coatings for reflective layer of mirror, 

applying sol-gel technology. Silver mirrors were protected with 3-

glycidoxypropyltrimethoxysilane (GLYMO)-tetraethoxysilane (TEOS) coatings, applying 

by brush coating. The optical characteristics of mirrors were kept, as well as their anti-

corrosion resistance was evaluated by using salt spray fog corrosion testing. 
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6.4. Experimental details  

6.4.1. Materials  

Tetraethylorthosilicate (TEOS), 3-glycidopropyltrimethoxysilane (GLYMO),were 

purchased from Dynasylan® (Evonik Industries AG) . Acetic acid (CH3COOH) and 

absolute ethanol were purchased from Sigma Aldrich Italy. 

 6.4.2. Fabrication of anti-corrosion film 

The hybrid sol was prepared by admixing organoalkoxisilane precursor, GLYMO and 

TEOS, and ethanol and acetic acid as solvent and catalyst respectively. TEOS and GLYMO 

were added in a molar ratio of 3:1 in an ethanol and acetic acid solution Then, acetic acid 

was added to solution to obtain a pH around 3. The volume ratios of the EtOH/ TEOS-

GLYMO and CH3COOH/ TEOS-GLYMO were fixed in 1:1 and 0.5: 1 respectively. The 

sol was carried out at room temperature with a continuous stirring for 24 h. 

Before the sol deposition, mirror substrate was prepared by rinsing with ethanol the few 

times, to remove completely possible contaminant and dirty. Then, the mirror was rinsed 

in acetone, than dried at room temperature. The coating was deposited by brush on every 

edge of the mirror, figure 69. After the deposition, mirror specimen was dried at room 

temperature, then cured at 70° for 2 h. 

 

Figure 69 Procedure for preparation of superhydrophobic films. The hybrid sol was applied every mirror edge with a 

brush, covering the glass and the protective layers
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6.5.3. Characterisation 

Fourier transform infrared spectroscopy (FT-IR) was used to characterized the structure of 

hybrid sol-gel coating. The FT-IR spectra was recorded on PerkinElmer SPECTRUM 100 

over the range of 400 to 4000 cm−1. The samples for FT-IR characterization were prepared 

by removing the film from the substrate using a stainless steel knife. The surface 

morphologies of the sample were studied using a ZEISS SIGMA 300 Bruker field emission 

scanning electron microscope (SEM). A thin layer of chromium was sputtered onto the 

sample surfaces under vacuum to improve the electrical conductivity. Energy dispersion 

spectroscopy (EDX) was also carried out on the same machine with QUANTAX EDS 

BRUKER and was used to obtain the chemical composition of the film.  

6.5.4. Salt Spray Corrosion Testing 

The corrosion performances of the formulated coating were analysed by salt spray method. 

All tests are performed in a special chamber in which the saline solution, the produced fog 

allows creating a strongly corrosive environment. The duration of the salt spray test 

depends on the time needed to trigger the corrosive phenomenon, and it is therefore closely 

related to the type of material or coating and can vary from a few hours to thousands of 

hours. The mirror sample was exposed to a salt fog atmosphere generated by spraying 5 

wt% aqueous NaCl solution at 34° ± 1,7° C for 336 h in accordance with UNI EN ISO 

9227:2017 specifications. After removal from the salt fog chamber, the sample was rinsed 

with distilled water to remove any residues. 

6.5.5. Result and discussion 

The preparation of anti-corrosion films on the mirror substrates is based on the hydrolysis 

and condensation reaction of GLYMO and TEOS. The alkoxy groups present in 3-

glycidoxypropyltrimethoxysilane and tetraethylorthosilicate precursors hydrolysed under 

acid condition to form Si-OH groups. These silanol groups condense each other to form 

extended Si-O-Si network. On the organic side of alkoxysilane, epoxy groups are 

susceptible to ring opening in acid condition and polymerized to form cross-linker 

network179. In addition, interfacial condensation and polymerization reactions are occurred 

between the hydroxyl groups on the glass surface and on silver layer, to form Si-O-Si and 

M-O-Si linkages on the mirror surface (figure 70). The formation of three-dimensional 

network act as a physical barrier towards corrosive agent and thereby offering protective 
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performance. In the synthesis procedure of GLYMO-TEOS sol, hydrolysis water content 

has been kept low, without adding more water, to produce a dense, barrier network 

structure. Film derived from high hydrolysis water content exited poor corrosion resistance 

independent of deposition method. A less well-connected network structure may produce 

channels for the rapid penetration of corrosion initiators through the film 180. 

 

The FTIR spectra of TEOS and GPTMS precursors are given in figure. 71. Regarding the 

TEOS precursor, three important areas can be observed: the first two situated at 3000–2700 

cm−1
 and at 1500–1300 cm−1, which are originated by stretching and bending of the C-H 

bond of the methylene groups (−CH2-) and methyl (−CH3) respectively181. The third area, 

comprised between 1200 and 750 cm−1, includes bands located at 1105, 1080 cm−1and 790 

cm−1that correspond to the stretching vibration of the Si-O-C bonds. The peaks at 1170 (Si-

O-C stretching) and 960 cm−1 (CH3 rocking) associated with the vibration of the chemical 

bonds present in the ethoxy groups (OCH2CH3)
182. Further, the FT-IR spectrum of the 

GLYMO precursor contains the characteristic bands of the epoxy group, such as the band 

produced by asymmetric stretching of the C-H bonds situated at 3050 cm−1. The peaks 

associated with the breathing vibration, asymmetric and symmetric stretching of the epoxy 

ring, which are found at 1250, 910 and 860 cm−1
 respectively183. Moreover, the bands 1190 

and 820 cm−1
 are associated with the Si-C vibration and rocking of the methylene groups 

(−CH2-) of the organic chain.  

The FTIR spectra of the GLYMO-TEOS sol with acetic acid is related to the signals already 

identified in the precursors spectra. The vibration band at 910 cm−1
 decreases in intensity, 

due to the aperture of the epoxy ring in the acidic medium and exhibit the carbonyl signal 

Figure 70 Schematic representation show the formation mechanism of the GLYMO-TEOS coating. 
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at 1725 cm-1indicating the formation of complexes by reaction with the acetate ion (Figure 

72). A new large band rises at 1045–1040 cm−1, attributed to the presence of Si-O-Si bonds, 

indicates a SiO2 network resulting from the condensation process184. 

SEM characterized the morphology of the film in detail. Top-view SEM image shows that 

the overall thin film is homogeneous and smooth, without visible cracks Figure 73-a. In 

fact, formation of cracks is very common for longer aging times due to the lower pH value 

and higher viscosity. The cracks may growth and extend rapidly in the coating, causing the 

loss of protective functionality. Furthermore, the presence of organic cross-linker 

components in sols forms dense films and reduces coating porosity, which makes the gel 

network more flexible and less prone to cracking during further drying process .  

Cross-sectional SEM image reveals that the GLYMO-TEOS coating has a uniform 

thickness of 22,13 µm (figure 73-b). EDX analysis was performed to characterize the 

surface composition of the samples. EDX spectra confirm the presence of SiO2 network, 

figure 73-c. 

 

Figure 71 FT-IR spectra of precursors tetraethylorthosilicate (TEOS), 3-glycidopropyltrimethoxysilane (GLYMO) and 

FT-IR spectra of hybrid coating (GLYMO-TEOS sol) 

 

https://www.sciencedirect.com/topics/materials-science/surface-composition
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Figure 72 Mechanisms of epoxy ring opening in presence of an aqueous solution of acetic acid 154. 

  

 

Figure 73 SEM images of GLYMO-TEOS sol on top-view a) and cross-section view b). EDS analysis c) 

The salt-spray test was performed on mirror coated with GLYMO-TEOS sol and uncoated 

mirror for 336 h. Afterwards, it was evaluated the degradation of the silver layer in terms 

of the appearance of dark spots in the center or at the edge of the mirror. At the end of the 

salt-spray test, no visible corrosion defects has been seen on the mirror surface, compared 

with uncoated mirror that shows a visible corrosion defect on the edge figure 74. The higher 

cross-linked coating generated by sol-gel process, with GLYMO and TEOS leading to the 

formation of dense 3-dimensional network. This higher densification of the coating leads 

to a reduction of permeability towards water and corrosion initiators, as Cl- ions, 

responsible for silver layer corrosion on mirror. 
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Figure 74 Mirror samples after salt spray test : uncoated mirror a) and GLYMO-TEOS coated mirror b). 

6.5.6. Conclusion 

In this preliminary study, GLYMO-TEOS sol has been deposited on mirror to avoid 

corrosion degradation process. The major drawbacks of organic-inorganic sol–gel coatings 

from the standpoint of corrosion resistant layers are essentially two: thick coatings (>1μm) 

are difficult to achieve without cracking; and brittle inorganic films have high crack-

forming potential. The films cracked during the coatings drying due to the different thermal 

expansion coefficients of the sol–gel derived films and the metallic substrates. 

GLYMO-TEOS coating was obtained with a thickness of 22,13 µm and showed a high 

condensation degree of  the inorganic part and a high degree of polymerization of the epoxy 

moieties. Addition of the epoxy components to silica sols has formed at high-density 

network structure, eliminating cracks and enhancing the flexibility of the coating. 

Moreover, GLYMO-TEOS sol–gel coatings provide a good adhesion with glass and silver 

layer. These sol-gel coating form strong van der Waals bonds between coating’s silanol 

groups and the metallic/ glass surfaces180. These bonds are transformed to stable covalent 

Me–O–Si or Si–O–Si bonds during the film drying stage, leading to the formation of a 

stable surface/sol–gel film interface185. 

This allowed obtaining continuous, homogeneous coatings with no evidence of cracking 

and an excellent corrosion resistance. In fact, after salt spray test, the mirror coated with 

GLYMO-TEOS film showed almost no signs of corrosion attack by Cl- ions, compared to 

uncoated mirror. 
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