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Superhydrophobic surfaces have recently attracted a lot of attention due to their high water 

repellency along with a wide range of applications in many fields. The application of such 

surfaces for self-cleaning purposes, such as in solar cell modules, has been limited due to 

lack of mechanical robustness, thermal stability and ultraviolet radiation resistance. The 

fabrication of superhydrophobic surfaces with mechanical robustness and high 

transmittance of visible light is still a major challenge. This research presents a method for 

fabrication of transparent, robust and stable superhydrophobic surfaces by simple spray-

coating process. In this work, proper spraying cycles and mixtures of silane and 1%wt SiO2 

nanoparticles has resulted in water contact angles as high as 170˚ with hysteresis of 6˚ and 

sliding angle of 1°. Developed surfaces during this work also exhibited excellent stability 

under pressurized jet water, abrasion and ultraviolet radiations. Improvement of visible 

light transmissivity was achieved by annealing the surface up to a temperature of 300°C. 

Measured optical transmissivity was found to be within 90% of that of virgin glass. With 

the unique combination of the above mentioned desired properties of the fabricated surface, 

this makes them promising candidate for outdoor self-cleaning applications even under 

harsh environmental conditions. 
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 ملخص الرسالة
 
 

 عبد الحكیم باقي االسم الكامل:
 

 عنوان الرسالة: تحضیر اسطح طاردة للماء مستقرة مكیانیكا 
 

 التخصص: علم وھندسة المواد
 

 2017تاریخ الدرجة العلمیة: ینایر 
 
 
ء النتاج اسطح ذاتیة تلقى الطالء الطارد للماء اھمیة كبیرة نظرا لقابلیة تطبیقھ في عدة مجاالت. یظل تطبیق ھذا الطال 

التنظیف المستخدمة في مجال الخالیا الشمسیة محدودا جدا نتیجة لنفاذیتة المنخفضة للطیف الشمسي المرئي ومتانتة 

 المنخفضة لمقاومة الظروف القاسیة.  

ى للطیف الشمسي تركز ھذه الدراسة البحثیة على انتاج اسطح طاردة للماء (ذاتیة التنظیف) لھا متانة عالیة و نفاذیة اعل

المرئي باستخدام طریقة طالء الرش. الطالء یتكون من عدة طبقات من مادة الطالء المستخدمة والتي ھى عبارة عن 

مزیج من مركب غیر عضوي ذو توتر سطحي منخفض مع ثاني اكسید السلیكون النانوي. االسطح المطلیة التي تم 

درجة وزاویة میالن مقدارھا درجة واحدة. اضافة  170لیة تصل الى انتاجھا خالل ھذه الدراسة لھا زاویة تالمس عا

الى ذلك تتمتع باستقراریة عالیة تحت اختبار رش المیاة والكشط المیكانیكي واالشعاع فوق البنفسجي. اظھرت االسطح 

جة مئویة. بناء در 300% من نفاذیة الزجاج غیر المطلي بعد تسخینھا عند  90المطلیة نفاذیة ضوئیة عالیة تصل الى 

على ما تم ذكره، من الممكن استخدام نتائج ھذه الدراسة النتاج اسطح شفافة ذاتیة التنظیف وتطبیقھا في المیدان حتى 

 تحت ظروف قاسیة جدا.   
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1 CHAPTER 1 

INTRODUCTION 

1.1 Statement of the problem 

Green and sustainable energy development is becoming a popular research area 

worldwide since this is the only way to reduce and tackle the environmental pollution 

problems. Solar energy conversion is considered as a major source of green energy and 

relevant devices such as photovoltaic (PV) systems can convert the solar radiation to 

electricity without compromising on the environment. Worldwide ongoing research on 

minimizing cost and improving efficiency of solar cells has led to the marketing of solar 

modules based on Si wafers having up to 25% solar conversion efficiency [1][2]. 

Therefore, maintaining this amount of conversion efficiency of solar cells is very crucial 

to make the PV systems a more attractive alternative energy source.  

One of the main challenges for maintaining the energy conversion efficiency of solar 

cells is to keep the solar and photovoltaic (PV) panels as clean as possible. This is a 

daunting task in desert environments where the solar radiation is abundant and at the 

same time, dust accumulation is inevitable. Accumulation and deposition of the dust 

particles on the solar PV panel is a quite complicated process which is mainly governed 

by the weather conditions at the installation place. Dust deposition is mainly influenced 

by the characteristics of the dust particles, surfaces of the panels and environment. The 
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dust particles and other particulates can lead to efficiency reduction in PV modules by 

certain percentage depending on the time duration and environment conditions. A 

research conducted by Salim et al. [3] found that PV system in a solar-village near 

Riyadh, Saudi Arabia end up with 32% reduction on efficiency after 8 months of soiling 

(dust accumulation) on the PV panels. A similar study conducted by Wakim [4] in 

Kuwait revealed reduction of 17% in efficiency after 6 days only. Sometimes because of 

the uncertainty of the desert environment, the actual reduction of efficiency may be much 

more significant within very short time. In areas where the rain occurs often, PV solar 

panels can recover part or most of lost efficiency [5]. 

A number of techniques have been developed by researchers worldwide to keep the 

surface out of mud, dust and contaminations, minimize dust settlement on PV panel 

surfaces to facilitate the harvesting of solar energy by solar cell materials. These 

techniques included cleaning the surface by high-pressure water fluids, mechanical 

methods (such as cleaning with mechanical robotic brushes and vibration), electrostatic 

removal of dusts and fabricating surfaces with self-cleaning properties [6]–[9] as shown 

in Figure 1 . Self-cleaning surface do not require intensive labor work and/or consume 

huge amounts of water and energy, thus save time, money and water. 
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Figure 1 Various ways of cleaning the solar PV panel surfaces. 

 

1.2 Water-repellent self-cleaning surfaces 

Modifying the surface to make it superhydrophobic with self-cleaning properties is a very 

attractive option to maintain or recover the efficiency of solar PV panels. Due to their 

extremely water-repellant nature, water droplets roll off superhydrophobic surface at a 

very small tilting angle or even without tilting, collecting dust and dirt particles, and 

leaving behind a clean and unwet surface. Hence, the development of superhydrophobic 

surfaces has been the focus of many studies for various ranges of applications, such as 

self-cleaning surface for the photovoltaic (PV) panels, frictionless transport of water 

through pipes with less energy consumptions [10]. 
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The last decade or two has seen a significant surge in the number of publications related 

to the fabrication of superhydrophobic surfaces. Researchers have been successful in 

combining several desirable characteristics such as self-cleaning, optical transparency, 

etc. in one product [11]–[16].  

 

1.3 Challenges of self-cleaning surfaces 

In addition to water-repellency and the self-cleaning effect, there are also some other 

important properties of the coatings that researchers need to consider as well, such as 

high transmittance of visible light or antireflection index. Usually, the surface chemistry 

and surface roughness govern the surface hydrophobicity; low surface energy chemistry 

with optimum surface roughness result in superhydrophobic nature. However, if the 

fabricated surface intended application is for the solar energy harvesting applications, 

such as PV panel cover, the transmittance of the surface shouldn’t be compromised so 

that solar cell material harvesting the sunlight radiation will not be affected. Since the 

surface roughness and the transmittance are two contradictory concepts with the increase 

in roughness resulting in the decrease in transmittance, therefore a balance between the 

surface roughness and transmittance should be tuned properly. Mechanical 

stability/robustness and Ultraviolet (UV) long term radiation resistance of the fabricated 

superhydrophobic surface is also crucial for solar cell applications. The hierarchical 

rough micro/nano-structures of superhydrophobic coatings usually become distorted by 

abrasion and impact of dust particles can lead to detachment of the hydrophobic coating 

layer which consequently reduces the surface water repelling properties [17]. 
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1.4 Scope of the work 

Among the different techniques for the fabrication of water-repellant surfaces, the sol-

gel route stands out due to its ease of processing, versatility and ability to fine tune surface 

characteristics. 

In the present study, we will focus on the fabrication of water-repellent surfaces with 

self-cleaning ability by the deposition of specially prepared silane films using sol-gel 

technique. Special attention will be given to the ability of the surface to transmit light 

and to the mechanical robustness of the developed surfaces. The fabricated coatings are 

expected to resist UV radiation, abrasion and wear/tear during field applications.  
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2 CHAPTER 2 

LITERATURE REVIEW 

2.1 Water contact angle  

Water contact angle measurement is a method that can be used for qualitatively 

determination of the surface free energy of the substances. Water contact angle refers to 

the angle formed by the intersection of the liquid-solid interface and the liquid-vapor 

interface as illustrated in the Figure 2 which is α. Water contact angle less than 90° means 

surface is hydrophilic and it has higher wettability, if higher than 90° means surface is 

hydrophobic and it has less wettability, superhydrophobic surface usually refers to that 

the water contact angle higher than 150°. 

 
Figure 2 Illustration of water contact angle formed on the smooth solid surface 

 

Water contact angle measurement can be easily conducted using the goniometer. In 

actual applications, measurement of static contact angle alone to characterize wetting 

behavior is not enough. During the motion of the liquid droplet, contact angle α formed 

as in the Figure 3 is called dynamic contact angle. Basically, the contact angles formed 

by expanding and contracting the liquid droplet [18] or by the motion of the liquid droplet 
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is referred to as the advancing contact angle αa and the receding contact angle αr, 

respectively,  schematic illustration is showed in Figure 3 below.  

 
Figure 3 Illustration of the contact angle during the expanding and contracting the 

liquid or by the motion of the liquid droplet. 
 

Water droplet of specific size can be used to evaluate surface adhesion by the sliding 

angle, which is the angle needed for a droplet to start sliding down from the tilted surface. 

Poor adhesion between the surface and the water droplets resulting to low sliding angle 

and vice versa. The difference between the advancing angle and the receding angle is 

called the hysteresis (H), which is given by equation (2.1).  

 H = αa − αr  (2.1) 
 

Surface roughness and/or heterogeneity are the reasons of causing contact angle 

hysteresis. If the surface topography mainly affect the generation of the contact angle 

hysteresis, in this case, contact angles from the Young’s equation can be misleading since 

it doesn’t take surface roughness into the consideration [18]. Hysteresis is also one of the 

important parameters that asses the hydrophobicity of the surface. In general, low 

hysteresis can contribute to the hydrophobicity and self-cleaning effect, but surfaces with 

high advancing angle but low receding angle may show poor hydrophobicity and leave 
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water drops “pinned” onto the surface [19]. Equation (2.2) [20] describes the force 

required for a droplet start to sliding on the solid surface. In the equation (2.2), where F 

is the critical line force per unit length of the drop perimeter, θ is the sliding angle. From 

the equation (2.2) one can see that hydrophobicity determined by the hysteresis rather 

than their finite values and it also indicates that a surface with very low hysteresis also 

will have a very low sliding angle, regardless of the magnitudes of the different contact 

angles [19]. 

 F = 𝛾𝛾𝐿𝐿𝐿𝐿(𝑐𝑐𝑐𝑐𝑐𝑐𝜃𝜃𝑅𝑅 − 𝑐𝑐𝑐𝑐𝑐𝑐𝜃𝜃𝐴𝐴)  (2.2) 
 

Usually, on the rough solid surface, there is no reasonable relationship between the 

Young’s contact angle αY, advancing contact angle αa and receding contact angle αr [21]. 

Basically, on the rough and heterogeneous surfaces, water droplet can exist in two kinds 

of equilibrium states, which are called Cassie-Baxter state [22] and Wenzel state [23], 

which are illustrated in Figure 4. 

 
Figure 4 Cassie-Baxter model and Wenzel model 

 

According to the simulation done by Johnson and Dettre [24] using an assumed 

sinusoidal surface structure, as increasing surface roughness the dominant 
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hydrophobicity mode is continuously transformed from Wenzel state to Cassie-Baxter 

state. If hydrophobicity is only governed by the Wenzel state, even static contact angle 

is high enough, droplet may settle on the surface even when the surface is tilted until 

vertical. If hydrophobicity is only governed by the Cassie-Baxter state, even static contact 

angle is not very high,  droplet may starts sliding when the surface is tilted much less 

than the previous case angle [25]. Dynamic wettability strongly related to contact angle 

hysteresis and not the static contact angle. For a water-repellant surface, its dynamic 

wettability is very important factor [26]. 

 

2.2 Insight into the hydrophobic surfaces  

Water contact angle on the surface is determined by both the chemistry of the surface 

and its roughness. A number of techniques were used to fabricate superhydrophobic 

surface by combining alteration of the surface chemistry with tuning the surface 

roughness. Rao et al. [12] reported that the change in the contact angle was dominated 

by the surface chemistry modification rather than the surface roughness alteration. 

Development of controlled hierarchical rough surface has been achieved by mimicking 

the surface roughness of the insect’s wing or self-cleaning lotus leaves. The surface 

structure of the developed rough surface enables entrapment of air between water 

droplets and the surface as in the Cassie-Baxter state. As shown in the Figure 4，in the 

case of Cassie-Baxter state, actual contact area between the solid surface and water 

droplet is much less than the Wenzel state. This contributes to less wetting and adherence 
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between the surface and water droplets, thus creating a highly water repellent surface 

when combined with low surface energy.  

 

2.3 Effect of surface roughness  

It is a known fact that the hydrophobicity increased with surface roughness [22], [23]. 

Researchers have developed fractal surface with enhanced hydrophobicity [27] 

incorporating different surface structures [28][29][30]. It is however difficult to correlate 

and draw precise conclusions concerning the factors of surface roughness and the 

relationships between these factors.  

Didem Oner et al. [22] prepared surfaces containing square spots of different sizes. They 

found that spots with X-Y dimensions of 32 μm and blow exhibite superhydrophobic 

behavior with high advancing and receding contact angles. Yoshimitsu et al. [25] 

developed a series of pillar and groove structures and concluded that groove surface 

structure on the silicon wafer having lower water contact angle than pillar surface 

structure. This is mainly because of better water shedding nature of groove surface 

structure than the pillar surface structure. Budunoglu et al. [31]created micro and 

nanoscale roughness and resulted surface having contact angles up to 179° and sliding 

angles less than 5° associated with the thermal stability up to 500°C. Gao et al. [32] 

developed superhydrophobic surfaces with hierarchical structure using PDMS and silica 

particles deposited onto glass slide. The silica-PDMS film was deposited by using simple 

immersion method for 10 minutes. Two sizes of silica particles were used; 7 nm and 14 

nm. They found that 14 nm particles sizes have higher contact angle than 7 nm particles 
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size due to the regularity of its micro- and nano-structure. Silica particle-PDMS surface 

with 7 nm has more grooves and irregularities which minimize the amount of air pockets 

to maintain the water droplet. Even, the hysteresis contact angle has shown similar trend 

with 10° for 14 nm particle and 40° for 7 nm particle size; the combination of 14 nm and 

7 nm resulted in a hysteresis angle of 30°. Jin et al. [33] developed hierarchical-structured 

superhydrophobic surfaces using PDMS by casting and laser etching. The resulted 

surface texture is micro-submicron-nanostructures which is generated by micropillars 

and submicron-nano grooves and with static and dynamic water contact angles 162° and 

<5°, respectively. 

 

2.4 Effect of surface chemistry 

2.4.1 Surface energy 

As mentioned above, Rao et al. [6] claimed that the higher contact angles are dominated 

by the surface chemical modification rather than the roughness of the surface. The contact 

angle of a liquid droplet on a smooth solid surface was described first by Thomas Young 

[34] who defined it by the mechanical equilibrium of the droplet under the action of three 

interfacial tensions shown in equation (2.3). 

 γlvcos𝛼𝛼𝑌𝑌 = γsv − γsl 𝑐𝑐𝑜𝑜 𝑐𝑐𝑐𝑐𝑐𝑐𝛼𝛼𝑌𝑌 =
𝛾𝛾𝑠𝑠𝑠𝑠 − 𝛾𝛾𝑠𝑠𝑠𝑠
𝛾𝛾𝑠𝑠𝑠𝑠

  (2.3) 

Where, γlv represents the liquid-vapor tension, γsv represents the solid-vapor tension and 

γsl represents the solid-liquid interfacial tensions, and α is the static contact angle. Table 

1 provides the critical surface tension (γc) values of surface functional groups in relation 
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to surface constitution at 20°. From the table, it is clear that the surface functionalized by 

fluorocarbon group of CF3 having lowest surface energy. Substitution of fluorine atoms 

by hydrogen atoms in CF3 groups can increase the surface energy. Normally, to get low 

surface energy surface, functionalization of the surface by fluorocarbon groups is 

preferred as compared to hydrocarbon groups and chlorocarbon groups. 

 
Table 1  Critical surface tension (γc) values in relation to surface constitution at 20° 

[35]. 
Surface groups γc (mN/m) 

Fluorocarbon surfaces  

─CF3 6 

─CF2H 15 

─CF2–CF2 ─ 18 

─CF2 ─CFH 22 

─CF2 ─CH2 ─ 25 

─CFH─CH2 ─ 28 

Hydrocarbon surfaces  

─CH3 (crystal) 20-22 

─CH3 (monolayer) 22-24 

─CH2 ─CH2 ─ 31 

─CH─ (phenyl ring edge) 35 

Chlorocarbon surfaces  

─CClH─CH2 ─ 39 

─CCl2 ─CH2 ─ 40 

═CCl2 43 
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2.4.2 Silica/Silane chemistry 

Silica (SiO2) consists of tetrahedral [SiO4]4−, which can be used to create surface 

roughness. Modification of the silica by low surface energy reagents leads to a low 

surface energy layer. Silanol (Si-OH) groups which can be hydrolyzed through 

hydrolysis reaction and low surface energy functional groups connected through 

condensation reaction. Silica is usually utilized in the form of colloid dispersion, or silica 

nanoparticles among which solid silica particles suspended in an aqueous phase and silica 

nanoparticles dispersed in proper solvent, named by silica sols. Silica sols can be used in 

Solution-Gelation (Sol-Gel) reactions, where reaction usually go through the hydrolysis 

and condensation process used to create oxide network structures with the surface 

functionalized by low surface energy functional groups. 

It is known that unmodified silica aerogel surface having hydrolysable silanol (Si-OH) 

groups. Hydroxyl (-OH) groups hydrophilic characteristic is the main source of 

hydrophilicity, because presence of this group adsorption of the water will be promoted. 

Silica aerogel surface also shows hydrophilicity[36] and not favorable for the 

hydrophobicity. Therefore, silanol (Si-OH) replaced by the more hydrolytically stable 

silicon alkyl (Si-R or Si-CH3) groups resulted in surface of aerogel with low energy and 

the adsorption of the water also inhibited. This is very important when dealing with 

liquid/solid interfacial energy [35]. Figure 5 is a schematic diagram showing replacement 

of hydrophilic groups by hydrophobic groups. Furthermore, macroporous structures of 

aerogel are potential scaffolds for immobilization of biological species [37]. They also 
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can create like Lotus Leaf Effect with the entrapment of the air in the surface roughness 

asperities valleys. 

O
Si Si

O

O
O

Si

O

Si

O

O

Si

Si

O

O

HO

Si

HO

O

O Si

O
HO

O

Si

OH

OH

O

OH

O O
Si Si

O

O
O

Si

O

Si

O

O

Si

Si

O

O

R

Si

R

O

O Si

O
R

O

Si

R

R

O

R

O

Hydrophilic Hydrophobic  
Figure 5 Schematic diagram showing hydrophilic and hydrophobic surfaces of silica 

aerogels [38] 
 

The schematics shown below illustrate the basic concept of sol-gel reaction.  

Hydrolysis reaction of silane: 

Si

OR

OR

ORRO + H2O Si

OR

OR

OHRO + ROH

 

Water Condensation: 

Si

OR

OR

OHRO Si

OR
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HO OR+ Si

OR
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RO Si

OR

OR

ORO + H2O

 

Alcohol condensation: 

Si
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OHRO Si

OR

OR

ORRO+ Si

OR

OR

RO Si

OR

OR

ORO + ROH
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If we take the hydrolysis and condensation reactions of methyltrimethoxysilane 

(MTMS) as an example. 

Hydrolysis: 

Si OCH3

OCH3

H3C

OCH3

3H2O Si OH

OH

H3C

OH

+ 3CH3OH+

 

Water condensation: 

Si OH

OH

H3C

OH

+ SiHO

OH

CH3

OH

Si O

OH

H3C

OH OH

CH3

OH

Si + H2O

 

Alcohol condensation: 

Si OH

OH

H3C

OH

Si OCH3

OCH3

H3C

OCH3

+ Si

OH

H3C

OH

Si CH3

OCH3

O

OCH3

CH3OH+

 

For this case, as each monomer contains three hydrolyzable Si–OH or Si–OCH3 groups, 

it can form 3D gel network after a series of reactions. The surface of the cluster would 

mostly be covered by these low surface energy Si–CH3 groups. After the completion of 

condensation reactions, then the surface of the aerogel becomes hydrophobic, which is 

ascribed to one non-hydrolysable Si–CH3 group in each monomer of MTMS [10]. 

Therefore, by this sol-gel chemistry reactions silica particles can be easily functionalized 

with low surface energy and hydrophobic functional groups by different kinds of silanes. 
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Figure 6 shows the Organically Modified Silanes with different functionalities. A number 

of these functionalities in the monomer can have different significance during the sol-gel 

reactions. A tetra-functional silicon alkoxide (n = 0) acts as a “network forming” structure 

since it has for hydrolyzable sites. A trifunctional silicon alkoxide (n = 1) behaves as a 

“cross-linker” with its three hydrolyzable sites. A difunctional silicon alkoxide (n = 2) 

having two hydrolyzable sites and behaves as a “ bridging ” agent and a monofunctional 

silicon alkoxide (n = 4) can be used as a “ terminating ” agent, since it has only one site 

can take part in the reactions [39]. 

Si

OCH2CH3

R

R R Si

OCH2CH3

R R

OCH2CH3

Si

OCH2CH3

R

OCH2CH3

OCH2CH3 Si

OCH2CH3

OCH2CH3

OCH2CH3H3CH2CO

f =1, n=3
mono

f =2, n=2
di

f =3, n=1
tri

f =4, n=0
tetra  

Figure 6 Organically modified silica (ORMOSIL) functionalities. 

 

2.5 Fabrication of superhydrophobic surfaces – drawbacks 

Some researchers reported that by using commercially available abrasion resistance 

silicone resin improves the abrasion resistance of the superhydrophobic surfaces [40], 

[41]. This is often used with a coupling/bonding agent to increase the adhesion between 

the substrate and thin layers [16]. Water-repellent surfaces prepared by sol-gel route 

suffer from some major drawbacks that severely limit their large scale outdoor 

applications. The most notable of these are poor mechanical properties that include weak 

adhesion to substrate and low wear/abrasion resistance, and fast degradation under UV 
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radiation due to vulnerability to long-term UV exposure of polymers.  In this regard, 

development of water-repellent surfaces with improved mechanical stability/robustness 

and good resistance to long-term UV weathering are the major challenges. Hence in depth 

research is needed to address these issues and overcome the above mentioned challenges 

as well as not compromising on the transparency.   

 

2.6 Research objectives 

The main objectives of the present research are:  

1. Development of optically transparent, water-repellent and self-cleaning 

surfaces using surface modified silica nanoparticles through sol-gel method. 

Silica nanoparticles to be used to increase the surface roughness and PFOTS 

used to functionalize the surface of silica nanoparticles. 

2. Improvement of the mechanical properties (adhesion to substrate, 

abrasion/wear resistance, scratch resistance etc.) of the developed surfaces by 

controlled addition of bonding agents. Since the aim of developed surfaces 

are for outdoor field applications, developed surfaces will be tested under 

simulated conditions, such as UV light, water jet, sand paper abrasion and 

sand blasting test. 

3. Optimization of the process parameters and conditions to obtain the best 

combination of the above desired characteristics. 
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3 CHAPTER 3 

MATERIALS AND METHODOLOGY 

3.1 Materials 

The materials used to fabricate the intended robust superhydophobic and self-cleaning 

surfaces are: 1) Silicon dioxide (nanopowder, 10-20 nm particle size (BET), 99.5% trace 

metals basis), 2) Methyltrimethoxysilane (MTMS), (3-Glycidyloxypropyl) 

trimethoxysilane (GLYMO), 1H,1H,2H,2H-Perfluorooctyl-trichlorosilane (PFOTS), 3) 

ethanol, 4) acetone, 5) Ammonia (30 Vol%). All of these chemicals were purchased from 

Sigma-Aldrich, Germany. Figure 6 shows the molecular structure of the MTMS, 

GLYMO and PFOTS used in our experiments. The deionized (DI) water used during the 

experiment was collected from the Milli-DI® Water Purification System. 

Si OCH3

OCH3

CH3

OCH3

(a) MTMS                        

OO
H3CO

OCH3
H3CO

Si

(b) GLYMO  
 

H3CO
OCH3

H3CO
Si

FF

F F

FF

F F

FF

F

F
F

(c) PFOTS  
Figure 7 Molecular structure of (a) MTMS, (b) GLYMO, (c) PFOTS 
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3.2 Fabrication of superhydrophobic surfaces 

3.2.1 Preparation of the coating solution 

The coatings are prepared by the sol-gel method which has recently become a popular 

choice among researchers due to its advantages over contemporary techniques [39], [42]. 

Basically, the sol-gel process is the transition of a system from a liquid solution (“sol”) 

into a semi-solid gelation (“gel”) phase. 

Coating solution A (referred to as Sol A) is prepared by adding the following chemicals 

into the beaker during magnetic stirring at a constant speed throughout the synthesis 

process. Molar ratio of GLYMO: MTMS: DI=1:2:9 adopted which is corresponding to 

the amount of Ethanol (10 ml), Ammonia (0.5ml), GLYMO (2 ml), MTMS (2.58 ml) 

and DI water (1.47 ml). All of these chemicals were added to the beaker dropwise 

meanwhile stirring with magnetic stirrer. Beaker covered with the Aluminum foil to 

avoid reduction of solution by evaporation and solution stirred for 1 hour. After 

preparation of sol A, it was used immediately after 1 hour of stirring, otherwise after few 

hours or few days, the sol A becomes gel depending upon the amount of NH4OH catalysis 

was added to Sol A. Below Figure 8 showing how Sol A bonding with glass surface. First 

of all, both MTMS and GLYMO in Sol A have three hydrolysable methoxy groups (-

OCH3) sites hydrolyzed and substituted by hydroxyl groups (-OH). Hydroxyl groups on 

MTMS, GLYMO and glass through condensation reaction chemically bonded. 
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Figure 8 Schematic of MTMS and GLYMO in solution A bonding with Glass 
surface. 

 

Coating sol B prepared with different weight percentage of silica nanoparticles 

functionalized by PFOTS in the ethanol as a solvent. Below Figure 9 showing the 

schematic of functionalized silica particles by PFOTS. 

 

Figure 9 Schematic of functionalization of silica particles by PFOTS. 

 

Sol B with different percentage of silica was prepared as presented in the Table 2. Sol B 

consisting of ethanol, PFOTS and different weight percentage of silica sonicated in the 
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ultrasonic bath for 2 hours. Sol B was kept in sealed bottle and was used as second layer 

after first layer of Sol A.  

Table 2 Solution B composition for different weight percentage of silica. 
SiO2 wt% in Sol B Ethanol (g) Silica (g) PFOTS (g) 

0 wt% 9.8 0 0.2 
0.5 wt% 9.75 0.05 0.2 
1.0 wt% 9.7 0.1 0.2 
2.0 wt% 9.6 0.2 0.2 

 

 

3.2.2 Deposition of the hydrophobic films 

Prior to spray coating, new glass slides were cut into 25×25 mm pieces and thoroughly 

cleaned by first sonicating them in acetone followed by DI water for 10 minutes each 

then dried before spray coating them. 

The spray coating process was performed by BADGER NO 150 (USA) spray gun and 

the setup is illustrated in Figure 10 (a). First, the jar containing Sol A was connected to 

the spray gun with the gas inlet connected to nitrogen cylinder to apply constant pressure 

of 300 kPa during the spray coating process. The distance between the glass slides and 

spray gun tip was also one of the important parameter that can affect the uniformity of 

the film deposited on the glass substrate surface. If the spray gun is too far, sprayed 

solution will be wasted before reaching the surface of the glass under constant pressure. 

If the spray gun is too near, sprayed solution concentrates on the center of the surface. 

Thus, proper spray distance was chosen for getting uniform film on glass surface.  First, 

distance optimized to 15 cm then Sol A was sprayed on the glass slides with 3 cycles. 
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After glass slides was coated with Sol A, samples were carefully put in the oven at 80 °C 

for 2 hours to evaporate the ethanol solvent completely.  

One spray cycle defined as follows: first step, glass substrate was fixed vertically as 

showed in Figure 10 (a). Spray gun was manually traveled from right/left side to left/right 

side of glass, solution was deposited on the glass surface during the spray gun travel 

(scan) through on it. 

After complete curing of the first layer Sol A, the glass slides were immediately sprayed 

with second layer of Sol B to functionalize the surface as well as to increase the 

roughness; schematic illustration of the process shown in Figure 10 (b). After completion 

of the surface modification, the glass substrate can either be cured at a certain temperature 

for certain time or kept at room temperature for 24 hours. In both cases, the PFOTS 

molecules need time to re-arrange their molecules to reach thermodynamic stable state 

[43]. In this study, glass slides were kept at room temperature for 24 hours after the 

deposition of second layer of Sol B.  After this process, the surface becomes chemically 

stable and water contact angle measurements can be conducted. It is worth mentioning 

that the second layer which is Sol B should be immediately deposited after curing of the 

first layer. This is to avoid oxidation of the functional groups such as –OH of the first 

layer which are responsible for the condensation reaction that occurs between the two 

different layers.  
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Figure 10 (a) Spray coating setup illustration and actual spray gun used in the 

experiment, (b) schematic illustration of solution A and solution B 
applied on glass surface. 

 

After the deposition of the second layer Sol B which consists of silica nanoparticles 

surface functionalized by PFOTS, the samples were cured at certain temperature for 

specific time period. Thereafter, they were maintained at the room temperature for longer 

time to enable the proper alignment and arrangement of low surface energy -CF2, -CF3 

functional groups to the surface as reported in the literature [43]. Usually, it takes 

approximately up to 24 hours for PFOTS to rearrange itself so that low surface energy 

groups such as -CF3 get arranged outward decreasing the total surface energy of the 

coating layer. As illustrated in the Figure 11, first layer coating bonded with glass surface. 

Second layer of functionalized silica nanoparticles imbedded in the first layer coating.  

(a) 

(b) 
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Figure 11 Schematic of two layers of coating solution on glass surface 

 

In our study, annealing at 60°C for 3 hours, annealing at 80°C for 2 hours, or even 

keeping it at room temperature for approximately 24 hours, showed similar results. If the 

water contact angle was measured directly after application of second layer Sol B without 

annealing or waiting at room temperature for approximately 24 hours, the angle 

decreased with time and a transition from superhydrophobic to hydrophilic behavior was 

observed within very short time. It took only a few minutes for the contact angle to 

decrease from more than 150° to approximately 90° or below.  
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Table 3 gives the nomenclature for the samples coated with second layer of Sol B with 

different weight percentage of silica and different spraying cycles (1-5 cycles). 

Table 3 Samples identification (name) according to silica weight percentage and spray 
cycles. 

SiO2 wt% 
 Spray cycles 

 1 2 3 4 5 

0  B0-1 B0-2 B0-3 B0-4 B0-5 
0.5  B0.5-1 B0.5-2 B0.5-3 B0.5-4 B0.5-4 
1.0  B1-1 B1-2 B1-3 B1-4 B1-5 
2.0  B2-1 B2-2 B2-3 — — 

 

  

3.3 Characterizations 

A contact angle goniometer (Kyowa Interface, Inc. Japan) was used to determine the 

static water contact angle, sliding angle, advancing and receding contact angle (Figure 2 

and Figure 3 shown earlier). The hysteresis was calculated according to equation (2.1). 

The sessile drop model was used with the tangential method to measure the static water 

contact angles in a proper manner. Approximately 10 µl water droplets were carefully 

placed on the surface and the angle was measured from the captured image. 

Measurements, from different locations on the surface, were repeated at least 5 times for 

each sample to obtain an average value that was representative for the sample. 

 UV-VIS spectrophotometer (JASCO, V-670) was used to measure the transmittance of 

the spray coated glass slides in the visible light wavelength range of 400 to 780 nm as 

shown in Figure 12. Transmittance of the surface to visible light is crucial for the 

fabricated surface since the intended use is mainly for self-cleaning of Solar PV panels. 
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Figure 12 Wavelength of visible light and ultraviolet. 

 

Surface morphology was studied with a field emission scanning electron microscope 

(FESEM, TESCAN). Prior to analysis, the samples were coated with gold to make the 

surfaces electrically conductive. The elemental composition of selected locations was 

analyzed using Energy Dispersive Spectroscopy (EDS).  

Surface topography was characterized by 3D optical microscopy (Bruker Inc. Germany). 

Each of the samples analyzed at 3 different locations and the average value is reported. 

The Raman spectra of selected samples were recorded with DXR Raman Spectrometer 

(Thermo Scientific) using a 455 nm laser source. By analyzing the Raman spectra 

functional groups presented at the surface examined and confirmed. 

FTIR spectra were obtained using a Nicolet is50 spectrometer (Thermo Scientific) with 

an ATR accessory. FTIR spectra was used to analyze the functional groups presented on 

the surface. FTIR spectra was also used to determine the functional groups at different 

annealing temperature and effect of annealing can be examined. 

X-ray Photoelectron Spectroscopy (XPS) was carried out to determine the surface atomic 

concentration. The data were collected on a Thermo Escalab 250 probe system equipped 

with an aluminum anode to produce a focused X-ray beam. The diameter of the X-ray 
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spot was about 500 µm. The equipment contained a spherical capacitor energy analyzer 

and a multichannel detector. Surface survey scans were collected, followed by high 

resolution scans for Carbon, Oxygen, Silicon and Fluorine. 

 

3.4 Durability and Robustness Tests 

3.4.1 Ultraviolet resistance test 

OmniCure S2000 UV spot curing system (EXCELITAS TECHNOLOGIES) was used to 

study the UV resistance of the coating and OmniCure R2000 radiometer was employed 

to measure the light intensity reaching the surface of the coated glass substrate.  

Samples going to be tested were placed under the UV light source and a radiometer was 

used to measure the light intensity that reached sample surface. Figure 13 (a) Power 

spectra of the OmniCure S2000 UV lamps, Figure 13(b) showing illustration of Sample 

placed under the UV light for testing the UV resistance. Sample B1-3 was tested under a 

UV light intensity of 2500 W/m2 (250 mW/cm2) for 10 hours and followed by exposure 

to a very high UV light intensity of 30000 W/m2 (3000 mW/cm2) for 2 hours. 
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Figure 13 (a) Ultraviolet lamp power spectra (b) Illustration of coated samples tested 
under ultraviolet light. 

 

3.4.2 Thermal stability test 

Selected sample B1-3 tested for thermal stability at different temperature of 300°C, 350 

°C and 400°C. First, oven was heated to the intended temperature then at least three 

samples of b1-3 for each temperature placed in the oven for 2 hours annealing. After 

annealing, all the samples contact angle were measured and characterized by FTIR. 

3.4.3 Water jet test 

Water jet test schematic is illustrated in Figure 14. Water was flow continuously at the 

rate of 1L/min through a 4mm diameter tube impacting the surface. Coated glass was 

placed under water jet for 1hour and total volume of 60L water was consumed during the 

water jet test. Adjustable stick was properly adjusted so that distance between water tube 

tip to surface of the glass was tested which is D2 adjusted to 15cm and D1 about 10 cm 

as showed in the illustration. 

(b) 
(a) 



29 
 

 

 
Figure 14 Specially designed water jet test setup (a) illustration of the assembly of the 

setup, (b) actual water jet test setup 

 

3.4.4 Abrasion resistance test 

Sample was placed on the BUEHLER 240 GRIT size sand paper with the coated surface 

in contact with the sand paper and on top of glass surface placed 100g of weight. Abrasion 

Flow meter  

Flow rate sensor  

Water jet  

Coated glass slide  

Adjustable stick  

(a) 

(b) 



30 
 

test was conducted as illustrated in Figure 15. In the first step, the sample traveled a 

distance of 10 cm on the sand paper and the glass slide horizontally was rotated 90°. In 

the second step, it traveled back to original position with traveling distance of 10 cm. 

These two steps were considered as one cycle. Total of 5 cycles of abrasion test were 

conducted that is corresponds to a total traveling distance of 100 cm. According to the 

glass piece size of 25×25 mm and 100 g of weight on it, applied pressure on the surface 

during the test was about 1.6 kPa. 

 

Figure 15 Abrasion test on the 240 GRIT sandpaper 

 

3.4.5 Sand blasting test 

An air pressure of approximately 300 kPa was applied to blow sand through a 6 mm 

nozzle opening. Sample surface to nozzle tip distance was adjusted to about 15 cm. As 
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shown in Figure 16, sand particles are continuously fed from the sand container and 

hitting the coated glass surface. More than 300 g of sand particles were blown on the 

surface in about 10 minutes duration.   

 

  

Figure 16 Specially designed sand blasting test setup. 

 

  

Sample placed at 45° 
to horizontal line 

Nozzle  

Sand 
container 

Wind (pressurized air) 
blowing direction 
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4 CHAPTER 4 

RESULTS AND DISCUSSION 

4.1 Optimization of the spray coating parameters 

For a uniform deposition of the coating solution on the glass surface, it is important to 

control the spray coating parameters within specific limits. Since transmittance of the 

glass substrate after the application of coating is crucial, each of the coating layer should 

be applied such that the decrease in transmittance is minimum. As mentioned in chapter 

two, spray gun distances (10 and 15 cm) and five cycles (layers) were considered. Figure 

17 shows how each of the cycles (coating layers) of solution A affects the glass 

transmittance for both distances. Spraying of Sol A was performed immediately after 1 

hour of stirring, otherwise Sol A viscosity increased and it transformed to gel with time 

as sol-gel reaction is taking place. As indicated in the Figure 17 (a) and (b), transmittance 

of coated glass with sol A (Sol A was sprayed after 24 hours after sol A prepared). It is 

obvious that the coating reduces the transmittance and the thicker the coating the lower 

the transmittance is. The application of first layer on the glass surface compromised the 

transmittance by more than 25% for 10-cm and more than 20% for 15 cm. The decrease 

in transmittance is ascribed to the high viscosity of the Sol A. 
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Figure 17 Transmittance of the glass coated with solution A (after 24 hours) (a) at 
spray distance of 10 cm (b) spray distance of 15 cm. 

(a) 

(b) 
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In general, spraying from a distance of 15 cm yielded better transmittance for all cycles 

when compared with the spraying distance of 10 cm. When highly viscous Sol A is 

sprayed over the glass surface, tiny droplets are formed rather than a continuous coating. 

This accounts for the decrease in the transmittance by approximately 20% at a 15 cm 

spray distance and only with one spray cycle. The results show that, to get a smooth first 

layer, Sol A should be sprayed immediately after synthesis process to avoid gelation 

which gives rise to high viscosity. Thus, Sol A was sprayed immediately after the 

synthesis process from a distance of 15 cm. Figure 18 shows how this optical property is 

improved by the optimized parameters.  The decrease in transmittance of the glass could 

be maintained at levels which are within 2-3% of that of the bare glass. By comparing 

Figure 17 and Figure 18 it can be concluded that the viscosity of the solution affects the 

spray coating process and spraying of the viscous solution may form tiny droplets on the 

surface rather than uniformly spread over the glass surface and increased the light 

reflectance. To avoid compromising on transmittance of the glass, sol A was used right 

after it prepared before sol A. It is evident from our experiment that, significant increase 

in viscosity should be avoided. 
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Figure 18 transmittance of the glass spray coated with solution A 

(immediately) at 15 cm spray distance. 

Based on Figure 17 and Figure 18, it was decided to 3 cycles of Sol A with pressure of 

300 kPa and at a spray distance of 15 cm. It is clear from the Figure 18, that transmittance 

of 3 cycles is very close to glass. Similar to application of sol A, for application of sol B, 

spray pressure of 300 kPa and spray distance of 15 cm was adopted. 

 

4.2 Effect of silica nanoparticles on hydrophobicity and 
transmittance 

 

Following the optimization of spraying process of Sol A in terms of optical properties, 

the coating hydrophobicity is studied.  
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The second layer of Sol B with different weight percentage (0%, 0.5%, 1.0% and 2.0%) 

of silica Nanoparticles was sprayed on the surface immediately after curing of first layer. 

Static, sliding, advancing, receding angles and hysteresis were measured properly. When 

the water droplet on the surface start sliding within the tilting degree of 30° then the 

sliding angle, advancing angle, receding angle and hysteresis were reported otherwise 

only static water contact angle was reported and other details reported as a NA (Not 

Available). 

Table 4 Contact angle of the samples sprayed with Solution B without silica 
Nanoparticles. 

Samples CA SA Advancing 
Angle (AA) 

Receding 
Angle (RA) Hysteresis(H) 

B0-1 108.5±1.8 NA NA NA NA 
B0-2 110.2±1.1 NA NA NA NA 
B0-3 111.6±0.7 NA NA NA NA 
B0-4 113.8±1.4 NA NA NA NA 
B0-5 114.2±1.1 NA NA NA NA 
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Figure 19 Contact angle of the samples sprayed with Solution B without silica 

Nanoparticles. 
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When the second layer applied without silica nanoparticles, there is no significant change 

in the static contact angle with the increase of the spray cycles. This results indicating 

that even 1 to 2 cycles spraying of second layer Sol B can be enough for the 

functionalization of the surface with low surface energy functional groups. Only by 

modifying the surface chemistry highest reported static water contact angle did not 

exceed 120° without inducing roughness. This results are also in accordance with results 

reported in some literatures [39]. 

Table 5 Contact angle of the samples sprayed with Solution B including 0.5 wt% silica 
Nanoparticles. 

Samples CA SA Advancing 
Angle (AA) 

Receding 
Angle (RA) Hysteresis(H) 

B0.5-1 117.9±2.8 NA NA NA NA 
B0.5-2 121.3±3.6 NA NA NA NA 
B0.5-3 129.9±3.7 NA NA NA NA 
B0.5-4 138.6±2.3 NA NA NA NA 
B0.5-5 144.0±2.4 18.8±4.3 146.2±2.9 120.7±7.9 25.5±7.3 
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Figure 20 Contact angle of the samples sprayed with solution B including 0.5 wt% 
silica Nanoparticles. 
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Figure 20 shows that addition of the 0.5 wt% silica nanoparticles to Sol B, static CA 

increased by about 10° (from 108 to 118º) when Sol B sprayed on the surface at only one 

cycle. More Sol B deposition brought about more surface functionalized silica 

nanoparticles on the surface and smooth surface become more rough as the deposition 

cycle increases. The results indicate that by tuning the roughness of the surface, it can 

become ultra hydrophobic and further tuning of the roughness to optimum level, surface 

can exhibit superhydrophobic properties. This conclusion become more convincing when 

Sol B applied with 1 wt% silica, and only 3 cycles of spraying made the surface 

superhydrophobic with very low sliding angle and hysteresis. These results are further 

proof of the importance of surface roughness for the hydrophobicity. It is only by 

designing optimum surface roughness that a surface can change from hydrophobic to 

superhydrophobic state. Figure 21  showing the water droplet shape and corresponding 

static contact angle on the bare glass (uncoated glass substrate) and coated samples with 

1.0 wt% silica nanoparticles. 

 
Figure 21 Water droplet on the samples and its contact angle. 

 

Bare glass  B1-1  B1-2  

B1-3  B1-4  B1-5  

θ =40°  θ =126.8°  θ =136.2°  

θ =169.1°  θ =168.7°  θ =170.6°  
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Table 6 Static, sliding, advancing, and receding angles and hysteresis of the samples 

sprayed with Solution B including 1 wt% silica Nanoparticles. 
Samples CA SA AA RA  H 

B1-1 126.8±4.6 15.4±2.3 131.1±2.6 116.3±4.2 14.8±3.6 
B1-2 136.2±4.8 23±4.5 141.8±5.8 113.9±7.7 27.9±4.7 
B1-3 169.1±1.0 1±0 165.9±2.5 159.4±1.4 6.5±1.8 
B1-4 168.7±2.8 1±0 166±1.4 160.4±2.9 5.5±2.5 
B1-5 170.6±1.1 1±0 167.3±0.9 162.7±3.0 4.6±2.5 
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Figure 22 Contact angle, sliding angle, advancing angle, receding angle and hysteresis 
of the samples sprayed with Solution B including 1 wt% silica Nanoparticles. 

 

Although higher number of spray cycles can result in higher static water contact angle 

and lower sliding angle and hysteresis as evident from the Figure 22, but more silica 

particles are deposited decreasing the transmittance of the surface. The effect of silica 

deposition on the transparency of such surfaces is discussed in the following sections. 
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Figure 23 shows a water droplet starting to move at a very low tilting angle. A very low 

sliding angle of water droplet on sample B1-3 approximately 1° indicates that the water 

droplet on this surface is in Cassie-Baxter state. 

 

Figure 23 water droplet sliding on the surface of B1-3 sample after tilting at 1°. 
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Figure 24 Transmittance of glass substrate coated with 1wt% silica nanoparticles. 
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Figure 24, it is clear that sample B1-3 is be the best sample with the optimum combination 

of superhydrophobicity and transmittance to visible light. It has a CA of 169.1°, SA of 

1° and hysteresis of 6.5. Furthermore, it shows more than 70% transmittance at a 

wavelength of 400 nm. With an increase of visible light wavelength its transmittance also 

increased correspondingly and almost reached up to 85% at the wavelength of 800 nm as 

showed in the Figure 24. Figure 25 shows visual appearance of the uncoated glass and 

coated glass (sample B1-3). 

 
Figure 25 Visual appearance of uncoated glass and coated glass（B1-3 sample). 

 
Table 7 and Figure 26 show that regardless of the number of cycles all samples sprayed 

with Sol B having 2.0 wt% silica nanoparticles result in superhydrophobic surface. 

Although Sol B with 2.0 wt% of silica nanoparticles sprayed only by one cycle (B2-1) 

can make the surface superhydrophobic, its transmittance is found to be far below that of 

B1-3. 

 
Table 7 Contact angle, sliding angle, advancing angle, receding angle and hysteresis of 

the samples sprayed with solution B including 2 wt% silica Nanoparticles. 
Samples  CA SA AA RA H 

B2-1 173.2±2.8 1±0 170.4±1.8 167.5±1.2 3.2±1.9 
B2-2 173.2±2.0 1±0 173±2.0 170.3±0.3 2.7±1.9 
B2-3 172.7±1.7 1±0 170.7±3.1 165.9±4.6 4.7±2.9 

 

Unoated Coated Uncoated Coated 
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Figure 26 Water contact angle details of the samples sprayed with solution B 

including 2 wt% silica Nanoparticles. 
 

 

4.3 Superhydrophobic surface morphology 

4.3.1 Surface roughness  

Roughness of the surface was measured by 3D optical profilometer. 2D, line scan and 

3D surface topography shown below indicate that sample B1-1 havs higher roughness 

than the B1-3. For the sample B1-1, although deposition of Sol B is only one cycle, it has 

higher roughness than the sample B1-3. By observing the corresponding line scan of B1-

1 it is easy to understand that the surface roughness is mainly due to the rough deposition 

of the first layer of Sol A by manual spray coating process. The first layer creates the 
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roughness at micro level giving rise to roughness of the surface when it was measured on 

the area of 1.7×2.2mm. This is clearer when the line scans of two samples are compared. 

On sample B1-3 line scan we can observe its waviness and small spikes deviated from 

waviness, creating sub-micron and nano-roughness more uniformly. Although the 

roughness of the surface can be measured on large area by 3D optical profilometer, but 

it may not give the actual roughness value of the surface at micro and nano level like 

Atomic Force Microscopy. Another reason for this, is that the optical profilometer 

collects the surface information by reflected light. Hence, if light passes through a 

transparent surface, the results may be misleading. Although in our case the samples used 

to measure the surface roughness were coated with gold to minimize the error between 

readings from optical profilometer and actual roughness. Although sample B1-1 has 

higher roughness, but lacks the dual scale roughness structure like B1-3, that is crucial 

for the extreme water-repellencey. It is clear from the line scan of these two samples that 

sample B1-3 has the dual scale combination of nano and micro structure which is 

preferred for non-wetting characteristics. 

  

Ra=0.45±0.08 um 
(a) 

(b) 
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Figure 27 Optical images of B1-1sample from (a) 2-D, (b) Line scan  and (c) 3-D 
view of surface morphology. 

 

  

  

Figure 28 Optical images of B1-3 sample from (a) 2-D, (b) Line scan and (c) 3-D 
view of surface morphology. 

 

Ra=0.12±0.01 um 

(c) 

(a) 
(b) 

(c) 
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4.3.2 SEM, XPS, and Raman Analyses 

Figure 29 and Figure 31 show SEM images of sample B1-1 and B1-3 at different 

magnifications, respectively.  

  

  

Figure 29 SEM images of B1-1sample at different magnifications 
 

The SEM images of sample B1-1 from different magnifications, show clearly that some 

of the area is not fully covered by the silica nanoparticles, for this reason, the surface 
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roughness created by the particles is not enough to create air pockets for resulting 

hydrophobicity. It is clear from the CA result that hydrophobic surface on the sample B1-

1 resulted from the low surface energy rather than the roughness since the sample B0-1 

(sprayed with 0 wt%) having hydrophobic surface and CA result almost near to the 

sample B1-1. According to the chemicals (such as PFOTS) we used in our experiment 

and from literature statement that closest hexagonal packing of CF3 groups gives the 

lowest surface energy of the materials. As the surface of samples were sprayed with 

PFOTS and they may have surface energy as low as 6 mJ/m2 [44–46]. 

 

Figure 30 EDS analysis of B1-1sample at different spot. 
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When the SEM image of sample B1-1 and B1-3 are compared, it is observed that the 

surface of the sample B1-3 is better covered by the silica nanoparticles, in addition to 

that the agglomeration of silica particles is aslo observed. Agglomeration of the silica 

particles at micron or submicron level can be advantageous in creating micro and nano-

roughness structure [47–49]. 

  

  

Figure 31 SEM images of B1-3sample at different magnifications 
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Figure 30 and Figure 32 are EDS elemental analysis of samples B1-1 and B1-3, 

respectively. EDS results from both samples did not observe the EDS peak of Cl, 

indicating that hydrolyzation and condensation of PFOTS took place completely. First -

Cl replaced by the -OH groups by hydrolyzation reaction followed by the condensation 

reaction between two Si-OH groups to for siloxane (Si-O-Si) network. Presence of Fe 

peak in EDS spectrum may be due to 99.5% trace metals basis of silica nanoparticles 

used. 

 

Figure 32 EDS analysis of B1-3sample at different spot. 

 

The chemical composition and surface atomic concentration of sample B1-3 was further 

characterized by XPS, as shown in Figure 33, the C (C1s 284 eV, CKLL 982 eV) and 
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O1s (532 eV) peaks can be seen clearly in the spectrum. Si (Si2p 102 eV and Si2s 153 

eV) and F (F1s 688 eV and FKLL 835 eV) signals, characteristic of covalently bonded 

Si and F, was detected. High-resolution XPS provides additional insight into the chemical 

composition of the film further and confirming the presence of CF2 and CF3 groups [50]. 

Missing of Cl2p (200 eV) peak from the spectra indicating that the Cl atoms on the 

PFOTS completely replaced by OH groups and via condensation reaction connected to 

the silica particles as well as first layer and further confirming the conclusion from the 

EDS result. 

200 400 600 800 1000
0

1x105

2x105

3x105

4x105

5x105

6x105

7x105

8x105

C
ou

nt
s/

s

Binding Energy (eV)

F1s

O1sC1s

Si2p Si2s

F KLL

C KLL

 

Figure 33 XPS spectra of sample B1-3. 
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Selected sample B1-1 and B1-3 were further characterized by Raman Spectroscopy, 

Figure 34 shows the labeled peak positions and Table 8 provides summarized Raman 

bands assignment of corresponding peaks. 

Table 8 Raman bands assignment [51]–[53]. 
Raman bands (cm-1)  Assignment 

3056  epoxy group CH stretching 
3003  epoxy group CH stretching 
2970  Anti-symmetric stretching vibrations of CH3 
2908  Anti-symmetric stretching vibrations of CH3 
1482  CH3 δs 
1457  CH3 δa 
1413  epoxy group 
1256  epoxy ring breathing 
1131  epoxy group 
570  CF3 symmetric deformation 
480  Si-O-Si 
356  CF2 twisting 
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Figure 34 Raman spectroscopy of Sample B1-1 and B1-3. 
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Both sample B1-1 and B1-3 having similar Raman spectra with only difference in peak 

intensity. For both samples, presence of the CF2, CF3 peaks indicates that took place 

successfull functionalization of the silica nanoparticles surface by the PFOTS, other 

peaks contributed from the first layer which is formed from hydrolysis and condensation 

of MTMS and GLYMO. There is almost no small difference between B1-1 and B1-3 

spectra peaks position, as B1-1 and B1-3 samples are both coated with second layer Sol 

B, only with difference in spray cycles. Although both B1-1 and B1-3 having same 

surface chemistry but showing different wettability to the water droplets. B1-3 showed 

less wettability than the B1-1. This difference in wettability indicates that the importance 

of surface roughness with the combination of micro and nano features are essential for 

the surface change from hydrophobic to superhydrophbic [54–56]. As shown in Figure 

31, SEM images B1-3 sample surface deposited with more silica particles, and surface 

thus is provided with enough roughness that necessary to create superhydrophobic 

surface. Also, agglomeration of the silica nanoparticles at some extent is favorable for 

superhydrophobicity since it can provide surface with hierarchical structure of micro-

nano roughness. 

 

4.4 Self-cleaning properties  

Figure 35 illustrates self-cleaning mechanism that superhydrophobic surfaces are 

expected to undergo. When a surface is superhydrophobic, it is not easily wetted by 

water. When water droplets hit the superhydrophobic surface, they will bounce away 
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and/or start rolling down from the surface. During the rolling, water droplets can collect 

certain amounts of dust particles.  

 

Figure 35 Self-cleaning mechanism of superhydrophobic surface. 

 

Figure 36 shows how this mechanism works on the surface of B1-3 sample. It compares 

the self-cleaning ability of both coated and bare glass when tilted around with the angle 

of 10°. The adjacent surfaces are covered with a similar amount of sand particles. The 

droplets of colored water are shown to roll off the coated surface taking away the dust, 

while those on the bare surface sticked to it.  It is worth mentioning that only 6 droplets 

of water were sufficient to remove all the dust on the 25×25 mm area of coated glass 

surface.  

As water droplet spread on the hydrophilic surface, not like superhydrophobic surface, 

dust particles not removed by water droplets. The mud formed, from dust particles in 

humid air condition, on the surface of glass more strongly adhered to surface. Once mud 

dried, there is formation of a thin mud solution film [57] between  dust particles and glass 

surface and alters the surface characteristics. 
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Figure 36 Comparison of self-cleaning effect of the coated glass and bare glass 

 
 

4.5 Thermal stability and effect of annealing  

Sample B1-3, having shown to have optimum properties in terms of superhydrophobicity 

and transmittance, was selected for testing the thermal stability of the superhydrophobic 

coating. To do so, the sample was kept in the furnace for 2 hours at 300°C, 350°C and 

400°C, then the different contact angles and hysteresis were measured to study the 

thermal stability of coatings on glass substrate. The results, illustrated in table 5 reveal 

that annealing at temperatures higher than 300°C for two hours drastically reduces the 

contact angle. 

 
 

1 2 3 

4 6 5 

 Coated  Uncoated  Uncoated  Uncoated  

Uncoated  Uncoated  Uncoated  

 Coated   Coated  

 Coated   Coated   Coated  
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Table 5 Contact angle, sliding angle, advancing angle, receding angle and hysteresis of 
the sample B1-3 annealed at different temperature. 

Temperature CA SA AA(L) RA(R) Hysteresis 
(H) 

0°C 169.1±1.0 1±0 165.9±2.5 159.4±1.4 6.5±1.8 
300°C 167.1±1.0 1±0 166.2±2.7 159.3±1.6 6.9±2.1 
350°C 137.5±3.8 NA NA NA NA 
400°C 72.1±6.4 NA NA NA NA 

 

Figure 26 shows that annealing improved the overall transmittance of the surface by 

about 8%. Similar results were reported by other researchers [58]–[60]. Budunoglu et al 

[7] reported that optical transparency can be further improved when some films are 

calcinated under an appropriate temperature resulting in even higher optical transmission 

than the bare glass slide because of the reduced back reflection. Superhydrophobic 

surface can be oxidized at elevated temperature resulting to loss of hydrophobicity as it 

is evident from the results of our study obtained at 400 °C.   
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Figure 37 Transmittance of sample B1-3 before and after annealing at 300 °C. 
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Degradation of the superhydrophobic surface is mainly due to a decomposition and 

oxidation of surface chemistry rather than to a change in the surface roughness [61]. FTIR 

analysis of the surface before and after heat treatment at different temperatures indicated 

that hydrocarbon absorptions were absent. Figure 38 illustrates FTIR bands peak position 

for room temperature (RT) and heat-treated samples.  

The FTIR spectroscopy bands occurred at 1005 cm-1 and 1061cm-1 corresponding to Si-

O-Si stretching [62], [63]. Two tiny peaks at 1235 cm-1 and 1196 cm-1 superimposed 

between 1061 and 1260 cm-1 on the left shoulder of the Si–O–Si peak at 1061 cm-1 are 

due to the stretching vibration of C–F bonds anticipated, which is the sign of the 

fluorination of the silica nanoparticles by the PFOTS molecules [64], [65]. However, 

these two tiny peaks become less significant on the 300ºC line and totally disappear on 

the 350ºC and 400ºC lines. Without the presence of low surface energy functional groups 

such as CF2 and CF3, the surface water contact angle decreased to 137.5° for the sample 

heat treated at 350°C and to 72.1° for the sample heat treated at 400°C. Peak around 907 

cm-1 corresponding to C–H bonds arising from PFOTS molecules [66] is not present on 

the lines of heat treated samples. 
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Figure 38 FTIR spectra after annealed at different temperature. 

 

 
The existence of C–F bonds in the form of  CF2 and CF3 are also located at 650 and 707 

cm-1 [67], [68]. These functional groups, which are responsible for lowering the surface 

energy, become less significant on the 300 ºC and totally disappear at higher 

temperatures. The absence of these peaks on the samples heat-treated at 350 ºC and 400 

ºC result in drastic reduction of the water contact angles and in increasing the sliding 

angle and hysteresis. The FTIR spectroscopy bands at 1260 cm-1 (CH3 bending) and 804 

cm-1 (CH3 rocking) [51] which are present only on the RT, 300 ºC and 350 ºC lines 

indicate that 400 °C heat treatment has totally degraded the superhydrophobic surface. 

Although CF2 and CF3 peaks were absent on the 350 ºC lines, the presence of CH3 peaks 

still give this sample some hydrophobic characteristics as reported earlier. As stated in 

the literature review, CF2 and CF3 groups have lowest surface energy compared to the 
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CH3 and other functional ending groups. This explains why the sample heat treated at 

350 ºC is still hydrophobic when surface maintains proper roughness. This is a further 

indication that the combination of optimum surface roughness and low surface chemistry 

are vital for the fabrication of the superhydrophobic surfaces. All the FTIR bands peaks 

position and assigned functional groups were tabulated in the Table 9 below. 

 
Table 9 Fourier transform infrared bands assignment. 

FTIR bands (cm-1)  Assignment 
1235  stretching vibration of C–F bonds 
1196  stretching vibration of C–F bonds 
1260  CH3 bending 
803  CH3 rocking 
1005  Si-O-Si stretching 
1061  Si-O-Si stretching 
907  C–H bonds (arising from PFOTS molecules) 
650  CF2 and CF3 
707  CF2 and CF3 

 

 

4.6 Resistance to ultraviolet irradiation  
 

After the long period of UV irradiation (10 hours at UV lamp intensity of 2500 W/m2 

and 2 hours at UV lamp intensity of 30000 W/m2), test sample contact angle details are 

measured and are reported in compare to C-C bond (bond energy of 346 kJ/mol) [61]. 

 
Table 10. According to the literature [69], long-term daily mean values of sunshine 

duration and Global Solar Radiation (GSR) is about 9.2 hours and 5123 W/m2 per day 

respectively in the region of Riyadh, Saudi Arabia (Lat. is 24.57°, Lon. is 46.72°, and 

Alt. is 564 m). Approximately 5% of solar terrestrial radiation is Ultra-Violet Radiation 
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(UVR) (approximately 256 W/m2 per day). In our study, the highest intensity of the UV 

lamp 100 times more than the actual UV light intensity in the Riyadh region. The results 

show that the average values for the different types of angles are almost identical before 

and after UV irradiation. This is an indication of high UV resistance of the produced 

superhydophobic surface. This is mainly due to the presence of Si-O-Si (Si-O bond 

energy of 452 kJ/mol) and C-F (bond energy of 485 kJ/mol) high chemical energy 

bonding which require very high energy or very long exposure time to degrade compare 

to C-C bond (bond energy of 346 kJ/mol) [61]. 

 
Table 10 Contact angle, sliding angle, advancing angle, receding angle and hysteresis 

of sample B1-3 before and after ultraviolet irradiation test. 

UV testing CA SA 
Advancing 

contact angle 
(AA) 

Receding 
contact 

angle (RA) 

Hysteresis 
(H) 

Before 169.1±1.0 1±0 165.9±2.5 159.4±1.4 6.5±1.8 
After 169.0±1.2 1±0 166.0±2.2 159.1±1.3 6.9±1.9 

 

From Figure 39, it can be clearly observed that the A4 white paper placed under the 

sample (dashed circle line area) changed to yellowish color after UV irradiation test. The 

dashed circle area is approximately the spot size of UV light when irradiated on the 

surface of sample. It is also clear from Figure 39, that not only has the surface retained 

its hydrophobicity, it has also maintained its transparency. 

    
 

(a) (b) 
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Figure 39 Hydrophobicity and transmittance of B1-3 surface (a) before and (b) after 
UV exposure. 

 

For the silica film, only small side groups (such as PFOTS molecules, connencted to 

silica surface by condensation reaction) exist on the surface; these moieties are more UV 

stable than are polymers because negligible impurities and less UV-fragile defects exist 

on the silica surface. Thus, the silica film exhibits better UV stability than do organic 

polymers. In addition, the silica main chain is comprised of Si–O bonds, which have 

higher bond strength and thus better UV stability than organic polymer materials [61]. 

The above proven UV irradiation resistance enables the application of the fabricated 

superhydrophobic surface outdoor field environment. 

Basically, organic polymers with reactive (e.g., double bonds) or low energy (e.g., 

tertiary hydrogen) structures in the polymer main chain, are vulnerable to UV irradiation. 

When impurities (i.e., catalyst) and UV absorbing groups are present, the polymer can 

undergo a photo-oxidation process to form carbonyl or hydroxyl groups on the surface 

and thus degrade (unzip) into smaller chains [26].  

 

4.7 Superhydrophobic surface resistance to water jet 

Table 11 and Figure 40 show the measured angles before and after water jet that 

characterize the hydrophobicity of the surface. A comparison of the contact angle details 

before and after one hour of water jet testing is also shown in both the table and graph. It 

is evident that, the average values of static water contact angle, sliding angle and 
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hysteresis did not experience any significant changes. This indicates that the intense 

water jet test did not damage the hydrophobicity of the surface by either removing silica 

nanoparticles on the surface or degrading the functional -CF3 groups or other low surface 

energy functional groups. Without degradation of the surface chemistry and roughness 

of superhydrophobic surface, it can maintain same superhydrophobic properties after the 

water jet test. Minute change in the angles after test can be ascribed to the normal 

experimental measurement error. 

 
Table 11 Contact angle details before and after water jet test. 

Water jet test CA SA AA (L) RA(R) Hysteresis 
(H) 

Before 169.1±1.0 1±0 165.9±2.5 159.4±1.4 6.5±1.8 
After 168.8±1.3 1±0 165.5±2.7 159.8±1.6 5.7±2.3 
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Figure 40 Contact angle details before and after water jet test. 
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4.8 Superhydrophobic surface resistance to abrasion  

The results in Table 12 and Figure 42 describe the effect of abrasion on the hydrophobic 

properties of the fabricated surface after each cycle. It is clear that degradation of these 

properties becomes significant after few cycles.  The abrasive surface of the sand paper 

has started to affect the roughness of the produced surface after the 1st cycle by flattening 

or removing its asperities as illustrated in Figure 41.  It is worth mentioning that the static 

contact angle, CA, remains above 150ºeven after 5 cycles, but RA and H have been 

chiefly affected. 

 
Figure 41 Effect of abrasion on superhydrophobic surface. 

 
 
 
Table 12 Change in contact angles with number of cycles. 

No. of 
cycles CA SA Advancing 

angle (AA) 
Receding 

Angle (Ra) Hysteresis(H) 

1 cycle 167.6±3.5 2.4±1.1 171±2.2 165.4±2.9 5.6±2.6 
2 cycles 163.3±3.0 5.4±2.5 167.4±3.2 154.9±4.1 12.5±3.3 
3 cycles 155.8±4.9 9.6±3.4 157.9±9.4 145.5±12.9 12.4±4.0 
4 cycles 152.7±3.6 13.8±3.4 155.1±4.1 140.5±3.7 14.6±1.6 
5 cycles 150.5±8 18.2±5.1 151.6±7.0 127.0±8.4 24.6±1.7 
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Figure 42 Change in contact angles as number of cycles. 

 

4.9 Superhydrophobic surface resistance to sand blasting 

Sand blasting test is one of the simulated tests that have been conducted to evaluate the 

robustness of the fabricated superhydophobic surface. This test can simulate the surface 

encountering outdoor aggressive weather conditions such as strong winds associated with 

sand storms, as is the case in desert areas. With the help of high-speed wind, sand 

particles may impinge on the surface with high potential energy . Sand blasting is 

considered as a very aggressive test and thus the coating on the central area of sample 

B1-3 was removed and only the edge areas were found to have a water contact angle of 

about 120°, as shown in Figure 43. After sand blasting, sample center becomes 

hydrophilic due to the removal of the coating by high speed sand particles, while the area 
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on the edge remains still hydrophobic and water still can roll off the surface rather than 

spread on it.  

 
Figure 43 After sand blasting sample center is hydrophilic and edge area still 

hydrophobic. 

 

4.10 Application of developed solutions to different substrates 

Figure 44 shows that once the optimized solutions (sol A and sol B) are developed, the 

resulting coating can be applied successfully to any substrate, making it 

superhydrophobic. 
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Figure 44 Application of solution on different substrates. 

 
 

Paper, acrylic sheet, aluminum, carton, fabric cloth and steel mesh half were coated first 

with sol A and followed by sol B as explained in methodology part. It is clear from the 

Figure 44 that, all of the selected substrates were showing superhydrophobic nature after 

treatment. The developed coating solutions in this research can be applied to various 

substrates mainly because of first layer behaves as adhesive layer and/or binder. After 

functionalized silica particles are sprayed on the surface, particles can embed or stably 

bind to the first layer. It is worth to mention that very few coatings have shown success 

on a variety of substrates. 

To see how water droplets, interact with the fabricated superhydrophobic surfaces and 

hydrophilic (uncoated) surface, water droplet motion was recorded by camera. A water 

droplet of about 7 μl and was dropped from a height of 10 cm on different coated and 

uncoated substrates such as paper, cloth (fabric), Aluminum sheet, glass, acrylic sheet, 

 Paper   Acrylic   Aluminum  

 Carton   Fabric   Steel mesh  
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Uncoated  

Uncoated  

Uncoated  

Coated  

Coated  

Coated  

Coated  

Coated  



65 
 

steel mesh. Figure 45 shows time-lapse photographs of how water droplets behave on the 

coated and uncoated surfaces of these materials. It is clear from the images that usually 

on coated superhydrophobic surfaces water droplets are bouncing. Leading to the 

conclusion that the developed coating is suitable for use in different applications, not 

only for PV panels. 
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Figure 45 Time-lapse photographs of water droplets bouncing off coated 
surfaces and wetting uncoated substrates.  
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5 CHAPTER 5 

CONCLUSIONS AND RECOMMANDATIONS 

5.1 Conclusions  

Superhydrophobic surfaces having very high static water contact angles and low dynamic 

characteristics were fabricated successfully by spray deposition of two coating solutions 

on the glass surface. The first layer consists of an epoxy silane GLYMO, that is used as 

binder/adhesive premier, and the second layer comprises silica nanoparticles surface 

functionalized by PFOTS. This was achieved following an involved optimization 

process. The transmittance of the coated surface to the visible light at the wavelength of 

400 nm was higher than 70 % and at the wavelength of 800 nm was about 85%. Proper 

heat treatment by annealing the sample at 300 °C improved the surface transmissivity to 

visible light by more than 5% at all wavelengths. This is mainly due to the decrease of 

the surface reflectance caused by the rearrangement of added silica nanoparticles. The 

produced coating was found to exhibit excellent self-cleaning characteristics as few 

droplets of water were able to clean a very dusty 25x25 mm surface with an inclination 

angle of only 10º. 

 

The robustness of the fabricated transparent, superhydrophobic and self-cleaning 

surfaces was also tested for its resistance to a number of effects expected in outdoor 

applications. As mentioned above, the coating was found to be thermally stable up to 
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300°C. The superhydrophobicity of the produced surface remained unaffected after 

continuous exposure to high intensity UV radiation for about 12 hours. This can be 

attributed to the high resistance of the functionalized silica films, which are very stable 

under UV rays.  

 

The surface showed good resistance to pressurized, with no degradation in its 

superhydrophobicity after having been subjected to a continuous high speed water jet for 

1 hour. The coating retained its extreme non-wetting behavior even under the very 

aggressive abrasion test, performed under 100g weight with abraded against 240 GRIT 

size sand paper. It took 5 cycles to produce a noticeable degradation of sliding angle and 

hysteresis. 

 

The unique combination of transparency, water-repellency, mechanical robustness, UV 

resistance, and thermal stability up to a temperature of 300 °C and excellent self-cleaning 

properties of the fabricated surfaces make the coating a potential candidate for harsh 

environment applications. 

 

5.2 Recommendations and future work 

Based on the results and conclusions of this study, GLYMO used as adhesive layer or 

binder gave the developed surfaces good mechanical stability and robustness. It was 

found to be stable under the impact of a water jet, but the surface structure was severely 

damaged during more aggressive tests of sand blasting.  
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In the future work, different epoxy silanes having higher hardness and stronger 

adhesiveness to glass substrate after curing can be investigated as binders to develop 

more mechanically stable and robust superhydrophobic surfaces. The mechanical 

stability and robustness of the adhesive layer after its curing are crucial for the abrasion 

resistance of the developed superhydrophobic surface.  

Automatic spray gun is also recommended for use rather than manual spray gun for better 

and precise control of the film thickness applied on the glass surface. Usage of automatic 

spray gun may not only result in more uniform and homogenous films, but at the same 

time allow for good control of deposited silica nanoparticles to ensure 

superhydrophobicity of surfaces accompanied with high transmittance. 

More precise control of the speed of the wind blowing on the superhydrophobic surface 

and sand particles density traveling together with the wind are also recommended during 

the sand blasting tests to simulate actual outdoor conditions. 
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