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ABSTRACT: Solar panels are very interesting devices for energy harvesting. Self-cleaning coatings are 
necessary for the solar panels since rains and sand particles in dusty weather can damage the outer surfaces of 
the solar panels; in addition to lowering the energy harvested. Therefore, developing a special transparent and 
self-cleaning coating is of interest. In this work, transparent composite hydrophobic coatings of three layers was 
prepared using different coating techniques and investigated for hydrophobicity and optical transmittance. The 
first layer, which was of PMMA with a thickness of 200 μm, was coated by doctor blade technique. A second 
layer of different particles i.e. PTFE, TiO2 and CaSiO3 was spread out by dipping technique. Finally, a third 
layer, which was of pure PMMA with a thickness of around 10 nm, was coated by spin technique. A composite 
coating of PMMA / CaSiO3 / PMMA shows a contact angle of around 129° which was the best performance 
among the prepared coatings. The results have also revealed that this coating can transmit up to 84% of the 
visible light at a surface roughness of 16 µm. 
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INTRODUCTION 

Hyper-hydrophobicity surfaces are very interesting in industry like self-cleaning glass windows and repellent 
surfaces for dust or ice [1-3]. Engineering of surfaces for high contact angle are achieved either by modifying 
the surface chemistry or by varying the surface features. Inducing functional groups to the surface material 
alters the surface chemistry. For instance, Tokuda et al. fluorinated PMMA surfaces by immersion the PMMA 
in a fluorinated reagent. The contact angle of water on the PMMA increased from 70° to 111° after fluorination 
[4]. Altering just the surface chemistry does not convert a surface from hydrophobic into superhydrophobic. 
Surface roughness should be changed on the micro- or nanolevel as well. As a result, this will lead to lower the 
free energy of surfaces [5]. Lowering the surface free energy will lead to increase lubricity, biocompatibility, 
and chemical durability. While increasing the surface free energy can lead to superhydrophobic surfaces [6]. 
According to the literature, engineering of surface features can be made by more than one method. Chemical 
etching or etching with plasma are effective to create controlled roughness [7,8]. While evaporation of some 
active groups like CO2 leads to create nanoroughness [9-11]. Increasing of surface roughness leads to decrease 
the contact areas between the surface and the other materials which reduces the adhesion of precipitants to the 
surface. This belongs to the air entrapped within the cusps of the rough surface. 

Different mathematical models describe how the contact angle can differ with the surface features. Figure 1 
exhibits three models to evaluate the contact angle on different surface topologies. For homogeneous and 
smooth surface of one material, the equation of Young may be employed. It describes the contact angle on a flat 
smooth surface as following [12]:  

𝛾𝛾𝑆𝑆𝑆𝑆 = 𝛾𝛾𝑆𝑆𝑆𝑆 + 𝛾𝛾𝐿𝐿𝐿𝐿cos 𝜃𝜃                                                               (1) 

θ is the contact angle for smooth surface, 𝛾𝛾𝑆𝑆𝑆𝑆, 𝛾𝛾𝑆𝑆𝑆𝑆, 𝛾𝛾𝐿𝐿𝐿𝐿 are solid-gas, solid-liquid, and liquid-gas interfacial 
tension, respectively.  
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Figure 1. Effect of surface roughness on the contact angle of water droplet  

This equation has been modified by Wenzel to include the effect of surface roughness on the wettability of 
surfaces (equation 2). He assumes that the microscopic flutings of a rough surface are filled with water droplets. 
This increases the actual shared area between liquid and surface resulting in lowering the contact angle (Figure 
1b).  

cos 𝜃𝜃𝑤𝑤 = 𝑟𝑟(𝛾𝛾𝑆𝑆𝑆𝑆−𝛾𝛾𝑆𝑆𝑆𝑆)
𝛾𝛾𝐿𝐿𝐿𝐿

= 𝑟𝑟 cos 𝜃𝜃                                                              (2) 

Where θW:  the apparent contact angle (Wenzel’s angle), θ is the Young’s angle and (r) is the factor of 
roughness. This factor is a fraction of actual surface area to the projected area. Therefore, the surface free 
energy of rough surface is times higher than that of a flat surface. For the heterogeneous surfaces consist of two 
different materials, Cassie and Baxter [6] suggested equation 3 to describe the contact angle 𝜃𝜃 as following: 

cos 𝜃𝜃 = 𝑓𝑓 cos 𝜃𝜃 + 𝑓𝑓 − 1                                                                           (3) 

The letter 𝑓𝑓 is the area of the solid-liquid interface and the term (1- 𝑓𝑓) is the area portion of the solid-air 
interface. This equation describes a regime where there is sufficient roughness for air trapping in peaks between 
the solid and liquid to form a composite interface. 

Scientists have developed more than one method to mimic the superhydrophobicity of natural surfaces of some 
plants like lotus [13, 14]. For instance, artificial templates are used to generate controlled surface roughness. 
William et al. synthesized large-scale and low-cost coatings. The yield coatings appeared good anti-abrasion 
resistance, superhydrophobic in water droplet test and a lotus effect with sliding angles below 10° for up to 
120° continuous abrasion cycles [15]. Electrospraying method has employed to prepare self-cleaning 
superhydrophobic surface with high transparency using an organosilane-coated alumina precursor. With such 
technique, spraying time influences resulting roughness and transparency [16]. The drawbacks of above-
mentioned methods are cost and time consuming. An alternative method to make roughness is by adding 
organic or inorganic fillers. It is considered simple, cheap and easy to handle. Different fillers can be used to 
satisfy the surface requirements. Some of them can be treated superficially to high performance. Clay or silica 
particles, for instance, are used as filler for coatings either treated or not treated [17]. While others such as 
ZrO2, TiO2, etc. are used for this purpose without treated. Morrissette et at. declared that such ceramic fillers 
are not biodegradable and nontoxic; therefore, they do not harm the environment [18]. For optical applications 
this method suppose that the size of the additives must be small enough to allow the light to pass through 
without distortion. In this study we report about an easy method to prepare multi-layered polymer-based 
composite coatings with organic and inorganic particles as fillers. The goal of this work is to show the effect of 
different filler particles on the surface roughness and the contact angle of water considering the transparency of 
the resulting coatings. 

EXPERIMENTS  

Starting materials 

The polymers that used in this work are polymethlemethacrylate (PMMA) as grains (d50: 2 mm) produced by 
sigma-Aldrich (molecular weight is 100.12 g/mol and density 1.18 g/cm). Poly(tetrafluoroethylene) (PTFE) 
(sigma-Aldrich, molecular weight of 100.02) was used as a powder with particle size of 35 μm. Nanoparticles 
of TiO2 (anatas phase) with a particle size of 10 nm. Another powder was involved in this study which is 
Wollastonite and has an aspect ratio of 20:1. These powders were used to develop roughness on the outer 
surface of the proposed coating. 
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METHODOLOGY 

Different coating solutions were prepared as following: 0.9 g from PMMA was dissolved in (9 ml) of 
Tetrahydroferan (THF) solvent. This mixture was used for the first and the third layers. Next, 0.25 wt% of each 
powder, i.e. PTFE, TiO2 and CaSiO3, were dispersed in THF. They were sonicated for 1 h at room temperature 
to destroy any agglomerated particles. Soad-lime glass was supplied as substrates (50 x 50 x 1.5 mm), which 
they well-cleaned by THF before coating. The first coating was deposited by the doctor blade technique. The 
second layer was spread out by dipping technique. Finally, the third layer was deposited by using the spinning 
technique. Figure 2 exhibits the consequence of the deposited layers. The thickness of the first was adjusted to 
200 µm while the second layer was around 50 nm. The third was determined to 10 nm.  The coating parameters 
have been well controlled to keep the thickness of the deposited layers equal.  

 

Figure 2. Sequence of layers of the composite coatings 

Characterizations 

Particle size distribution 

Particle size of the starting powders was determined using a particle size analyser (Bettersize 2000, China). It 
can measure particle size from 0.002 nm to 2 mm. 

Contact angle measurement 

The contact angle was measured using an optical contact angle and interface tension meter (kion, SL200KS, 
china). Water drop was employed as a testing liquid. 

Optical transmission 

The optical transmission was measured using a UV-Viable spectrometer (UV-1800 Shimadzu) range from (190 
- 1100 nm) used to get absorbance, transmittance, and reflectance and other optical properties of the films. 

Roughness determination 

The surface roughness of the developed composite coatings was determined using an atomic force spectroscopy 
(AA3000SPM, Angstrom Advanced Inc., USA).  

RESULTS AND DISCUSSION 

Contact angle (θ) is an indicator for surface hydrophobicity. If it is lower than 90°, surfaces exhibit hydrophilic 
tendency. On the other hand, if it is higher than 90°, surfaces are considered hydrophobic. Figure 3 shows 
variation in the static contact angles of water droplet onto different coatings. It shows that PMMA layer alone 
has a value of static contact angle of 77°. The contact angle of the third PMMA layer has varied according to 
the second layer of powders. For the sequence of PMMA / TiO2 / PMMA, θ was increased from 77° to 95°. 
While the contact angle of the second layers order (PMMA / PTFE / PMMA) has increased from 77° to 98°. In 
the third layers sequence (PMMA / CaSiO3 / PMMA), θ has increased up to 129°.  
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Figure 3. Static contact angle (θ) on different coating compositions 

The added particles have changed the final outer roughness and it has varied according to the added material. 
Figure 3 also shows that the water drop on the TiO2 filled composite coating has slightly lower contact area in 
comparison to that of PTFE filled coating. Considering the roughness, the crystals of anatas (TiO2) and 
wollastonite are dissimilar. Anatas titania has a cubic structure while wollastonite has needle-like structure with 
an aspect ratio of 20:1. Therefore, the roughness comes from wollastonite particles is much higher than that of 
titania and PTFE.  This, of course, will lead to raise the contact angle to higher values as a result of trapping air 
between the wollastonite cusps. It has been assumed that the particles distribution are uniform and the 
agglomerations are as low as possible over the entire coated area. Figure 4 exhibits that the roughness of the 
sequence (PMMA / CaSiO3 / PMMA) is approximately uniform with an average value of about 16 µm. The 
coating parameters have been well controlled (temperature, time, and the coating flowability) to keep the 
thickness of the deposited layers equal. 

The optical transmittance of the coatings are shown in Figure 5. It exhibits that all the prepared coatings has an 
absorption at the UV range as a result of the polymer bonds. Introducing the filling powders has an effect on the 
UV absorption percentage. 

 

Figure 4. AFM images of coating surfaces a) pure PMMA and b) composite coating of three layers: PMMA / 
CaSiO3 / PMMA 

The order of PMMA / CaSiO3 / PMMA shows the lowest UV absorption of about 10%. PMMA / PTFE / 
PMMA coating has an UV absorption of around 15%. While involving the TiO2 has increased the absorption 
up to 25%. Increasing the wavelength more than 300 nm has led to increase the optical transmittance especially 
at the visible light. This indicates that the light transmission has varied according to the additives and their 
distribution over the whole coating area which is related to the yield outer surface roughness. 
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Figure 5. Optical transmittance behaviour for different types of coating; a) PMMA / TiO2 / PMMA; b) PMMA 
/ PTFE / PMMA; c) PMMA / CaSiO3 /PMMA. 

Table 1 sums up the results of all the synthesised coatings which include the contact angle, surface roughness 
and the optical transmittance at the visible light (wavelength 600 nm). In fact, since the base material (PMMA) 
properties was not chemically modified, the resulting roughness generated by titania, PTFE and wollastonite 
particles is the main effect that has varied the hydrophobicity of the coatings. 

Table 1. Values of surface roughness and optical transmittance for different coatings 

Sample Contact angle, θ° Surface roughness, µm Transmittance at the visible 
light, % 

PMMA / CaSiO3 / PMMA 129 16 84 

PMMA / PTFE / PMMA 97 10 90 

PMMA / TiO2 / PMMA 95 8 93 

Decreasing the optical transmittance can return to the distribution of the titania and wollastonite particles which 
may be heterogeneous. Alternatively, the final polymer layer (PMMA) has increased the distortion centres of 
light of the coatings by increasing the surface roughness in addition to the fillers. In fact, it is not easy to 
combine both superhydrophobicity and visible light transmittance. Because increasing the roughness leads to 
increase Mie and Rayleih scattering of the incident light beam where both of them depend upon the roughness 
scale against the wavelength of the incident light [19].  Another factor that has huge influence of the light 
transmittance is the thickness of the deposited coating which is directly proportional to the layer thickness. It 
has been assumed to be equal but this cannot be true, since the coating process manually runs. However, the 
coating parameters have been well controlled to keep the thickness of the deposited layers equal. Speaking 
about layers interfaces and their influence on the light transmission was out of the work scope. 

CONCLUSIONS 

This research focuses on developing hydrophobic and transparent coatings. Multi-layer composite coatings was 
prepared using doctor bled and dip coating methods. The results of the static contact angle revealed that final 
surface roughness has raised the contact angle of PMMA up to 129° by adding CaSiO3. Moreover, the created 
roughness has decreased the transparency of the yield coating as a result of light scattering and distortion at the 
interfaces as well as at the rough outer surfaces.  In the future we will try to prepare surfaces that have ability to 
repeal dust. 
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