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ABSTRACT 

 

Functional coatings produced using scalable and cost-effective processes such as electrodeposition 

and etching lead to the creation of random roughness at multiple length scales on the surface. The 

first part of thesis work aims at developing a fundamental mathematical understanding of 

multiscale coatings by presenting a fractal model to describe wettability on such surfaces. These 

surfaces are described with a fractal asperity model based on the Weierstrass-Mandelbrot function. 

Using this description, a model is presented to evaluate the apparent contact angle in different 

wetting regimes. Experimental validation of the model predictions is presented on various 

hydrophobic and superhydrophobic surfaces generated on several materials under different 

processing conditions. 

 Superhydrophobic surfaces have myriad industrial applications, yet their practical 

utilization has been severely limited by their poor mechanical durability and longevity. Toward 

addressing this gap, the second and third parts of this thesis work present low cost, facile processes 

to fabricate superhydrophobic copper and zinc-based coatings via electrodeposition. Additionally, 

systematic studies are presented on coatings fabricated under different processing conditions to 

demonstrate excellent durability, mechanical and underwater stability, and corrosion resistance. 

The presented processes can be scaled to larger, durable coatings with controllable wettability for 

diverse applications. 

 Apart from their use as superhydrophobic surfaces, the application of multiscale coatings 

in photo-thermal conversion systems as solar selective coatings is explored in the final part of this 

thesis. The effects of scale-independent fractal parameters of the coating surfaces and heat 

treatment are systematically explored with respect to their optical properties of absorptance, 

emittance, and figure of merit (FOM).  
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Coatings 

 

Rahul Jain 

 

GENERAL AUDIENCE ABSTRACT 

 

Coatings are extensively used through various industries and serve a range of purposes such as 

providing protection, changing the physical and chemical properties, decoration, and adding other 

new properties to the base surface. Coatings produced using scalable and cost-effective processes 

such as electrodeposition and etching are inherently rough and have features ranging from micro- 

to nano-scale, leading to their multiscale nature. The first part of thesis work aims at developing a 

fundamental mathematical understanding of these rough coatings by presenting a model to 

describe and predict the wettability on such surfaces. Wettability of a surface is its ability to 

maintain contact with a liquid, resulting from intermolecular interactions when the two are brought 

together. Wettability for a solid surface is generally quantified by the contact angle, measured 

through the liquid, where a liquid-vapor interface meets the solid surface. A mathematical model 

is presented to evaluate the apparent contact angle on such multiscale rough surfaces. Experimental 

validation of the model predictions is presented on various hydrophobic and superhydrophobic 

surfaces generated on several materials under different processing conditions. 

 Superhydrophobic surfaces do not get wet by water and water droplet contact angle on 

these surfaces exceed 150°. Such surfaces have extensive industrial applications, yet their practical 

utilization has been severely limited by their poor mechanical durability and longevity. Toward 

addressing this gap, the second and third parts of this thesis work present low cost, facile processes 

to fabricate superhydrophobic copper and zinc-based coatings via electrodeposition. Additionally, 

systematic studies are presented on coatings fabricated under different processing conditions to 

demonstrate excellent durability, mechanical and underwater stability, and corrosion resistance. 

The presented processes can be scaled to larger, durable coatings with controllable wettability for 

diverse applications. 

 Apart from their use as superhydrophobic surfaces, the application of multiscale coatings 

in photo-thermal conversion systems as solar selective coatings is explored in the final part of this 



iv 
 

thesis. Solar selective coatings aim to improve photo-thermal conversion efficiency by providing 

a high solar absorptance and low thermal emittance. Solar selective coatings ensure that maximum 

incoming solar radiation is absorbed into the surface and radiative losses due to emissions at high 

temperatures are minimized. The effects of scale-independent mathematical parameters of the 

coating surfaces and heat treatment are systematically explored with respect to their optical 

properties of absorptance, emittance, and figure of merit (FOM). 
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Chapter 1: Introduction 

 Coatings have myriad industrial applications and are generated by use of various processes 

such as chemical vapor deposition, solution-immersion, spray coating, magnetron sputtering, 

etching, and electrodeposition. The purposes of applying surface coatings are generally decorative, 

functional, or both. Decorative coatings improve the aesthetic appearance of base surface and 

provide a protection layer. However, functional coatings are generally aimed at the modification 

of physical and chemical properties of the base surface, such as, wettability, solar absorptivity, 

thermal emissivity, corrosion resistance, chemical resistance, strength or wear resistance. Coating 

materials and morphology are the primary factors that affect the coating properties and functions, 

which are controlled by deposition processes and parameters. Development of robust and durable 

superhydrophobic and solar selective coatings have been a major area of research in recent past.1-

4 Fabrication of these coatings by using cost-effective and scalable electrodeposition processes is 

considered as a part of this thesis work. 

 Superhydrophobic surfaces exhibit high water contact angles, greater than 150o, and small 

contact angle hysteresis of less than 10o.1,5 Through studies based on naturally occurring 

superhydrophobic surfaces, researchers have observed that hierarchical or multiscale morphology, 

such as a combination of micro- and nano-structures, together with the low energy of the surface, 

leads to the superhydrophobic nature of a surface.6,7 In general, two types of wetting states are 

observed on such surfaces namely, Wenzel state8 and Cassie state9. In the Wenzel state, a water 

droplet fills the roughness grooves present on the surface, leading to the pinning of droplet to the 

surface and does not allow the surface to self-clean. On the other hand, in Cassie state the droplet 

does not penetrate into the surface due to the entrapment of air within the surface roughness and 

cavities, leading to high contact angles and very low sliding angles.7,10 

 Although extensive developments have been made in the superhydrophobic coatings 

fabrication processes on various materials, mathematical understanding of wettability on such 

engineered surfaces remain limited in scope, being mostly confined to ordered surfaces, in 

literature. Mathematical analysis of wettability on periodically arranged posts/ridges based 

geometries prepared by processes such as laser etching, plasma etching, physical and chemical 

vapor deposition etc. has been performed extensively by many researchers11-15, due to the 

simplicity of estimating roughness and fraction of solid region in contact with water droplet for 

such regular arrangement of posts. However, industrial scalability of these surface geometries is 
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rather limited, due to the associated manufacturing time and costs. Large scale generation of 

superhydrophobic surfaces is more practical with randomly rough surface structures prepared 

through processes such as electrodeposition, spray coating, etching, etc. However, the studies so 

far on predicting contact angles on such randomly rough surfaces have mostly been correlatory in 

nature, are based on scale-dependent roughness parameters, and are limited in experimental 

validation to specific materials and conditions. To overcome these limitations, the first part of 

present thesis work presents a scale-independent self-affine fractal representation of multiscale 

asperity features based on the Weierstrass-Mandelbrot (W-M) function and size distribution.16 A 

theoretical model is presented to predict the wettability of any multiscale rough hydrophobic and 

superhydrophobic surface based on its fractal parameters, which are uniquely determined by 

surface profile scan. Moreover, a comprehensive study of the effects of both fractal dimension and 

range of length scales of roughness asperity structures is presented and discussed.  

 Moreover, superhydrophobic surfaces are known for their vast range of applications and 

properties such as self-cleaning17,18, drag reduction19,20, improved phase change heat transfer21,22, 

anti-icing23,7, anti-corrosion7,24. Although significant developments have been made in the 

processes and materials to fabricate superhydrophobic surfaces, very few of them have shown their 

viability in industrial applications. This is due to their poor mechanical strength, abrasion 

resistance, transition from slippery Cassie to sticky Wenzel state, and durability of the 

superhydrophobicity and plastron layer under water immersion. Mechanical strength and 

durability of superhydrophobic coatings are, therefore, of considerable focus in recent studies. 

Many researchers have employed sandpaper based shear abrasion test to evaluate the mechanical 

durability of the superhydrophobic surfaces.25-29 However, only a few have reported satisfactory 

mechanical durability. Furthermore, various studies have reported a steady loss in 

superhydrophobic nature of coatings with immersion time in water.30,31 Though practical 

applications of superhydrophobic surfaces would require them to be in contact with steady as well 

as flowing water for significantly longer durations, studies are rather limited in performing 

extensive durability studies in such environments. 

 Among the superhydrophobic coatings on metallic substrates, copper and zinc have 

attracted significant interest. Copper has wide industrial applicability and is used in heat 

exchangers, pipelines, and electrical appliances due to its good thermal and electrical conductivity 

in addition to mechanical stability. Moreover, Zinc has its primary application in galvanization 
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industry to protect the steel structures from corrosion32 and industrial application of zinc coating 

generally requires an additional hexavalent chrome coating for strength, decoration and to further 

prevent the corrosion. However, chrome electroplating and anodizing is one of the largest source 

of carcinogenic chromium emissions in the country and environmental protection agency (EPA) 

regulations have aimed at eliminating the use of hexavalent chromium in electrodeposition.33 It 

has been reported by several researchers that the application of superhydrophobic coating enhances 

the anti-corrosion properties of a particular substrate and improves multiphase heat transfer.34 

Hence, application of robust and durable superhydrophobic coating may improve the corrosion 

resistance and provide non-wettable properties to copper and zinc substrates. Although significant 

developments have been made in the processes and materials to fabricate superhydrophobic 

surfaces on both copper and zinc substrates, however, industrial scalability of some of the reported 

techniques is rather limited. Due to low cost, uniform deposition irrespective of size and shape, 

and industrial scalability, electrodeposition is considered as one of the most effective technique 

for large scale generation of superhydrophobic surfaces. 

 The second and third parts of the thesis present facile and cost-effective processes based 

on electrodeposition to fabricate superhydrophobic copper and zinc coatings integral on copper 

and zinc substrates, and report extensive characterizations of the coatings. Comprehensive studies 

of the effects of applied deposition potential and deposition duration on the morphology and 

wettability is also presented and discussed. Furthermore, systematic studies are described to 

evaluate the chemical composition, growth mechanism, mechanical abrasion stability, corrosion 

resistance, self-cleaning effect, air-exposure durability, durability under steady water, and 

durability under flowing water conditions of the optimal superhydrophobic surfaces. 

 Improving the photothermal conversion efficiency of concentrating solar power (CSP) 

systems is of considerable focus in recent studies.2-4 To achieve the desired optical properties of 

the surface carrying the heat transfer fluid, solar selective coatings are applied on the base metal 

substrates. Last part of thesis extends the development of electrodeposition based multiscale 

coatings into the development of solar selective coatings and their extensive mathematical 

characterization. Correlating fractal parameters of prepared coatings with their optical properties, 

this study provides a proof of concept that highly fractal, multiscale coatings fabricated via 

electrodeposition can significantly improve the light trapping within the coatings, leading to 

improved solar absorptivity and figure of merit. 
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The thesis is organized as follows: second chapter describes the various processes used to 

generate superhydrophobic and solar selective surfaces. Additionally, various characterization 

techniques used to estimate wettability, corrosion resistance, durability, and power spectrum of 

prepared surfaces are also described. Subsequently, third chapter describes the developed fractal 

model to estimate wettability on multiscale rough surfaces and model validation on various 

hydrophobic and superhydrophobic surfaces. Next two chapters discuss the generation of 

superhydrophobic surfaces on copper and zinc substrates with extensive characterizations such as 

wettability, morphology, corrosion, self-cleaning, and durability. Sixth chapter details the 

development of copper based solar selective coatings and obtained optical characterization results 

on prepared coatings.   
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Chapter 2. Experimental Methods 

 Materials and processes to fabricate hydrophobic, superhydrophobic and solar selective 

coatings are described in this chapter. Additionally, various surface characterizations such as 

morphology, wetting, surface profile, corrosion, mechanical and underwater durability, and optical 

characterizations, as performed as a part of thesis work, are also described in detail. 

2.1 Materials 

Analytical grade copper sulfate (CuSO4, 99+%), sulfuric acid (H2SO4), acetone (99.5+%), 

methanol (99.8+%), zinc-acetate-dihydrate (Zn(CH3COO)2.2H2O, 98%), potassium chloride 

(KCl, 99+%) and stearic acid (CH3(CH2)16CO2H, 97%) were purchased from Fisher Scientific, 

USA and used as received without any further purification. Furthermore, zinc sheet (99%), copper 

sheet (99.9%), aluminum sheet (96-98%) were purchased from McMaster Carr, USA. To prepare 

all the electrolyte solutions deionized water with resistivity of 18MΩ.cm was utilized. 

 

2.2 Fabrication techniques 

 Hydrophobic and superhydrophobic coatings considered in this work were fabricated using 

two different techniques: electrodeposition and etching. Both methods are suited for large-scale 

fabrication of coatings at low cost, with simplicity and high degree of uniformity. 

Electrodeposition was employed to prepare the hydrophobic and superhydrophobic coatings based 

on copper and zinc. Deposition was performed at various deposition potentials and deposition 

times to arrive at optimum deposition conditions to develop superhydrophobic surfaces on these 

materials. AUTOLAB PGSTAT128N potentiostat (ECO chemie, Utrecht, The Netherlands) with 

a traditional three electrode system was used to perform all the electrodeposition experiments. 

Aluminum based hydrophobic coatings were prepared using etching in a HCl based solution. 

 

2.3 Fabrication of copper-based superhydrophobic and solar selective coatings 

 Superhydrophobic surfaces on copper substrates were fabricated using the two-step 

electrodeposition process as described by Haghdoost and Pitchumani35 to generate stable 

electrodeposition coatings. In this process, copper sheet was used as a reference electrode and 

platinum sheet was used as an anode. The working electrode was also a copper sheet with an 

exposed area of 1cm2. All the electrodes were rigorously cleaned with acetone, methanol and 

deionized water to remove any dirt and grease from the surface, and dried in air. The electrolyte 
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was an aqueous solution containing CuSO4 (1 M) and H2SO4 (0.5 M). The solution was bubbled 

with nitrogen for 15 min before the fabrication of each sample to remove air. As a reference 

electrode of the same copper sheet was considered in this study, overpotential can be used to 

indicate the applied potential. Furthermore, electrodeposition was performed at various 

overpotentials ranging from 0.3 V to 1.1 V, to study the effect of applied overpotential on the 

wetting property of the sample. It was identified by Haghdoost and Pitchumani35 that application 

of a low overpotential for a short time after the application of a high overpotential leads to a stable 

coating. Accordingly, in the present study, electrodeposition at overpotentials above 0.9 V was 

followed by deposition at 0.15 V for a duration of 10 sec. After electrodeposition, surfaces were 

rinsed with acetone and deionized water, and dried with nitrogen gas. As-prepared multiscale 

inherent coatings at this step are utilized as solar selective coatings to study the effect of multiscale 

and fractal nature of coatings on their optical properties such as solar absorptivity, emissivity, and 

figure of merit. 

 As a final step, the as-prepared surfaces were modified with immersion in 0.02 M methanol 

solution of stearic acid at room temperature for 1 hour, to generate copper-based superhydrophobic 

coatings inherent on copper substrate. The modified samples were then washed with methanol to 

remove any residual organic acid on the surface, followed by washing with deionized water and 

then were dried for further characterization and study. 

 

2.4 Fabrication of zinc-based superhydrophobic surfaces 

 Electrodeposition of superhydrophobic zinc coating on zinc substrate was carried out with zinc 

sheet as anode, Ag/AgCl as reference electrode and zinc sheet with an exposed area of 1cm2 as 

working electrode. All the electrodes were cleaned with acetone, methanol, and deionized water 

followed by drying in air. The electrolyte was an aqueous solution containing zinc acetate (0.025 

M) and KCl (1.5 M). Electrodeposition was performed at several voltages ranging from 1.1 V to 

1.5 V and at various deposition times, to study the effect of voltage and deposition time on the 

wettability and to validate the developed mathematical model for several process parameters. After 

electrodeposition, the samples were rinsed with deionized water and dried in air. 

 The as-prepared surfaces were modified with immersion in 0.01 M methanol solution of stearic 

acid at room temperature for 24 hours. The modified samples were then washed with methanol to 
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remove any residual organic acid on the surface, followed by washing with deionized water and 

drying prior to their characterization and study. 

 

2.5 Fabrication of aluminum-based hydrophobic surfaces 

 Aluminum substrate (2.5 cm x 1.5 cm) was cleaned with acetone, methanol, and deionized 

water and dried in air. The dried aluminum sample was then etched with 1M HCl solution for 

etching times of 5 and 10 min. The etched samples were washed rigorously with deionized water 

to remove any residual acid off the sample and then dried again in air. 

 These samples were then modified with immersion in 0.01 M methanol solution of stearic acid 

at room temperature for 24 hours. The modified samples were then washed with methanol to 

remove any residual organic acid on the surface, followed by washing with deionized water and 

drying to prepare samples for further characterization and study. 

 

2.6 Morphology and wetting characterization 

 The surface morphologies of the deposited coatings were examined using the FEI Quanta 600 

scanning electron microscope (SEM), which was operated at 10KeV for electron imaging. 

Furthermore, wetting properties of the prepared coatings were estimated through their static water 

contact angle measurement. Contact angles of water droplet on the as-prepared coatings were 

measured using the FTA-32 contact angle measurement setup, which consists of water droplet 

dispensing system, high speed adjustable camera, lens, back light, and software for automated 

control of these equipment and to capture the droplet images. A deionized water drop of 10 µl was 

used to measure the static contact angles. The droplet was placed on the sample via the automated 

software-controlled droplet dispensing system. Images of this water droplet were captured using a 

high-speed camera and saved using the software associated with FTA-32 system. Additionally, 

dynamic contact angles were measured using the volume changing dynamic sessile drop method. 

Starting with a small water droplet volume on the surface, images of the droplet were continuously 

recorded as the volume of the droplet was gradually increased. The maximum contact angle 

obtained through this process is known as advancing contact angle (𝜃𝑎). In a similar way, volume 

of water droplet is gradually reduced and droplet shape images are captured and to arrive at the 

smallest contact angle, called the receding contact angle (𝜃𝑟). The difference between advancing 

and receding contact angles gives the contact angle hysteresis. Images obtained through the 
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described setup were processed through the ImageJ software36,37 to estimate the contact angles. 

For each sample corresponding to the various deposition overpotential, three contact angle 

measurements were performed to evaluate the experimental uncertainty associated with the 

measured data.  

 

2.7 Surface profile measurement and power spectrum  

 A Zygo NewView 800 series 3D optical surface profiler was used to perform profilometric 

measurements on the prepared superhydrophobic/hydrophobic samples. The instrument uses 

coherence scanning interferometry to measure the surface profile and provide non-contact, highly 

accurate and quick measurements of the prepared surfaces. Optical surface profile measurement 

resolution was based on the smallest asperity size, as observed in SEM morphology. The measured 

profile scan data was processed through the image and surface analysis software Gwyddion38 for 

profile visualization and analysis. Surface profile scans were performed at three different locations 

for each sample. For each sample, corresponding to a particular combination of material and 

processing condition, profilometric scans were performed on three replicates and the fractal 

parameters are presented as average and standard deviation of the obtained data. 

 Surface profile data obtained through above procedure was analyzed using the software 

Gwyddion and MATLAB to obtain its averaged Fourier transform based power spectrum. In the 

present analysis, radially averaged power spectrum describing energy per unit interval of the 

surface was used to consider the effect of asperities throughout the surface and describe the 

roughness power spectral density. Averaged power spectrum was normalized with respect to the 

scan size as well, so that power spectrum of part scan is similar to the power spectrum of entire 

scan. Using the obtained power spectra for the individual surfaces, their corresponding fractal 

parameters were obtained as described in the next section on the mathematical description of the 

multiscale random surfaces. 

 

2.8 Corrosion characterization 

Corrosion characteristic of as-fabricated superhydrophobic coating was investigated in 3.5 

wt% NaCl solution. The electrodeposition setup, described in Section 2.2, with Ag/AgCl (3M KCl) 

as reference electrode, Pt sheet as anode and the sample under study as the working electrode, was 

employed for the present analysis. Corrosion measurements were made based on potentiodynamic 
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polarization plots obtained by varying the applied potential at a rate of 1mV/s. The data obtained 

from the potential scans were used to estimate the Tafel-slope-based corrosion parameters such as 

corrosion potential, corrosion current and polarization resistance. 

 

2.9 Durability characterization 

Mechanical and under-water stability of the as-prepared superhydrophobic surfaces were 

estimated through various abrasion and immersion tests. To estimate the mechanical robustness of 

the coatings, sandpaper based shear abrasion and falling sand abrasion tests were employed. As a 

part of shear abrasion test, samples were dragged on a 1000 grit sandpaper at a speed of 10 mm/s, 

under a load of 3 kPa, and the changes in wetting properties with abrasion distance were measured. 

The falling sand abrasion test was based on a modification of the ASTM D968 standard39, in which 

the durability of the coating, in terms of sustained superhydrophobic nature, was estimated after 

dropping a predetermined amount of silica grains from a height on the sample inclined at 45o.40,41 

Durability of the coatings was further characterized based upon long duration exposure to air, 

and submersion in steady and flowing water. Samples were immersed in deionized water for up to 

60 days, and changes in wettability were measured after every 5–7 days. To estimate the stability 

of the coatings in sustained flow conditions, the samples were immersed in a beaker in which 

deionized water was spun continuously using a magnetic stirrer. Changes in wetting properties of 

the samples were evaluated under sustained stirring at 750 RPM corresponding to a speed of about 

11 kmph, for a sample held at the edge of the beaker, for up to a period of 60 days. 

 

2.10 Optical Characterization 

Figure of merit of the prepared coatings was evaluated based on their solar absorptance (αs), 

emittance at 2500 nm (ε2500 nm), and thermal emittance at 80°C (ε80oC) as described by Ambrosini, 

et al.42 Diffuse reflectance for the fabricated samples was measured in the range of 0.3–2.5 µm 

using Cary 5000 UV-vis-NIR spectrophotometer. PTFE diffuse reflectance standard was 

employed for the calibration of the spectrophotometer. Reflectance data obtained through above 

measurement was used to estimate the solar absorptance of the samples corresponding to the AM 

1.5 solar spectra employing the method as described by katumba, et al.43,44 Thermal emittance 

from fabricated solar selective coatings at 80°C (ε80oC) was measured by correlating the surface 

temperatures as measured using a thermocouple and an IR thermometer, when the surface was at 
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a temperature of 80°C. Optical measurements were also performed at three different locations for 

each sample. Similar to profilometric measurements, for each sample corresponding to a particular 

combination of material and processing condition, optical measurements were also performed on 

three replicates and resulting optical properties such as solar absorptivity, thermal emissivity, and 

figure of merit are presented as average and standard deviation of the obtained data. 
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Chapter 3. Fractal Model for Wettability of Rough Surfaces 

 

This chapter presents a fractal model to describe wettability on multiscale randomly rough 

surfaces. Hydrophobic or superhydrophobic surfaces produced using processes such as 

electrodeposition and etching lead to the creation of random roughness at multiple length scales 

on the surface. This chapter considers the description of such surfaces with a fractal asperity model 

based on the Weierstrass-Mandelbrot (W-M) function, where the fractal parameters are uniquely 

determined from a power spectrum of the surface. Using this description, a model is presented to 

evaluate the apparent contact angle in the different wetting regimes. The model is predictive in 

that it does not use any empirical or correlatory fitting of parameters to experimental data. 

Experimental validation of the model predictions is presented on various hydrophobic and 

superhydrophobic surfaces generated on several materials under different processing conditions. 

The contact angle is found be strongly dependent on the range of asperity length scale and weakly 

dependent of the fractal dimension for a surface with stable Cassie state. Based on the fractal 

description, desired surface roughness characteristics for generating superhydrophobicity on a 

particular substrate are also derived. 

3.1. Introduction 

Superhydrophobic surfaces exhibit water contact angles of more than 150°, a small roll off 

angle and contact angle hysteresis generally less than 10°.1,5 Their vast range of applications and 

properties such as self-cleaning17,18, drag reduction19,20, improved phase change heat transfer21,22, 

anti-icing23,7 and anti-corrosion7,24 have significantly attracted attention of academic and industrial 

researchers over the past decade.  

One approach to creation of hydrophobic or superhydrophobic properties on a surface involves 

increasing surface roughness, and roughness-induced wetting has been a major focus area in the 

literature. In general, two types of wetting states are observed on such surfaces namely, Wenzel 

state8 and Cassie state9. In Wenzel state, water droplet fills the roughness grooves present on the 

surface, which leads to pinning of the droplet to the surface. On the other hand, in Cassie state, the 

droplet does not penetrate into the surface due to the entrapment of air within the surface 

roughness, as shown in Figure 1, and leads to very low sliding angles.7,10 Many naturally occurring 

surfaces such as lotus leaves45 and water striders46,47 are known to have a stable Cassie state 

characterized by superhydrophobicity and self-cleaning property10. Inspired by this lotus leaf 
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effect, researchers have investigated the required parameters to transform a surface into being 

superhydrophobic. It has been observed that roughness at two or more length scales, such as a 

combination of micro- and nano-structures, together with low surface energy of the surface, 

ensures a stable Cassie state and superhydrophobicity on a substrate.6 

 

Figure 1. Schematic illustration of various wetting regimes: (a) Flat substrate; (b) Wenzel state 

where water droplet fills the roughness/grooves on the surface; and (c) Cassie-Baxter state where 

air is trapped within asperities. 

Analysis of wettability on periodically arranged posts/ridges based geometries prepared by 

processes such as laser etching, plasma etching, physical and chemical vapor deposition etc. has 

been performed extensively by many researchers11-15, due to the simplicity of estimating roughness 

and fraction of solid region in contact with water droplet for such regular arrangement of posts. 

However, industrial scalability of these surface geometries is rather limited, due to the associated 

manufacturing time and costs. Large scale generation of superhydrophobic surfaces is more 

practical with randomly rough surface structures prepared through processes such as 

electrodeposition, spray coating, etching, etc. Furthermore, it has been demonstrated that randomly 

rough surfaces may show contact angles of up to 179°.48 

Statistical properties of multiscale random surfaces have been characterized by their power 

spectral density in several studies.49-55 Based on studies on rough surfaces, it has been suggested 

that superhydrophobicity is related to the third moment of the power spectral density of the 

surface.49,55-60 Li and Amirfazli61 performed thermodynamic studies on 3D pillar based 

hierarchical superhydrophobic surfaces and suggested the importance of dual scale asperity 

structures to provide a stable superhydrophobic performance as well as mechanical durability. In 

other studies62,63, they also developed a mathematical model to predict equilibrium contact angle 

and contact angle hysteresis on such hierarchical surfaces, based on 2D and 3D model surfaces 

with periodically arranged asperity structures. Additionally, criterion for wetting transition from 
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Cassie state to Wenzel state were also described. Gigli, et al.64 developed a hierarchical dual-scale 

structures with micro- and nano-pillars via etching and showed the importance of such dual-scale 

structures in reducing wettability. Recently, Frankiewicz and Attinger50 also proposed a model to 

estimate the contact angle and solid fraction of the prepared multiscale random surface by 

representing it by a generic model based on the superposition of square wave profiles with smaller 

asperities on top of larger base asperities. However, since real surfaces do not follow the assumed 

square wave profiles and arranged pillar based asperity structures, the determination of the square 

asperity dimensions and pitch is largely a matter of correlation of the experimental results to SEM 

images.  

In all these studies, the surface topography is described by parameters such as root-mean-

squared (RMS) height and slope. However, it was pointed out by Majumdar and Bhushan51 that 

these parameters are not uniquely defined for a surface and depend on the scan length and 

resolution of the profile measuring instrument. This suggests the need for a scale-independent, 

fractal representation and, in turn, estimation of wettability based on those fractal parameters. Only 

a few researchers have considered the effect of the fractal parameters on wettability of a surface. 

Shibuichi, Onda et al.52,53 developed a model to estimate the wetting on a fractal surface and 

validated it experimentally on waxy soft films. However, their model was not found to be 

consistent in the experimental study on the fractal surfaces made of silane coated core shell 

particles by Synytska, et al.54 Palasantzas and De Hosson55 theoretically studied the wetting of 

self-affine randomly rough surfaces; however, their study was limited in applicability to water 

droplets in the Wenzel state. Bottiglione, et al.56,57 performed numerical analysis to predict the 

equilibrium contact angles of two dimensional drops on self-affine fractal profile in all the wetting 

regimes and showed that roughness over several scales improves the superhydrophobic nature of 

a surface. Yang, et al.58 performed molecular dynamic simulations for liquid drops in contact with 

self-affine fractal surfaces and showed that contact angle for nano-droplets depends on the RMS 

surface roughness amplitude and is independent of the fractal dimension of the surface. Sarkar, et 

al.59 performed experimental studies to understand the effect of fractal properties of a surface on 

wetting properties and showed that wetting in Wenzel state is influenced by the RMS height of the 

surface profile, in-plane roughness correlation length and roughness exponent. 

It is evident from the foregoing discussion that the studies so far on predicting contact angles 

have mostly been correlatory in nature, are based on scale-dependent roughness parameters, and 
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are limited in experimental validation to specific materials and conditions. To overcome these 

limitations, the present work presents a scale-independent self-affine fractal representation of 

multiscale asperity features based on the Weierstrass-Mandelbrot (W-M) function and size 

distribution.16 A theoretical model is presented to predict the wettability of any multiscale rough 

hydrophobic and superhydrophobic surface based on its fractal parameters, which are uniquely 

determined by surface profile scan. The model accounts for the effect of partial wetting and can 

predict the contact angles on a surface irrespective of its wetting regime. The predictive model is 

validated extensively for the experimentally generated hydrophobic/superhydrophobic surfaces. A 

good agreement is demonstrated between the experimentally measured equilibrium contact angle 

and the predicted contact angle on various materials such as copper, zinc, aluminum with surfaces 

fabricated by industrially scalable processes, electrodeposition and etching. A comprehensive 

study of the effects of both fractal dimension and range of length scales of roughness asperity 

structures is presented and discussed.  

The article is organized as follows: first, a fractal description of surfaces and mathematical 

description of contact angles based on Cassie-Baxter and Wenzel model is presented. 

Subsequently, obtained results such as SEM images, wettability and fractal parameters of the 

fabricated coatings are discussed, followed by the discussions related to the experimental 

validation of the presented model. 

 

3.2. Mathematical Description  

 Superhydrophobic surfaces are generated by creating hierarchical roughness features on the 

surfaces, followed by treatment with low surface energy materials. Through various techniques 

such as SEM imaging and profile scanning, it is observed that roughness asperity features range 

from the microscale to the nanoscale on such surfaces. Such multiscale surfaces are described 

using fractal mathematics in this study. An ideal fractal geometry is a complex pattern with 

repeating units at infinite scales. Such fractals geometries demonstrate same statistical 

characteristics as a whole geometry at every scale. Fractal description is used to describe and study 

naturally occurring objects such as coastlines, trees, and river networks etc. However, these 

naturally occurring objects demonstrate fractal nature only within particular length scale region. 

Additionally, base features scale by different amounts in different directions for naturally 

occurring fractals and are known as self-affine fractals. Fractal dimension of these surfaces provide 
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a statistical measure of complexity, quantifying how the details of a particular feature changes with 

the measurement scale. General Euclidean geometries have dimensions as a whole number, 

however, multiscale fractal geometries tend to have a non-integer as their fractal dimensions. 

Fractal dimensions also describe the space filling capacity of a particular pattern and inform how 

the multiscale fractal geometry scales differently from the space it is embedded in. 

 Power spectrums of fractal objects are generally employed to describe their fractal properties 

for naturally occurring fractals and has been considered to describe and study the coated multiscale 

surfaces. Power spectrum of a surface is a mathematical tool that decomposes the surface into 

contributions from different spatial frequencies. It provides a representation of the amplitude of a 

surface’s roughness as a function of the spatial frequency of the roughness. Spatial frequency is 

the inverse of the wavelength of the roughness features. Power spectrum of a surface is estimated 

as a square of surface profile’s Fourier spectrum.  

 

Figure 2. Fast Fourier transform based power spectrum of an as-prepared copper based 

superhydrophobic surface, showing the fractal characteristics of the surface over a frequency 

range. 

 

 An example power spectrum measured on one of the electrodeposited surfaces is shown in 

Figure 2. Here, x-axis represents the spatial frequency, which is inverse of asperity feature length 

scale and y-axis represents the power at specific spatial frequency, which is estimated as averaged 

squared Fourier transform of surface profile. The estimated power spectrum was based on the 
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optical profile measurements, as described in Section 2.7, with resolution corresponding to the 

smallest asperity element, observed in SEM morphology. The fabricated coatings display smallest 

asperities in micro-scale with frequency cut off in similar range. A more resolute measurement 

technique such as AFM is recommended for coatings with smallest asperities ranging to nano-

scale. A power law variation of the power spectrum over the spatial frequency range 𝜔𝑙 < 𝜔 <

𝜔ℎ is evident in Figure 2, which demonstrates the self-similar nature of the surface namely that 

upon appropriate magnification, a smaller portion of the surface profile will be statistically similar 

to a larger section of the profile. Such profiles can be appropriately described by fractal parameters. 

 The fractal description used here is based on the Weierstrass-Mandelbrot (W-M) function and 

size distribution65, wherein a surface profile is expressed as a summation of an infinite series of 

sines and cosines with different amplitudes and frequencies, which correspond to the height and 

length of multiscale asperity features, respectively. The Weierstrass-Mandelbrot (W-M) function 

has been extensively used in analytical representation of multiscale featured surfaces in different 

applications.16,65 As described by Yang and Pitchumani65, the concept of a scale-independent slope 

is ill-defined for these non-differentiable surfaces, as progressively increasing roughness features 

are observed at progressively decreasing length scales; however, these surfaces can still be 

considered continuous as length scales are above atomic levels. The W-M function is a self-similar, 

non-differentiable and continuous function that captures all the inherent characteristics of fractal 

surfaces as described above. Electrodeposited and etched multiscale surfaces can, therefore, be 

described as:  

where, D is the fractal dimension, G is a mathematical scaling constant, 𝛾𝑛 is a frequency mode 

corresponding to the horizontal dimension, L, of roughness feature as 𝛾𝑛 = 1/L, and 

𝛾𝑛1 corresponds to the cut-off frequency, which relates to the maximum asperity length scale of 

the surface. Fractal dimension, D quantifies the complexity of surface as a ratio of change in feature 

detail to the change in magnification scale. Unlike conventional topological dimensions, fractal 

dimension may have non-integer values, indicating that a fractal set fills its space differently from 

an ordinary geometrical set. For instance, a surface with fractal dimension of 2.1 fills space similar 

to an ordinary surface. However, a fractal surface with a fractal dimension close to 3, fills space 

 𝑧(𝑥) = 𝐺𝐷−1 ∑
cos(2𝜋𝛾𝑛𝑥)

𝛾(2−𝐷)𝑛

∞

𝑛=𝑛1

 (1) 
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nearly like a volume. The parameter 𝛾  determines the relative phase differences between the 

spectral modes. Since the phases in a real electrodeposited or etched surface are random, 

simulation of such surfaces requires that the phases of the frequency modes do no coincide with 

one other at any point and appear random. A value of 𝛾 = 1.5 represents such non-coincident 

random phase as well as high spectral density characteristics of the surfaces 16,66. This value ensures 

that the powers of 𝛾, which form the frequency spectrum, are not multiples of basic frequency, 

unlike a Fourier series, where the discrete frequencies increase in arithmetic progression and are 

multiples of a basic frequency, leading to a periodic appearance.66 

 Based on the Fourier transform16,65, the power spectrum, 𝑆(𝜔), of the W-M function may be 

obtained as: 

where ω is the spatial frequency. The power law variation of power spectrum with frequency 

indicates the fractal nature of the surface. It can be seen from Figure 2 that the power law variation 

holds within a frequency range (𝜔𝑙, 𝜔ℎ) that is characteristic for each surface, as also previously 

reported by Yang and Pitchumani65 and Majumdar and Bhushan16. The high frequency (𝜔ℎ) limit 

of the range corresponds to the length of the smallest asperity (𝐿𝑚𝑖𝑛) on the surface under study 

and the low frequency limit (𝜔𝑙) corresponds to the largest repeating unit or the largest asperity 

length scale (𝐿𝑚𝑎𝑥) present on the surface, such that  𝐿𝑚𝑖𝑛 =
1

𝜔ℎ
 , 𝑎𝑛𝑑 𝐿𝑚𝑎𝑥 =

1

𝜔𝑙
. The length 

scales ranging from 𝐿𝑚𝑖𝑛 to 𝐿𝑚𝑎𝑥 may be considered as one repeating unit representing the whole 

surface, with several asperities in between the above length scales. 

 In the present description, fractal parameters such as the fractal dimension, 𝐷, the scaling 

constant, 𝐺, and the length scale range can be estimated through analysis of a Fourier transform 

based power spectrum of a scan of the roughness profile on a surface. The slope of a log-log plot 

of the power spectrum in the characteristic frequency range can be compared to the slope 2𝐷 − 5 

of a log-log plot of the power spectrum of the W-M function as given by eq. (2) to estimate the 

fractal dimension, 𝐷. Similarly, the scaling constant, 𝐺, can be estimated by comparing the y-

intercept on a log-log plot of the power spectrum of the surface to the y-intercept of a log-log plot 

of the power spectrum of the W-M function. Thus, the parameters of any random surface, 𝐷, 𝐺, 

 𝑆(𝜔) =
𝐺2(𝐷−1)

2 ln 𝛾

1

𝜔5−2𝐷
 (2) 
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𝐿𝑚𝑎𝑥, and 𝐿𝑚𝑖𝑛, required to represent the surface with a W-M function based fractal model are 

determined uniquely through surface measurements. 

 The multiscale asperities in this work are modeled as three-dimensional prismatic asperities of 

square cross section with varying heights and lengths, stacked as represented in Figure 3. The 

model considers that the smaller asperities are progressively stacked on top of larger base 

asperities. The topmost asperity element in such a representation is the asperity with minimum 

length and height, which are represented as 𝐿𝑚𝑖𝑛 and ℎ(𝐿𝑚𝑖𝑛), respectively. Similarly, the base 

asperity element in such representation is the asperity with maximum length and height, denoted 

as 𝐿𝑚𝑎𝑥 and ℎ(𝐿𝑚𝑎𝑥), respectively. In addition, Figure 3 also illustrates a representative water 

droplet in Cassie state placed on the asperity structure. In the Cassie state, the water droplet is in 

contact with only topmost or the smallest level of asperities and air is trapped in the cavities 

between the asperities, which leads to superhydrophobic nature of such surfaces. 

 

Figure 3. Schematic representation of multiscale, rough, self-affine superhydrophobic surface 

based on the fractal description with water droplet on top in Cassie state; θ represents the Cassie 

contact angle, and actual asperity dimensions are much smaller than the droplet size. 

 The heights and lengths of the asperities can be related to the fractal parameters, 𝐷, and 𝐺, 

following the methodology in ref.65. The cross-sectional area of asperities is given by 𝑎 = 𝐿2, 

while the height of any asperity with frequency mode 𝛾𝑛 = 1/𝐿 can be obtained from eq. (3) and 

expressed as a power law, 
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where ℎ(𝑎) is the height distribution of any asperity with a cross section area 𝑎 or 𝐿2.  

 The size distribution of the multiscale asperities can be expressed by the scaling relation that 

the number of asperities with area larger than 𝑎, 𝑁(𝐴 ≥ 𝑎), scales as a fractal with respect to the 

area 𝑎, as16,65:  

where 𝑎𝑚𝑎𝑥 is the area corresponding to the largest asperity (𝐿𝑚𝑎𝑥):  

 The size distribution, eq. (4), indicates that the number of smaller asperities increases as the 

value of 𝐷 increases in the range from 1 to 2. A number density function, 𝑛(𝑎), defined as the 

number of asperities of areas between 𝑎 and 𝑎 + 𝑑𝑎, can be estimated from as follows, realizing 

that the number decreases with increasing area: 

 The equilibrium contact angle of a surface can be estimated based on the application of the 

Wenzel or Cassie-Baxter equations, depending upon the applicable wetting state for the surface. 

As described by Lafuma and Quere10, the Cassie state is a stable state for a rough surface coated 

with a low surface energy material that leads to enhanced hydrophobicity of the substrate. On the 

other hand, the Wenzel model describes the complete wetting of a rough surface (Figure 1b), and 

the contact angle on a rough surface with stable Wenzel regime may be obtained as: 

where 𝜃𝑤 is the stable equilibrium contact angle for a droplet in Wenzel state, 𝑟 is the roughness 

ratio of the surface, estimated as the ratio of the overall area of a rough surface to the apparent 

area, and 𝜃0 is the Young’s contact angle based on an ideal flat surface. 

 The surface area of any asperity (𝑎𝑠1
), with a cross section area 𝑎, can be estimated as: 

 
ℎ(𝑎)

𝐺
= (

𝐿

𝐺
)

2−𝐷

= 𝑎1−
𝐷
2  𝐺𝐷−2 (3) 

 𝑁(𝐴 ≥ 𝑎) = (
𝑎

𝑎𝑚𝑎𝑥
)

−𝐷/2

 (4) 

 𝑎𝑚𝑎𝑥 = 𝐿𝑚𝑎𝑥
2  (5) 

 𝑛(𝑎) = −
𝑑𝑁

𝑑𝑎
=

𝐷

2𝑎
(

𝑎𝑚𝑎𝑥

𝑎
)

𝐷/2

 (6) 

 𝑐𝑜𝑠 𝜃𝑤 =  𝑟 𝑐𝑜𝑠 𝜃0 (7) 

 𝑎𝑠1
= 𝑎 + 4 ∙ ℎ(𝑎) ∙ L  =  𝑎 + 4 ∙ ℎ(𝑎) ∙ 𝑎

1
2   (8) 
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Extending the above representation to an asperity network consisting of two asperities with cross 

section areas, 𝑎1 and 𝑎2, stacked progressively as in the considered representation, the total surface 

area (𝑎𝑠2
) can be obtained as: 

Therefore, for the considered asperity network as shown in Figure 3, with progressively stacked 

asperities and cross section areas ranging continuously from 𝑎𝑚𝑖𝑛 to 𝑎𝑚𝑎𝑥 , the overall surface area 

(𝑎𝑠) can be estimated as: 

The roughness ratio, 𝑟, as required to determine the Wenzel contact angle (𝜃𝑤) in eq. (7), can then 

be estimated as the ratio of overall surface area of the asperity network to the area of largest 

asperity as: 

where 𝑎𝑚𝑎𝑥 and 𝑎𝑚𝑖𝑛 are areas of largest and smallest asperities, respectively. Using this 

roughness and Young’s contact angle (𝜃0) on a flat substrate (Figure 1a), the Wenzel model contact 

angle can be estimated. 

 The Cassie-Baxter model considers trapping of air within the asperities (Figure 1c) and the 

contact angle is expressed as: 

where 𝜃 is the equilibrium contact angle for a droplet in stable Cassie state, 𝜙 is the fraction of 

solid region wet by the liquid and 𝑟′ is the roughness ratio of the wet surface area. Inclusion of 𝑟′ 

in eq. (12) enables the consideration of other real partial wetting scenarios where the droplet may 

wet a 3-dimensional area in places where it makes contact with the surface not only the top-most 

solid fraction. For a completely stable Cassie state, 𝑟′ may be taken to be 1 and the corresponding 

fraction of wetted region (𝜙) can be estimated by considering the wetting of only topmost levels 

of asperity structure. 

 𝑎𝑠2
= (𝑎2 + 𝑎1 − 𝑎1) + ∑ 4 ∙ ℎ(𝑎𝑛) ∙ 𝑎n

1
2

2

𝑛=1

  =  𝑎2 + ∑ 4 ∙ ℎ(𝑎𝑛) ∙ 𝑎n

1
2

2

𝑛=1

 (9) 

 𝑎𝑠 = 𝑎𝑚𝑎𝑥 + 4 ∙ ∫ 𝑎
1
2 ∙ ℎ(𝑎) ∙ 𝑛(𝑎)𝑑𝑎

𝑎𝑚𝑎𝑥

𝑎𝑚𝑖𝑛

 (10) 

 𝑟 =
𝑎𝑠

𝑎𝑚𝑎𝑥
 = 1 +

4 ∙ ∫ 𝑎
1
2 ∙ ℎ(𝑎) ∙ 𝑛(𝑎)𝑑𝑎

𝑎𝑚𝑎𝑥

𝑎𝑚𝑖𝑛

𝑎𝑚𝑎𝑥
 

(11) 

 𝑐𝑜𝑠 𝜃 =  𝑟′𝜙 𝑐𝑜𝑠 𝜃0 − 1 + 𝜙 (12) 
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 Considering the asperities to be randomly distributed throughout the surface, as shown in 

Figure 3, the area at the topmost level (𝑎𝑡𝑜𝑝) that is wet by a water droplet can be considered to 

be equivalent to the area of an averaged asperity element as: 

where 𝑎𝑡𝑜𝑡𝑎𝑙 is the total cross sectional area of all the asperities, with areas ranging from 𝑎𝑚𝑖𝑛 to 

𝑎𝑚𝑎𝑥 . The corresponding fraction of wetted region, 𝜙, can then be estimated as the ratio of wetted 

average asperity area to the largest base asperity area: 

Using the fraction of wetted region (𝜙) from the above equation, considering the topmost area 

(𝑎𝑡𝑜𝑝) to be flat such that 𝑟′ = 1, and with the information about the Young’s contact angle (𝜃0), 

the equilibrium contact angle for a surface with stable Cassie state can be estimated from eq. (12).  

 Furthermore, the presented model can be applied to cases of mixed wetting states by 

considering complete wetting of a certain level of asperities, with wetting along their heights as 

well. For such a case, 𝑟′, can be computed as a ratio of the surface area of smallest asperity to its 

cross sectional area: 

It follows from the above discussion that any multiscale rough surface can be represented by the 

fractal description based on the W-M equation and the equilibrium contact angle can be readily 

estimated using the same fractal description. Note that the parameters for the evaluation of the 

contact angles in each of the wetted states are all obtained directly from a surface profile scan 

without any empirical adjustment. The model is applied to several real surfaces as discussed in the 

following section. 

 

3.3. Results and Discussion 

3.3.1 SEM Morphology 

Several coated samples based on different substrate materials and processes were prepared as 

discussed in Section 2. Hydrophobic/superhydrophobic surfaces were generated through 

 𝑎𝑡𝑜𝑝 =
𝑎𝑡𝑜𝑡𝑎𝑙

𝑁
 =

∫ 𝑎 ∙ 𝑛(𝑎) 𝑑𝑎
𝑎𝑚𝑎𝑥

𝑎𝑚𝑖𝑛

∫ 𝑛(𝑎) 𝑑𝑎
𝑎𝑚𝑎𝑥

𝑎𝑚𝑖𝑛

 (13) 

 𝜙 =
𝑎𝑡𝑜𝑝

𝑎𝑚𝑎𝑥
 =

∫ 𝑎 ∙ 𝑛(𝑎) 𝑑𝑎
𝑎𝑚𝑎𝑥

𝑎𝑚𝑖𝑛

𝑎𝑚𝑎𝑥 ∫ 𝑛(𝑎) 𝑑𝑎
𝑎𝑚𝑎𝑥

𝑎𝑚𝑖𝑛

 (14) 

 𝑟′ =
𝑎𝑚𝑖𝑛 + 4 ∙ 𝐿𝑚𝑖𝑛 ∙ ℎ(𝐿𝑚𝑖𝑛)

𝑎𝑚𝑖𝑛
= 1 +

4 ∙ ℎ(𝐿𝑚𝑖𝑛)

𝐿𝑚𝑖𝑛
 (15) 
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electrodeposition at various potentials on copper and zinc substrates, and through etching on 

aluminum substrates. Scanning electron micrographs of the samples demonstrated hierarchical 

morphology, with asperities at multiple scales on the as-prepared hydrophobic and 

superhydrophobic surfaces, as shown in Figure 4. In each of Figures 4a–4c, SEM images at 

increasing magnifications reveal asperity elements with progressively smaller asperity elements  

 

Figure 4. SEM images of coated surfaces at different magnifications showing the presence of 

asperities at multiple scales for: (a) Copper-based superhydrophobic surfaces (top row); (b) Zinc-

based superhydrophobic surfaces (middle row); and (c) Aluminum-based hydrophobic surfaces 

(bottom row). 

situated on top of larger base asperities. Figure 4a demonstrates cauliflower-shaped multiscale 

fractal morphology on copper-based superhydrophobic coatings deposited at overpotentials 

exceeding 0.9 V. Figure 4b represents the obtained multiscale random branched and needle-shaped 

morphology on superhydrophobic zinc sample prepared at –1.4V relative to an Ag/AgCl reference 

electrode. Branched distribution of asperity elements is observed at a smaller resolution; however, 

with further increase of resolution, micro-nano scaled needle shaped asperities are seen to be 
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present on larger branched asperity structures. Furthermore, Figure 4c exhibits globular and needle 

shaped asperity elements for the aluminum-based hydrophobic surface prepared via etching.  

 The inherent presence of progressively smaller scale asperity elements on top of larger base 

asperities as seen in the micrographs in Figure 4 implies the fractal nature of the various prepared 

coatings. The observed asperity distribution also validates the multiscale geometric representation 

(Figure 3) considered in the mathematical model, as discussed in Section 3. With the qualitative 

confirmation of the fractal nature of the asperity elements, further results are presented in the 

following sections to quantitatively assess the mathematical model and its predictions in the 

discussion that follows. 

 

3.3.2 Wetting and Fractal Properties 

For the prepared copper coatings, a gradual increase in contact angle from 125°–162° was 

observed with increase in overpotential, with superhydrophobic characteristics being evident for 

the deposits fabricated at overpotentials greater than 0.9V.  

 

Figure 5. Variation of fractal dimension and length scale range for the prepared surfaces with the 

processing conditions: (a) Copper deposition at different potentials; (b) Zn/ZnO deposition at 

different potentials; (c) Zn/ZnO deposition at different deposition times; and (d) Aluminum-based 

surfaces for different etching times. 
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A similar increase with overpotential is also seen for the evaluated fractal dimension and asperity 

length scale for the copper-based coatings, as shown in Figure 5a. Note that all the fractal 

dimensions are greater than 1 signifying the multiscale fractal nature of the deposited coatings. 

Fractal dimensions close to the maximum value of 2 for the coatings prepared at overpotentials 

above 0.9V demonstrate the highly fractal nature of the surfaces prepared at the high 

overpotentials, which leads to their inherent superhydrophobic characteristic. During 

electrodeposition, a high degree of morphological instability is formed in the deposits at the higher 

overpotentials, due to the smaller growth time constant associated with these processing 

conditions.42 This leads to the aggressive fractal nature of the deposits at the high overpotentials. 

 Zinc-based superhydrophobic surfaces were prepared through electrodeposition at various 

potentials against a Ag/AgCl reference electrode, at various deposition times. These deposits 

demonstrated contact angles ranging from 155°–165°, which signifies the extreme wettability of 

zinc-based coatings. Moreover, the fractal dimensions and length scales of asperities are observed 

to be nearly independent of the deposition potential and deposition time, as shown in Figures 5b, 

c. Fractal dimensions of the prepared coatings range from 1.85–1.95 for the several considered 

deposition parameters, suggesting highly fractal nature of the prepared surfaces irrespective of the 

processing parameters. The high concentration of KCl in the electrolyte solution leads to a higher 

conductivity of the solution, which enables the aggressive random growth of Zn/ZnO micro- and 

nano-structures even at lower deposition potentials and times. For this reason, the evaluated fractal 

dimensions for the deposits generated at various deposition conditions are nearly independent of 

the deposition potential and time, and a highly fractal structure is seen for all the deposits. 

 Aluminum-based coatings, as prepared by etching followed by low energy treatment, show 

hydrophobic nature with contact angles of 128° and 132° for etching times of 5 and 10 min, 

respectively. Etching creates roughness on the surface with asperities at multiple scales as 

observed from their SEM morphology (Figure 4c). Moreover, power spectrum measurements on 

these surfaces also suggest the presence of fractal behavior and yield fractal dimensions in the 

range of 1.6–1.7, as shown in Figure 5d. 

 

3.3.3 Model Validation 

 The asperity network model based on W-M function to depict the multiscale fractal surfaces 

of the coatings and the model to estimate the static contact angle of these surfaces were validated 
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for several hydrophobic/superhydrophobic surfaces. As the model only describes the estimation of 

equilibrium contact angles, dynamic contact angles are not described in this chapter. Dynamic 

contact angles and contact angle hysteresis will be described in next chapters for both copper and 

zinc based superhydrophobic surfaces. The validation considered coatings prepared using the 

different materials, Cu, Zn and Al, and the processes of electrodeposition and etching, as described 

in Chapter 2. Experimentally measured contact angle may vary from advancing contact angle to 

receding contact angle. However, with low contact angle hysteresis of 3-50 on fabricated 

superhydrophobic coatings, experimentally measured contact angles will practically be same as 

equilibrium contact angles on these surfaces and may be compared with model equilibrium contact 

angles for validation. 

 

3.3.3.1 Copper-based coatings  

Contact angles for the Copper samples deposited at different overpotentials followed by stearic 

acid treatment were evaluated using the fractal model presented in Section 3, and compared with 

experimentally-measured contact angles. The Young’s contact angle (𝜃𝑜) of the surfaces was 

measured following organic treatment of the base substrate. The base copper substrate was 

immersed in 0.02 M methanolic stearic acid solution for 1 hour, similar to the treatment of the as-

deposited samples, as described in Section 2.3. This treatment leads to a contact angle of 118 ± 1° 

on the base Copper substrate, which was used as the value of 𝜃𝑜  in the model. An image of the 

captured droplet shape on this sample is shown in Figure 6a. Furthermore, the low surface energy 

treatment of the as-prepared randomly rough samples ensures the stability of Cassie state and, an 

accurate match to within 3% error is obtained between the experimental and predicted contact 

angles as shown in Figure 7. The slight over-prediction of contact angles by up to 5% for copper 

deposition at potentials above 0.7 V may be attributed to the growth of globular shaped asperities 

at higher overpotentials. Since the mathematical model presented in this paper describes asperities 

as being square in cross section, the solid surface area in contact with water is estimated to be 

smaller in comparison to the actual contact area in the case of spherical asperities. The resulting 

smaller contact of water with the surface leads to a larger contact angle value, as per the Cassie 

Baxter equation. 
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Figure 6. Measured Young’s contact angles on flat base substrates with low surface energy 

treatment: (a) Copper, (b) Zinc and (c) Aluminum. 

 

 

Figure 7. Validation of fractal model with experimental data on as-prepared hydrophobic and 

superhydrophobic copper based surfaces at different deposition potentials in Cassie state.  

 

3.3.3.2 Zinc-based coatings 

 The validation studies were conducted on zinc samples made by Zn/ZnO deposition followed 

by organic treatment. The low surface energy treatment with stearic acid ensures thermodynamic 

stability of Cassie state on the considered samples10, as confirmed by the measured low roll off 

angles in the range of 4–8°. Static contact angle values measured using an FTA-32 contact angle 

measurement system were compared with the contact angles estimated using the fractal model for 

various deposition potential and times. The Young’s contact angle (𝜃𝑜), measured on a flat base 

substrate treated with stearic acid, was found to be 116 ± 2°, as shown in Figure 6b. 

 A comparison of the measured and estimated contact angles for zinc-based superhydrophobic 

coatings are shown in Figure 8. The validation considers different deposition times at 1.3 V (Figure 
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8a) and different deposition potentials (Figure 8b). It is seen that the measured and the predicted 

contact angles increase with deposition time as well as with the applied voltage. An error of less 

than 5% between the measured and estimated contact angle values at various deposition parameters 

further validates the presented fractal model. No appreciable change in contact angles for various 

process parameters can be attributed to the presence of multiscale features for coatings deposited 

irrespective of process parameters.  

 

Figure 8. Validation of fractal model with experimental data on as-prepared superhydrophobic 

zinc based surfaces in Cassie state at: (a) different deposition times and (b) different deposition 

potentials. 

 

It is seen from Figures 8a and 8b that for the case of Zn/ZnO deposition, the model consistently 

underpredicts the contact angle values, albeit within a 5% accuracy, unlike the results for Cu 
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deposition in Figure 7. The underprediction can be explained by the needle-shaped re-entrant 

morphology with overhangs, observed in the SEM images of the Zn coatings, whereas the present 

model considers three-dimensional asperities with square cross section. The three-dimensional 

rectangular asperities correspond to a larger average asperity area at the top in contact with water 

compared to the actual contact area in the case of the re-entrant structures. This would lead to an 

under-prediction of contact angle, based on the Cassie-Baxter equation. Contact angle prediction 

for such re-entrant morphologies can be further improved with incorporation of a surface factor in 

wetted surface area calculation in Equation 11, based on the shape and size of overhangs. 

 

3.3.3.3 Aluminum-based coatings  

 Superhydrophobic aluminum (Al) samples were prepared by the process as described in section 

2. As with the copper and zinc substrates, a flat Al substrate was treated with the stearic acid 

solution to measure 𝜃𝑜, which was found to be 98° as seen in Figure 6c. Figure 9 compares the 

measured and predicted contact angles for the Aluminum coatings, fabricated at two different 

etching times. In each case, the predicted and measured contact angles are close to each other.  

 

Figure 9. Validation of fractal model with experimental data on as-prepared hydrophobic  

aluminum-based surfaces in Cassie state at different etching times. 

 

Overall, Figures 7–9 validate the developed fractal model and shows that the model is applicable 

to superhydrophobic surfaces prepared on various materials using different fabrication techniques. 

Even though contact angles do not vary appreciably with processing conditions for zinc and 
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aluminum samples, close match between measured and predicted equilibrium contact angles show 

the ability of model to predict contact angles independently, based on the surface profile scans. 

 

3.3.4 Effect of fractal dimension and asperity length scale 

 With the validated model as basis, a study was conducted to assess the influence of the two 

fractal parameters — fractal dimension and asperity length scale — on the wetting characteristics 

of a rough superhydrophobic surface. Figure 10 shows the variation of apparent contact angle with 

the non-dimensional asperity length scale, 𝐿∗ = 𝐿𝑚𝑎𝑥 𝐿𝑚𝑖𝑛⁄ , for fractal dimensions, 𝐷, ranging 

from nearly 1 to nearly 2 and a Young’s contact angle of 𝜃𝑜 = 115° on a surface with stable Cassie 

state.  

 

Figure 10. Effects of fractal surface parameters on the apparent contact angle (θ) of the surface 

with Young’s contact angle, 𝜃0, of 115°. 

 

 It can be observed that the presence of asperities over a larger range of length scale (i.e., 

increasing 𝐿∗), leads to a larger contact angle that asymptotically reaches the value of 1800. This 

is in agreement with the numerical study of Bottiglione, et al.56, where it was estimated that the 

presence of an infinite range of asperities on a surface in Cassie state leads to a contact angle of 

1800. Furthermore, it is observed that for a surface with stable Cassie state, the effect of fractal 
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dimension on contact angle is relatively less significant. This is consistent with the results of Yang, 

et al.58 who reported molecular dynamics simulation of liquid droplets in contact with self-affine 

surfaces, and showed that the contact angle depends on the root-mean-squared (RMS) roughness 

of the surface and is nearly independent of fractal dimension. Furthermore, equilibrium contact 

angles were also found to be practically independent of the scaling parameter, 𝐺. The model can 

be used to design engineered surfaces with the required range of asperity length scale and fractal 

parameters to generate desired superhydrophobic characteristics. For a surface with Young’s 

contact angle of 𝜃𝑜 = 115°, with stable Cassie state, superhydrophobicity can be obtained with 

creating a multiscale nature with largest to smallest asperity length scale ratio of nearly 5. 

 The results presented in this section demonstrate detailed validation of the fractal model in 

accurately predicting contact angles of rough surfaces. The model is unique in that it uses no 

empirical tuning factors and is shown to be applicable across different materials and fabrication 

processes. The model can be used to design engineered surfaces with the required range of asperity 

length scale and fractal parameters to generate desired superhydrophobic characteristics. This, in 

turn, can be used to design processing conditions to achieve the desired surface properties on 

various substrate materials. Since the superhydrophobic coatings are generated inherently on the 

substrate material, unlike current practice of using a coating material that differs from the substrate 

material, the durability and longevity of the coatings are dramatically improved. These aspects will 

be considered in detail in a separate study. Additionally, described fractal concepts will be 

extended to the estimation of dynamic behavior of droplet and contact angle hysteresis on such 

surfaces, in a future study. The model can also be employed towards the wettability estimation of 

a deforming solid, following the work of Marchand, et al.67 Moreover, as suggested in the recent 

studies by Mitra, et al.68,69, surrounding viscous media may significantly affect the wetting 

behavior of any surface, governing equations as derived in the present study may be modified to 

accommodate such factors and will be considered as a future study.  

 

3.4. Conclusions 

 The study considered analysis of wettability on randomly rough surfaces that were shown 

to exhibit self-affine fractal characteristics. The surfaces were described by an asperity network 

fractal model based on Weierstrass-Mandelbrot (W-M) function, where fractal parameters are 

uniquely determined by power spectrum of the surface. A model for predicting the apparent contact 
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angle was developed based on the different wetting regimes. Experimental measurements on 

various hydrophobic and superhydrophobic surfaces fabricated using several materials and 

processing conditions were used to demonstrate the accuracy of the model predictions. In all the 

cases, the predictions were shown to be well within 5% of experimental measurements for different 

materials and fabricating processes. Furthermore, the contact angle is found be positively 

dependent on the range of asperity length scale and nearly independent of the fractal dimension 

for a surface in a stable Cassie state. Hence, creation of multiscale nature and increasing length 

scale ratio, on a surface in Cassie state, are required parameters to generate superhydrophobicity. 

The model provides a truly predictive approach to estimating the contact angles on rough surfaces, 

without the use of any empirical fitting or tuning parameters. Using the model, the fractal 

parameters required to generate superhydrophobicity on a particular substrate can be derived for 

any material and coating process. 
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Chapter 4. Facile Fabrication of Durable Copper Based Superhydrophobic Surfaces via 

Electrodeposition 

 

Superhydrophobic surfaces have myriad industrial applications, yet their practical utilization 

has been limited by their poor mechanical durability and longevity. We present a low cost, facile 

process to develop superhydrophobic copper based coatings via electrodeposition route, that 

addresses this limitation. Through electrodeposition, a stable, multiscale, cauliflower shaped 

fractal morphology was obtained and upon modification by stearic acid, the prepared coatings 

show extreme water repellency with contact angle of 162 ± 20 and roll-off angle of about 30. 

Systematic studies are presented on coatings fabricated under different processing conditions to 

demonstrate good durability, mechanical and underwater stability, corrosion resistance and self-

cleaning effect. The study also presents an approach for rejuvenation of slippery superhydrophobic 

nature (contact angle hysteresis < 100) on the surfaces after long term water immersion. The 

presented process can be scaled to larger, durable coatings with controllable wettability for diverse 

applications. 

 

4.1. Introduction 

Many naturally occurring surfaces such as lotus leaves45 and water striders46,47 are known to 

exhibit superhydrophobic and self-cleaning properties and have inspired research to understand 

and mimic these properties artificially. Superhydrophobic surfaces exhibit high water contact 

angles, greater than 150o, and small contact angle hysteresis of less than 10o. 1,5 Through studies 

based on naturally occurring superhydrophobic surfaces, researchers have observed that 

hierarchical or multiscale morphology, such as a combination of micro- and nano-structures, 

together with the low energy of the surface, leads to the superhydrophobic nature of a surface.6,7 

In general, two types of wetting states are observed on such surfaces namely, Wenzel state8 and 

Cassie state9. In the Wenzel state, a water droplet fills the roughness grooves present on the surface, 

leading to the pinning of droplet to the surface and does not allow the surface to self-clean. On the 

other hand, in Cassie state the droplet does not penetrate into the surface due to the entrapment of 

air within the surface roughness and cavities as shown in Figure 1, leading to high contact angles 

and very low sliding angles.7,10  
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Superhydrophobic surfaces are known for their vast range of applications and properties such 

as self-cleaning17,18, drag reduction19,20, improved phase change heat transfer21,22, anti-icing23,7, 

anti-corrosion7,24. Although significant developments have been made in the processes and 

materials to fabricate superhydrophobic surfaces, very few of them have shown their viability in 

industrial applications. This is due to their poor mechanical strength, abrasion resistance, transition 

from slippery Cassie to sticky Wenzel state, and durability of the superhydrophobicity and plastron 

layer under water immersion. Mechanical strength and durability of superhydrophobic coatings 

are, therefore, of considerable focus in recent studies. Many researchers have employed sandpaper 

based shear abrasion test to evaluate the mechanical durability of the superhydrophobic surfaces.25-

29 However, only a few have reported satisfactory mechanical durability. For instance, 

superhydrophobic surface prepared by Mg-Mn-Ce deposition on a magnesium substrate was 

reported to lose its superhydrophobicity after abrasion for 400 mm with an applied pressure of 1.3 

kPa.26 Another superhydrophobic surface on copper substrate by nickel deposition maintained the 

superhydrophobic nature till 1000 mm abrasion under a load of 4.8 kPa on 800 grit sandpaper.25 

However, practical application of such surfaces would require them to sustain their properties to a 

significantly larger duration. 

 Furthermore, it is known that when the superhydrophobic surfaces are immersed in water, 

the exchange of air between entrapped air cavities and bulk water gradually leads to the wetting 

transition from Cassie state to pinned Wenzel state and a resulting loss of the superhydrophobic 

nature.70,71 Furthermore, under flowing water conditions, this phenomenon is enhanced and the 

durability of superhydrophobic surface is further reduced.70,72 Recently, a few authors have 

reported durability studies on submerged superhydrophobic coatings by correlating 

superhydrophobic nature with submersion time.30,31,73 Fan et al73 showed that superhydrophobicity 

of steel based coating was maintained under water immersion for 6 days, whereas 

superhydrophobicity was lost after only 80 hours of water immersion for magnesium alloy based 

superhydrophobic surfaces developed by Chu et al.30 Lv et al31 showed that superhydrophobicity 

was maintained after 12 days of water immersion for the as-prepared coating on a copper mesh. In 

all these studies a steady loss in superhydrophobic nature of coatings with immersion time was 

observed. Though practical applications of superhydrophobic surfaces would require them to be 

in contact with steady as well as flowing water for significantly longer durations, studies are rather 

limited in performing extensive durability studies in such environments. This suggests the need 
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for a consistent testing methodology to study the durability of superhydrophobic coatings 

submerged in steady and flowing water conditions for longer durations and the development of 

durable coatings which can maintain superhydrophobicity for practical durations in such 

conditions. 

 Among the superhydrophobic coatings on metallic substrates, copper has attracted 

significant interest. Copper has wide industrial applicability and is used in heat exchangers, 

pipelines, and electrical appliances due to its good thermal and electrical conductivity in addition 

to mechanical stability. It has been shown by many researchers that the application of 

superhydrophobic coating improves the corrosion resistance of copper.74 Several techniques such 

as chemical vapor deposition75, solution-immersion76, spray coating77, etching78, magnetron 

sputtering79, and electrodeposition80-84 have been used to develop copper based superhydrophobic 

surfaces. However, industrial scalability of some of the reported techniques is rather limited, due 

to the associated manufacturing and time costs. Due to low cost, uniform deposition irrespective 

of size and shape, and industrial scalability, electrodeposition is considered as one of the most 

effective technique for large scale generation of superhydrophobic surfaces85,36. Wang et al.82 

electrochemically fabricated hierarchical cupreous microstructures from copper nitrate solution, 

followed by treatment in n-dodecanethiol for lowering the surface energy. Haghdoost and 

Pitchumani35 presented a two-step process without any low energy treatment to fabricate 

superhydrophobic copper coatings that exhibited cauliflower shaped morphology at high 

overpotentials through an acidic electrolyte. Shirtcliff et al.81 used high current density followed 

by fluorocarbon treatment to obtain superhydrophobicity on a copper substrate. Wang et al.84 

deposited copper using a copper sulfate electrolyte and modified it by lauric acid to achieve 

superhydrophobicity, and showed the improved corrosion resistance due to the superhydrophobic 

coating. However, none of these studies reported the mechanical strength, abrasion resistance and 

under-water durability of the copper based superhydrophobic coatings.  

 It is evident from the foregoing discussion that most of the superhydrophobic coatings 

developed to date have rather limited mechanical strength and durability. To overcome these 

limitations, the present work presents a facile and cost-effective process based on electrodeposition 

to fabricate superhydrophobic copper coatings integral on copper substrates, and reports extensive 

mechanical and water immersion characterization of the coatings. Through electrodeposition at a 

large overpotential, followed by second-step deposition at low potential for a short duration, stable 
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deposits with multiscale fractal, cauliflower-shaped morphology are obtained on copper 

substrates35. The electrodeposited samples are then modified by treatment with inexpensive stearic 

acid to achieve superhydrophobicity. Contact angles (𝜃) of 162 ± 30 and roll-off or sliding angles 

(𝜃𝑠) of about 30 are obtained on the as-fabricated superhydrophobic surfaces. A comprehensive 

study of the effect of applied overpotential on the morphology and wettability is presented and 

discussed. Furthermore, systematic studies are described to evaluate the chemical composition, 

growth mechanism, mechanical abrasion stability, corrosion resistance, self-cleaning effect, air-

exposure durability, durability under steady water, and durability under flowing water conditions 

of the optimal superhydrophobic surfaces. Mechanical abrasion tests are conducted on the coatings 

and the results are presented in terms of a combined energy parameter that encapsulates the effects 

of load, abrasion distance, and coefficient of friction. Using this representation, various recently 

prepared superhydrophobic surfaces have been compared with the as-prepared copper coatings. 

This study also discusses rejuvenation of slippery superhydrophobic nature (𝜃𝑠  < 100) on the as 

prepared surfaces. 

 Various results such as morphology, wettability, corrosion resistance, durability, and 

rejuvenation of superhydrophobic surfaces are discussed in following sections. 

 

4.2. Results and Discussion 

4.2.1 SEM morphology and wetting characterization 

 The effects of applied overpotential on morphology and wettability for as-fabricated copper 

coatings were comprehensively studied. Scanning electron micrographs, respective droplet shapes, 

and static contact angles are shown in Figure 11 for the samples deposited at overpotentials ranging 

from 0.5 to 1.1 V, with an increment of 0.2 V. A gradual transition from needle-shaped asperity 

structure at lower overpotentials (Figure 11a) to a globular morphology for coatings deposited at 

larger overpotentials is observed. Globular features start to appear for coatings deposited at 

overpotentials of 0.7 V (Figure 11b), transitioning to an aggressive cauliflower-shaped multiscale 

fractal morphology for coatings deposited at overpotentials exceeding 0.9 V (Figures 11c, d). The 

similarity of these morphologies to the morphologies of single layer copper deposits reported by 

Haghdoost and Pitchumani36 suggests that the morphologies are not altered by the second layer 

deposit at low overpotential and stearic acid treatment. 
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 A gradual increase in static contact angle (𝜃) from 125° to 162° is observed in Figure 11 with 

increase in overpotential, with superhydrophobic characteristics being evident for the deposits 

fabricated at overpotentials greater than 0.9 V. For reference, the contact angle measured on a flat 

copper substrate treated with stearic acid was found to be 116°. The creation of a multiscale fractal 

morphology on the substrate and treatment with stearic acid lead to a stable Cassie state for the as-

prepared surfaces. At the high overpotentials, the larger globular asperities are seen to be covered 

with progressively smaller globular asperities (Figures 11c, d), leading to the presence of asperities 

at multiple scales.  

 

Figure 11. SEM morphologies and water contact angles of electrodeposited copper samples 

fabricated at overpotentials of (a) 0.5 V, (b) 0.7 V, (c) 0.9 V, and (d) 1.1 V, showing growth of 

globular shaped asperities beyond overpotential of 0.7 V; Respective representative water droplet 

and contact angle are displayed in the insets. 

 

 The gradual increase of multiscale features with overpotential leads to the observed increase 

in static contact angle with overpotential. An aggressive fractal texturing with globular asperities 

at multiple scales leads to the observed superhydrophobicity with equilibrium contact angles of 

152 ± 4° and 162 ± 2°, for deposits prepared at 0.9 V and 1.1 V, respectively. Here contact angles 

are represented as averaged equilibrium contact angles and associated experimental uncertainty, 

estimated through contact angle measurements on three different locations on three different 
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samples deposited at specific overpotential. Haghdoost and Pitchumani35 explained the presence 

of aggressive fractal texture at higher overpotentials by the model of unstable growth during 

electrodeposition and suggested that more morphological instabilities are formed on deposits 

fabricated at higher overpotentials due to a smaller growth time constant.  

 In order to test the durability and sustained performance of the superhydrophobic coatings, 

surfaces prepared with an overpotential of 1.1 V, exhibiting maximum static contact angle, were 

considered for further studies such as dynamic wettability, mechanical durability, water 

immersion, corrosion and other characterizations, as discussed in this and the following 

subsections. 

 Dynamic wettability of electrodeposited copper coatings at an overpotential of 1.1 V was 

examined under several dynamic conditions such as droplet sliding or roll-off angle (𝜃𝑠), dynamic 

behavior of a single water droplet impact, dynamic behavior of impinging water stream, and 

contact angle hysteresis on the coated surface. A 10µl water droplet placed on the sample rolled 

off the nearly horizontal surface and a roll off angle of about 3° was measured, demonstrating the 

excellent water repellent property of the considered sample. The dynamic behavior of impinging 

water droplets and impinging water stream on the considered superhydrophobic sample were 

captured using a high-speed camera. A 10µl water droplet, dropped from a height of 4 cm bounced 

off the coated surface several times, before sliding off as shown by successive snapshots in Figure 

12a, where the time interval between two successive snapshots is 0.67 s. Moreover, an inclined 

water stream on the considered surface reflects without leaving any trace of water on the surface, 

as shown in Figure 12b, which shows the strong non-wettable nature of the as-prepared copper 

based superhydrophobic surface.  

 

Figure 12. Strong superhydrophobic nature of the prepared surfaces: (a) successive snapshots of 

a water droplet dropped on a superhydrophobic sample; time interval between successive 

snapshots is 0.067 s; and (b) impinging water stream at an angle being reflected by the 

superhydrophobic samples. 
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 Furthermore, as described in methods section, the dynamic wetting property of the developed 

superhydrophobic copper coating was characterized through the volume changing dynamic sessile 

drop technique. Representative advancing and receding droplet shapes are shown in Figures 13a 

and 13b, respectively. Based on the measured advancing and receding contact angles, a very small 

contact angle hysteresis (𝜃𝑎 − 𝜃𝑟) of about 4° is evaluated, which further demonstrates the extreme 

non-wettability of the as-prepared superhydrophobic coating. 

 

Figure 13. Dynamic contact angles with representative water droplet shapes on copper based 

superhydrophobic surface: (a) advancing contact angle and (b) receding contact angle. 

 

4.2.2 Elemental analysis of the superhydrophobic samples 

 Energy dispersion spectroscopy (EDS) analysis of the superhydrophobic sample fabricated at 

an overpotential of 1.1 V was carried out through FEI Quanta 600 scanning electron microscope 

(SEM) to estimate the elemental composition of the prepared coatings and to study the effect of 

stearic acid treatment on the electrodeposited copper coating. Figure 14 shows the EDS spectra for 

(a) a copper sample without stearic acid treatment and (b) a treated superhydrophobic copper 

sample. Untreated electrodeposited copper sample is primarily composed of Cu and O elements 

(Figure 14a), where the presence of a small percentage of oxygen can be attributed to the oxidation 

of the deposited surfaces. For coatings treated with stearic acid, additional carbon element is 

observed in Figure 14b. Figure 14 also presents the normalized mass percent of respective elements 

on untreated and treated samples, based on the EDS spectra. With 99.01% and 93.66% by mass, 

copper remains the primary element in both untreated and stearic acid treated samples, 

respectively. Treatment of electrodeposited coatings with stearic acid solution leads to the 
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formation of copper stearate on the copper based substrate74, as described by the equation:  𝐶𝑢2+ +

 2CH3(CH2)16COOH → Cu[CH3(CH2)16COO]2 + 2𝐻+. 

 

Figure 14. EDS spectra for (a) unmodified deposited copper sample and (b) superhydrophobic 

copper sample. 

 

4.2.3 Self-cleaning property 

 Self-cleaning characteristics of the as-prepared superhydrophobic surfaces were evaluated in 

comparison to a bare substrate by placing a layer of SiC particles on each of the surfaces initially, 

and examining the cleaning of the surfaces with gradually increasing number of water droplets. 

Both superhydrophobic and bare copper samples were kept inclined at nearly 10o. Each droplet 

consisted of 10 µl of deinonized water, and was gently dropped on the top portion of the sample 

surfaces using a micropipette. The water droplets rolled or moved down the surfaces, collecting 

the contaminant sand grains. 

 The results are shown in Figure 15, where the sample to the left in each frame is the 

superhydrophobic copper surface and the sample to the right is the bare copper substrate. and 
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covered with a layer of silicon carbide sand particles. Figure 15a shows the initial layer of SiC on 

the two samples, and Figures 15b–15f depict the extent of cleaning on the two samples for 

progressively increasing number of water droplets. It is seen that in the superhydrophobic samples, 

the water droplets rolled off easily collecting the SiC particles with them. However, sand particles 

adhered to the bare copper substrate, when water was dropped on it. Furthermore, as seen in Figure 

15d, the superhydrophobic copper sample was completely cleaned with less than 10 water droplets 

(< 100 µl total volume). In contrast, the bare copper substrate required at least 55 water droplets 

(> 550 µl total volume) to clean the same amount of sand particles (Figure 15f). This demonstrates 

the excellent self-cleaning property of the as-prepared superhydrophobic copper coatings.  

 

Figure 15. Self-cleaning property of superhydrophobic copper surface (sample to the left in each 

frame) in comparison to bare copper substrate (sample to the right in each frame) based upon 

cleaning with water droplets of 10µl each: (a) initial accumulation of SiC particles on both samples 

and after cleaning with (b) 2 water droplets; (c) 5 water droplets; (d) 10 water droplets; (e) 30 

water droplets; and (f) 55 water droplets. 

 

4.2.4 Anti-corrosion property of the superhydrophobic surfaces 

 Corrosion properties of the fractal superhydrophobic coating prepared at the overpotential of 

1.1 V, were examined by evaluating their potentiodynamic polarization plots in 3.5 wt% NaCl 

solution. Based on measured data, Tafel extrapolation was used to estimate the quantitative 

corrosion parameters. The measured potentiodynamic polarization curves for the 
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superhydrophobic and base copper samples are shown in Figure 16, which are used to derive the 

corrosion potential (𝐸𝑐𝑜𝑟𝑟), corrosion current density (𝐼𝑐𝑜𝑟𝑟) and polarization resistance (𝑅) as 

summarized in Table 1.  

 

Table 1. Corrosion parameters for base copper and superhydrophobic copper in 3.5 wt% 

NaCl solution 

Material 
𝑬𝒄𝒐𝒓𝒓 

[V] 

𝑰𝒄𝒐𝒓𝒓 

[𝝁A/𝒄𝒎𝟐] 

Corrosion 

resistance [kΩ] 

 Corrosion rate 

[mm/year] 

Base Copper –0.142 4.700 3.29  0.109 

Superhydrophobic 

Copper 
–0.228 0.394 32.13  0.009 

 

 

Figure 16. Potentiodynamic polarization curves for superhydrophobic and base copper in 3.5 wt% 

NaCl solution. 

 

In general, a higher corrosion potential and a lower current density correspond to a better corrosion 

resistance74,40. For the as-prepared superhydrophobic coating, a slight reduction in 𝐸𝑐𝑜𝑟𝑟 and a 

significant reduction in 𝐼𝑐𝑜𝑟𝑟 by more than one order of magnitude are observed in comparison to 

a bare copper substrate. This leads to a significantly higher polarization resistance of the 
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superhydrophobic coating relative to the bare copper substrate, as listed in Table 1, and 

demonstrates the significantly improved anti-corrosion properties of the superhydrophobic copper 

surface. The improved anti-corrosive nature of the superhydrophobic coatings can be explained by 

the presence of a stable Cassie state, which ensures the trapping of air within the roughness features 

of the surface. The presence of trapped air presents a cushion effect that avoids the contact of the 

surface region with NaCl solution.40 As corrosion is a surface phenomenon, reduced contact of the 

surface with the salt solution leads to a reduced corrosion rate. 

  

4.2.5 Mechanical durability of the superhydrophobic surfaces 

 One of the factors limiting the use of superhydrophobic surfaces in practical applications is the 

lack of mechanical robustness.41 The limitation is particularly severe because of delamination at 

the interface between the dissimilar coating and substrate materials in conventional coatings. The 

method presented in this paper generates superhydrophobic surfaces inherently on the substrate 

material using electrodeposition, thereby eliminating the interface that’s often the weak link in the 

mechanical durability. The mechanical durability of the as-prepared superhydrophobic surfaces in 

this study was evaluated using shear abrasion25-29 and falling sand abrasion tests86,87.  

 Figure 17a shows a schematic of the shear abrasion test derived from ASTM D406088, in which 

the superhydrophobic surfaces were dragged on 1000 grit and 800 grit sandpapers under a load of 

3 kPa, for a distance of 200 cm, at a speed of 1 cm/s. Mechanical abrasion leads to a gradual loss 

of non-wetting nature through decrease in contact angle and increase in contact angle hysteresis. 

In order to analyze the combined effects of abrasion surface roughness (sand paper grit size), 

pressure load, and abrasion distance in a unified manner, a parameter based on the frictional energy 

dissipation was used. The frictional energy parameter was defined as the product of three terms—

the ratio of coefficient of friction of considered sandpaper and that of a 1000 grit sandpaper for a 

particular sample [µ/µ(1000)], the applied pressure, and the abrasion distance—and signifies the 

frictional energy per unit area with respect to abrasion on a 1000 grit sandpaper. The static 

coefficient of friction used in calculating the friction energy parameter was estimated as the tangent 

of the angle at which the substrate slips off a sandpaper surface. Using this method, the ratio of the 

coefficient of friction for 800 grit sandpaper to a 1000 grit sandpaper [µ(800)/µ(1000)] for a pure 

copper substrate as well as superhydrophobic copper substrate were estimated to be nearly constant 

at about 1.17. The use of the frictional energy parameter also serves to compare the obtained results 
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with those reported in the literature25-29 for the different grit sizes, pressure and abrasion distance 

in a common manner. 

 

Figure 17. (a) Schematic of the shear abrasion test setup and (b) variation of the contact angle 

and contact angle hysteresis for superhydrophobic copper surface with relative frictional energy 

per unit area, in comparison to several recently reported superhydrophobic coatings on different 

metallic substrates. 

 

The degradation in superhydrophobicity of the samples was assessed by measuring the contact 

angle and hysteresis as a function of abrasion length. Figure 17b presents the measured contact 

angle on the superhydrophobic copper samples in this study as function of the friction energy 

parameter for the two grit sizes used. The solid lines and the dashed lines, respectively, denote the 

variation of the contact angle (left axis) and the contact angle hysteresis (right axis) for the 1000 

and 800 grit sizes. It is seen that the contact angle decreases and the contact angle hysteresis 

increases slightly with the parameters contributing to an increased frictional energy dissipation. 

After a 200-cm abrasion distance (corresponding to a frictional energy parameter of about 7 in 

Figure 17b), some loss in superhydrophobicity was observed resulting in a reduced contact angle 
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of 149.5 ± 20 and increased hysteresis of about 140. However, the sample remained 

superhydrophobic and was not wetted by water. Also presented in the same figure are the shear 

abrasion test data from the literature on different materials, at different abrasion conditions.25-29 

Note that there is insignificant variation between the results of shear abrasion on 800 and 1000 grit 

sandpaper for all abrasion distances, which confirms that the data from shear abrasion for various 

sandpapers, load and abrasion distance can be combined elegantly in terms of the friction energy 

parameter, for a consistent and uniform representation (Figure 17b). 

 In addition, shear abrasion data from several superhydrophobic coatings recently reported in 

the literature25-29 were expressed in terms of the abrasion energy parameter, and are compared 

against the superhydrophobic copper coating in the present work, as shown in Figure 17b. The 

coatings on Magnesium26 and Aluminum27 are seen to lose their superhydrophobicity within about 

1 kJ/m2 and the coatings on steel are reported to withstand up to 4 kJ/m2. Though the nickel-based 

superhydrophobic coating developed by Su and Yao25 is seen to maintain its contact angle to 6 

kJ/m2, the coating was reported to have an increased roll-off angle of about 300 after the shear 

abrasion test, indicating that the superhydrophobicity was lost quickly. In contrast, it is seen that 

the superhydrophobic copper coatings in the present work exhibit better mechanical abrasion 

resistance and maintain excellent superhydrophobicity over much higher levels of abrasion energy, 

up to 7 kJ/m2, than the other superhydrophobic surfaces. 

 To further evaluate the mechanical durability of the prepared coatings, falling sand abrasion 

tests based on ASTM D96839, were performed, as shown schematically in the inset of Figure 18. 

Silicon carbide grains (100–250 µm in diameter) were impinged on the samples inclined at an 

angle of 450, from a height of 20 cm, at a rate of 0.25 kg/min. Previous studies in the literature on 

falling sand abrasion tests were rather limited in the abrasive mass, allowing only up to 10–50 gm 

of the abrasives to fall on the superhydrophobic samples.86,87 In the present study, the durability of 

the superhydrophobic surfaces were demonstrated with more aggressive conditions with up to 

1000 gm of falling abrasive silicon carbide grains on the samples. For better physical 

understanding, the combined effects of drop height and considered mass of grains are presented in 

terms of potential energy of silicon carbide particles per unit impact area. Variation of contact 

angle and contact angle hysteresis were measured after every 200 gm of grain flow, and are 

presented in Figure 18 as function of energy per unit impact area for the prepared copper 

superhydrophobic surfaces. The experiments were repeated three times, and the data are presented 
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in Figure 18 in terms of the mean and the error bars. It is seen that the contact angle decreases and 

the contact angle hysteresis increases slightly with abrasion, signifying some loss in 

superhydrophobicity, as expected. However, at the end of the aggressive falling sand abrasion test, 

the considered samples remained superhydrophobic, as evident from a contact angle of about 1530 

and hysteresis of about 120. Note that these tests were conducted with 20–100 times the amount of 

abrasives compared to those used in the tests in the literature. In the conventional range of testing, 

therefore, which correspond to energy per unit impact area of less than 0.04 J/cm2, there is 

insignificant change in the contact angle and hysteresis seen in Figure 18. The falling abrasive 

tests under the aggressive conditions, therefore, demonstrate a significantly enhanced durability of 

the superhydrophobic copper coatings fabricated in the present study. 

 

Figure 18. Variation of contact angle and contact angle hysteresis with impact energy per impact 

area for copper based superhydrophobic surfaces subject to falling sand abrasion test. Inset figure 

shows a schematic of the falling sand abrasion test setup. 

 

4.2.6 Durability of Superhydrophobic surfaces under air exposure, water immersion and 

flow conditions 

 Changes in the wetting properties of the copper based superhydrophobic surfaces in this study 

were observed during air exposure for up to 6 months. No practical changes in the static contact 

angle (161o), contact angle hysteresis (3.0o), and roll-off angle (4.0o) were observed during the 
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exposure period demonstrating the excellent superhydrophobic properties of the coatings under 

long duration air exposure. 

 Furthermore, practical applications of superhydrophobic surfaces for drag reduction, self-

cleaning, phase change heat transfer enhancement etc. require them to be in contact with aqueous 

media for long term. However, transfer of trapped air under the cavities to the bulk surrounding 

water can lead to the transition from the stable Cassie state to the Wenzel state for the 

superhydrophobic surface, leading to the loss of superhydrophobicity. Moreover, longevity of a 

submerged superhydrophobic surface mainly depends on the amount of time air can stay trapped 

within the cavities present on the surface.70 This phenomenon limits the practical applicability of 

the superhydrophobic surfaces.  

 Water immersion tests were conducted on the copper based superhydrophobic surfaces 

prepared in this study, under static and dynamic conditions. Immersion tests were conducted 

following the practices outlined by ASTM D870, standard practice for testing water resistance of 

coatings using water immersion.89 In the static immersion tests, the samples were immersed in 

deionized water for about 60 days, and the static and dynamic contact angles were measured at 

various time instants during the exposure. Figure 19a presents the contact angle and contact angle 

hysteresis measurements on the different samples during the 60-day static immersion test. The 

variations in the measurements among the different samples are plotted in terms of the mean value 

and the error bar for each data point. It is seen that the contact angle decreases and the contact 

angle hysteresis increases with immersion time. After 60 days of water immersion, contact angle 

of copper based surface was reduced to 149o (from the initial value of 1620) and contact angle 

hysteresis was increased to 23o, which suggests the loss of some of the entrapped air to the bulk 

water. Furthermore, even after 60 days of immersion, with periodic removal for contact angle 

measurements, the copper sample was completely dry when removed from the water and no 

change in morphology was observed (as shown by the inset in Figure 19a), suggesting the 

durability of the superhydrophobic copper surfaces even after prolonged aqueous exposure under 

static conditions. 

 As flowing water is known to enhance the rate of the loss of entrapped air from a 

superhydrophobic surface70, durability of the copper-based superhydrophobic surfaces was also 

studied under flow conditions, as described in methods section. The samples were immersed in 

flowing water for 60 days, with periodic removal during the testing for measurement of contact 
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angles and contact angle hysteresis. Figure 19b shows the variation of the measured angles with 

time during the dynamic water immersion testing.  

 

Figure 19. Contact angle and contact angle hysteresis for superhydrophobic copper surfaces 

immersed in (a) static deionized water and (b) simulated deionized water flow equivalent to 11 

kmph. The inset in (a) is the SEM micrograph of the surface after 60 days of static immersion, 

confirming the durability of the coating morphology. 

 

It can be observed that the rate of loss of slippery Cassie nature and reduction of contact angle is 

higher when sample is submerged in flowing water conditions in comparison to the static water. It 

implies that the flow affects the entrapped air in the cavities on a superhydrophobic surface and it 

is lost to the surrounding bulk water at a higher rate. At the end of the 60-day testing, the contact 

angle reduced to 143 ± 2 o and the hysteresis increased to 240 (Figure 19b). However, the sample 
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was completely dry when removed from water, and the morphology was largely unchanged similar 

to the micrograph in the inset in Figure 19a. In addition, a plastron layer could also be observed 

for the developed superhydrophobic sample after being submerged for 60 days under flow 

conditions. This suggests that even though the contact angle degradation is slightly more (by about 

60 at the end of 60 days) compared to immersion in static water (Figure 19a), hydrophobicity is 

preserved even after sustained flow conditions for 60 days. 

 

4.2.7 Rejuvenation of slippery superhydrophobic nature 

As seen in Figure 19, the superhydrophobicity of the copper samples degraded slightly upon 

prolonged exposure to water for 60 days; however, the morphology of the coating was largely 

unaffected by the water exposure. This suggests that the superhydrophobic characteristics may be 

restored to the original level with appropriate chemical treatment. To rejuvenate the 

superhydrophobic properties, the coating samples were re-immersed in a stearic acid solution, as 

used previously for generation of the original coatings, for 24 hours. The contact angle and roll-

off angle were measured on the samples following the rejuvenation treatment. After retreatment, 

surface behaved similar to a newly prepared superhydrophobic surface and demonstrated similar 

wetting properties. Figure 20 shows the contact angle and roll-off angle measurements on a sample 

prior to (Figure 20a) and after (Figure 20b) treatment. It was found that re-treatment of the coating 

restored the contact angle, from 143±2° to 160±3°, as shown in Figure 20a.  

 

Figure 20. Equivalent droplet shape and contact angle for (a) superhydrophobic copper surface 

after immersion in flowing water for 60 days, and (b) after coating rejuvenation in stearic acid 

solution. 
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Water droplet rolled off the almost horizontal surface and roll-off angle was measured to be 

about 60 on this rejuvenated superhydrophobic surface. This easy regeneration of 

superhydrophobic nature on the prepared coatings makes the prepared surfaces suitable for the 

application in practical flow systems such as heat exchangers, ships and microfluidic devices etc. 

 

This work describes the fabrication and testing of electrodeposition based, inherent copper 

superhydrophobic coatings. Effects of processing parameters such as deposition overpotential on 

wetting and morphology of coating surface was presented and discussed. Growth of multiscale 

fractal morphology lead to the superhydrophobic nature of coatings at high overpotentials. 

Mechanical and immersion durability of the prepared coatings was demonstrated through various 

tests based on ASTM standards. Furthermore, results of mechanical tests were represented based 

on unified energy parameters, combining the effects of relevant test parameters. Presented unified 

representation would also enable a consistent durability comparison for coatings fabricated 

through different techniques and processing conditions. In addition, excellent mechanical and 

immersion durability of the developed coatings would inspire the application of similar fabrication 

technique into the development of durable superhydrophobic coatings on other materials and will 

be considered in future studies.  

 

4.3. Conclusions 

An electrodeposition based process was used to generate superhydrophobic coating inherently 

on a copper substrate. The coatings exhibited stable, multiscale fractal, cauliflower shaped 

morphology, which were further modified by an inexpensive stearic acid treatment to achieve 

superhydrophobicity. The effect of processing parameters on the morphology and wettability were 

described, and the coatings were shown to have a contact angle of 162±30 and roll-off angle of 

about 30 for an overpotential of 1.1V. Systematic studies were performed to evaluate the chemical 

composition, growth mechanism, mechanical abrasion stability, corrosion resistance, self-cleaning 

effect, air-exposure durability, under-water durability, and durability under flow conditions of the 

optimal superhydrophobic surfaces. Results for shear abrasion and falling sand abrasion tests were 

described based on frictional energy and sand impact energy per unit area, respectively. These 

representations combine the effects of the pertinent test parameters such as sandpaper grit size, 
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abrasion distance, load, height of falling sand etc. and provide a unified way to compare the 

mechanical durability of superhydrophobic coatings measured under different conditions. 

 The superhydrophobic copper coatings showed excellent durability, mechanical and 

underwater stability, corrosion resistance and self-cleaning effect. When submerged in static or 

flowing water, it was observed that beyond a certain time, the contact angle decreases and the roll-

off angle increases, due to loss of entrapped air to the surrounding water. The rate of loss of 

entrapped air was observed to be higher for a sample submerged in flowing water. This study also 

describes a facile and cost-effective technique for the re-generation of slippery superhydrophobic 

nature on the surfaces after prolonged water exposure. This low-cost, facile process can be used to 

develop large scale, durable superhydrophobic coatings with controllable wettability for a range 

of practical applications. 
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Chapter 5. Fabrication and Characterization of Durable Zinc Based Superhydrophobic 

Coatings 

 

Zinc coatings are widely used in the galvanization industry to improve the corrosion resistance 

of steel structures. Generally, an additional decorative hexavalent chrome layer is deposited for 

corrosion protection, which leads to carcinogenic chrome emissions. In this work, we present an 

electrodeposition based approach to fabricate superhydrophobic zinc coatings, that eliminate the 

need for the additional chrome layer while enhancing the corrosion resistance of the zinc coating 

by about one order of magnitude. Through electrodeposition in a highly conductive electrolyte, a 

multiscale needle and branch-shaped fractal morphology was obtained in the coatings, which were 

treated with stearic acid to obtain extreme water repellency in the prepared coatings, with contact 

angle of more than 160° and roll off angle of about 4–7°. Detailed microstructural and mechanical 

characterization studies are presented on the fabricated coatings under different processing 

conditions to demonstrate their durability, stability, longevity, and corrosion resistance. The 

presented process can be scaled to larger durable non-wetting coatings for diverse applications. 

 

5.1. Introduction 

Zinc has its primary application in the galvanization industry to protect steel structures from 

corrosion and about 80% of the total reported zinc consumed was used in galvanizing in 2015.32 

However, industrial application of zinc coating generally requires an additional hexavalent chrome 

coating for strength, decoration and to further prevent corrosion. However, chrome electroplating 

and anodizing is one of the largest source of carcinogenic chromium pollution in the U.S. and 

environmental protection agency (EPA) regulations have aimed at eliminating the use of 

hexavalent chromium in electrodeposition.33 It has been reported by several researchers that the 

application of superhydrophobic coating enhances the anti-corrosion properties of a particular 

substrate.34,7 Inspired by the lotus leaf in nature, superhydrophobic surfaces exhibit high water 

contact angles of more than 150°, a small roll-off angle and contact angle hysteresis, generally less 

than 10°, and demonstrate extremely low affinity towards water.47 Owing to the improved 

corrosion resistance and non-wetting properties, application of a durable superhydrophobic zinc 

coating offers significant opportunities for eliminating the need for hexavalent chrome coating. 
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 Other major potential applications of superhydrophobic surfaces as described in previous 

chapters, have inspired significant research into superhydrophobic surfaces over the last decade. 

Although several developments have been made in the processes and materials to fabricate 

superhydrophobic surfaces, industrial viability of these surfaces remain limited. This can primarily 

be attributed to the poor mechanical strength, abrasion resistance, and durability of the coatings 

under submerged conditions. Mechanical abrasion damages the multiscale structure of coatings, 

leading to the loss of their superhydrophobic nature. Moreover, under submerged conditions, the 

loss of entrapped air within the multiscale asperities to the surrounding water gradually leads to 

the wetting transition from Cassie state9 to pinned Wenzel state8 with apparent loss of 

superhydrophobic properties of the coatings.70-72 This phenomenon is particularly severe and the 

rate of loss of entrapped air is increased for a superhydrophobic surface submerged in flowing 

water, leading to significantly reduced durability of such coatings. Even though practical 

applications of superhydrophobic surfaces in marine environment, heat exchangers and other 

thermal-fluid applications, would require them to be in contact with steady as well as flowing 

water for significantly longer durations, studies are rather limited in performing extensive 

durability studies in such environments, and only a few studies report the durability of 

superhydrophobic coatings in submerged conditions.30,73 This suggests the need for a consistent 

and extensive testing methodology to study the mechanical stability and under-water durability of 

superhydrophobic coatings in steady and flowing water conditions for longer durations and the 

development of mechanically stable and durable coatings which can sustain superhydrophobicity 

for practical durations in such conditions. 

 Several techniques such as chemical vapor deposition90, solution-immersion91, etching92, 

magnetron sputtering93, and electrodeposition94-96 have been used to develop zinc based 

superhydrophobic surfaces. However, the associated special processing conditions, cost, and time, 

limit the industrial scalability of some of the reported processes. Due to low cost, uniform 

deposition capability, and scalability, electrodeposition is considered as one of the most effective 

technique for large scale generation of superhydrophobic surfaces.35,85 Zhang et al.95 prepared 

superhydrophobic zinc coatings via electrodeposition followed by annealing and showed improved 

anti-corrosion property for superhydrophobic coating. Ying et al.94 deposited superhydrophobic 

ZnO coatings on ITO-glass substrate. Zhang et al.96 fabricated zinc superhydrophobic coatings 

through ionic liquid followed by polypropylene treatment. However, none of these studies reported 
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the mechanical strength, abrasion resistance, and under-water durability of the zinc based 

superhydrophobic coatings.  

 It is evident from the foregoing discussion that most of the zinc based superhydrophobic 

coatings developed to date have limited practical viability due to poor mechanical strength and 

durability. To overcome these limitations, the present work presents a cost-effective and scalable 

process based on electrodeposition to fabricate robust and durable zinc/zinc oxide 

superhydrophobic coatings on zinc substrates. Electrodeposition through a zinc acetate electrolyte 

leads to formation of needle-shaped multiscale deposits on a zinc substrate. The electrodeposited 

samples are then treated with stearic acid to reduce the surface energy and achieve 

superhydrophobicity. Contact angles (𝜃) and roll-off or sliding angles (𝜃𝑠) on as-prepared zinc 

coatings range from 156–166° and 4–7°, respectively. A comprehensive study of the effect of 

deposition potential and deposition time on the morphology and wettability is presented and 

discussed. Furthermore, systematic studies to evaluate the chemical composition, growth 

mechanism, mechanical abrasion stability, corrosion resistance, air-exposure durability, under 

water durability, and durability under flow conditions of the prepared superhydrophobic surfaces, 

are described and performed. Results of mechanical tests are presented in terms of combined 

energy parameter encapsulating the effects of various operating conditions such as load, abrasion 

distance and abrading surface. This representation enables the comparison of mechanical 

durability of superhydrophobic coatings on various materials reported in the literature with the as-

prepared zinc-based superhydrophobic coatings in this study. 

The chapter presents the analysis and discussion of various results such as morphology, 

wettability, corrosion resistance, and durability of zinc-based superhydrophobic surfaces 

fabricated as described in Section 2.4. 

 

5.2. Results and Discussion 

5.2.1. SEM morphology and wetting characterization 

5.2.1.1 Influence of deposition time 

 The effects of deposition time on morphology and wetting properties of zinc/zinc oxide 

deposits were comprehensively studied. Scanning electron micrographs, respective equivalent 

droplet shapes, and static contact angle values are shown in Figure 21 for the samples deposited at 

a deposition potential of 1.3 V against a Ag/AgCl reference electrode, for deposition times ranging 
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from 100 s to 1100 s, with an increment of 200 s between successive deposits. As observed from 

deposit morphologies (Figures 21a–f), randomly distributed, branch and needle-shaped structures 

at multiple length scales are obtained for the considered deposition times. The inherent presence 

of progressively smaller needle-shaped asperity elements on top of larger base branch-shaped 

asperity structures as seen in the SEM micrographs in Figure 21, implies the fractal nature of the 

coatings prepared at various deposition times. With similar asperity features at various length 

scales, it is evident that the multiscale nature of deposit is nearly independent of deposition time 

for the fabricated zinc based coatings. However, size of branch and needle-shaped features tends 

to increase with the deposition time. The presence of multiscale asperity structure and fractal 

nature of coatings at all the considered deposition times can be attributed to the high conductivity 

of the electrolyte solution due to the presence of high KCl concentration.  

 

Figure 21. SEM Morphologies and water contact angles for the zinc based samples deposited at 

1.3 V vs Ag/AgCl reference electrode for (a) 100 s, (b) 300 s, (c) 500 s, (d) 700 s, (e) 900 s, (f) 

1100 s; Branch and needle-shaped asperities at multiple scales; Respective representative water 

droplet and contact angles are displayed in the insets. 

 

 Static contact angles (𝜃) of 156–164° are observed for the as-prepared zinc based coatings 

(Figure 21), with superhydrophobic properties being evident for these deposits, deposited for 
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various deposition times. Presence of asperities at multiple scales and low surface energy due to 

stearic acid treatment ensures the superhydrophobicity for the fabricated samples. Additionally, 

wetting properties are observed to be weakly dependent on the deposition time, which can be 

attributed to the presence and growth of multiscale fractal morphologies throughout the considered 

deposition time range.  

 

5.2.1.2 Influence of the deposition potential 

 Effects of deposition potential on morphology and wetting properties of zinc/zinc oxide 

deposits were also studied by carrying out electrodeposition at potentials ranging from 1.1 V to 

1.5 V against Ag/AgCl reference electrode. Deposition times were optimized to obtain coating 

thickness of about 25 µm for deposition at various considered potentials. Scanning electron 

micrographs, respective equivalent droplet shapes, and static contact angles for the fabricated 

samples are shown in Figure 22. Similar to the morphologies for the samples fabricated at 1.3 V, 

a combination of branch and needle shaped morphology is obtained for samples deposited at 

different potentials (Figures 22a-d). As evident from the presence of progressively smaller needle-

shaped asperities on top of larger base branched asperity structures, multiscale fractal deposit 

morphologies were obtained for various considered deposition potentials. High ionic concentration 

of the electrolyte solution ensures these multiscale morphologies for the considered range of 

deposition potentials. Moreover, multiscale morphologies combined with low surface energies due 

to stearic acid treatment leads to stable Cassie state and superhydrophobicity, as evident from high 

static water contact angles (𝜃) ranging from 162–166° for as-prepared coatings deposited at the 

considered range of deposition potentials. Growth of fractal deposit structures at all the considered 

deposition potentials leads to the superhydrophobic nature of the as-prepared surfaces irrespective 

of the deposition potential.  

 In order to study the durability and sustained performance of the superhydrophobic coatings, 

surfaces prepared with a potential of 1.3 V against Ag/AgCl reference electrode for 500 s, were 

considered for further studies on dynamic wettability, mechanical durability, water immersion, 

corrosion and other characterizations, as discussed in this and the following subsections. 

 The dynamic wetting nature of the superhydrophobic zinc coatings fabricated at a potential of 

1.3 V for 500 s was further evaluated under various dynamic conditions in terms of droplet sliding 
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or roll-off angle (𝜃𝑠), contact angle hysteresis on the coated surface, and dynamic behavior of a 

single water droplet impact.  

 

Figure 22. SEM Morphologies and water contact angles for the zinc based samples prepared at 

potentials of (a) 1.1 V, (b) 1.2 V, (c) 1.4 V, and (d) 1.5 V against Ag/AgCl reference electrode; 

Branched and needle-shaped asperities at multiple scales; Respective representative water droplet 

and contact angles are displayed in the insets. 

 

 

Figure 23. Dynamic contact angles with representative water droplet shapes on zinc based 

superhydrophobic surface: (a) Advancing contact angle (𝜃𝑎) and (b) Receding contact angle (𝜃𝑟). 
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A 10µl water droplet placed on the sample rolled off a nearly horizontal surface with a roll off 

angle of about 5°, demonstrating the excellent water-repellency of the surface. The dynamic 

wetting property of the prepared superhydrophobic zinc samples was further characterized in terms 

of the contact angle hysteresis through the volume changing sessile droplet method, as described 

in Section 2.6. 

 Advancing and receding contact angles were measured by progressively increasing and 

reducing the volume of water of a droplet placed on the coated surface, respectively, and analyzing 

the observed droplet shapes. Representative advancing and receding droplet shapes and contact 

angles from the experiments are shown in Figures 23a and 23b, respectively. Based on the 

measured advancing and receding contact angles, a very small contact angle hysteresis (𝜃𝑎 − 𝜃𝑟) 

of about 4° is evaluated. Moreover, the dynamic behavior of impinging water droplets on the 

considered superhydrophobic sample was captured using a high-speed camera. A 10µl water 

droplet, dropped from a height of 4 cm bounced off the coated surface several times, before sliding 

off as shown by successive snapshots in Figure 24, where the time interval between two successive 

snapshots is 0.67 s. This small roll-off angle combined with a contact angle hysteresis of less than 

10° demonstrate the strong non-wetting nature of the fabricated superhydrophobic zinc coatings 

under dynamic conditions. 

 

Figure 24. Successive snapshots of a water droplet dropped on a superhydrophobic sample with 

arrows indicating the direction of its instantaneous movement; time gap between each snapshot is 

0.067 s. 

 

5.2.2. Elemental analysis of superhydrophobic samples 

 Energy dispersion spectroscopy (EDS) analysis of the zinc based superhydrophobic samples 

fabricated at 1.3 V was carried out through FEI Quanta 600 scanning electron microscope (SEM) 
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to estimate the elemental composition of the prepared coatings and to study the effect of stearic 

acid treatment on the electrodeposited surfaces. Figure 25 shows the EDS spectra for (a) a zinc 

sample without stearic acid treatment and (b) a treated superhydrophobic zinc sample. Untreated 

electrodeposited zinc sample is primarily composed of Zn and O elements (Figure 5a), where the 

presence of oxygen elements can be attributed to the oxidation of coated surface. For coatings 

treated with stearic acid, presence of additional carbon element is observed on the surface in Figure 

25b. Figure 25 also presents the normalized mass percent of respective elements on untreated and 

treated samples, based on the EDS spectra. Treatment of electrodeposited coatings with stearic 

acid solution leads to the formation of zinc stearate on considered zinc based substrates74, as 

described by the equation: 𝑍𝑛2+ +  2CH3(CH2)16COOH → Zn[CH3(CH2)16COO]2 + 2𝐻+. 

 

Figure 25. EDS spectra for (a) unmodified deposited zinc sample, (b) stearic acid modified 

superhydrophobic zinc sample. 

 

5.2.3 Anti-corrosion property of superhydrophobic surfaces 

Corrosion properties of the multiscale superhydrophobic coatings fabricated at 1.3 V against a 

Ag/AgCl reference electrode for 500 s, were studied by evaluating their potentiodynamic 
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polarization plots in 3.5 wt% NaCl solution, as described in Section 2.8. Based on the measured 

data, Tafel extrapolation was used to estimate the quantitative corrosion parameters.  The measured 

potentiodynamic polarization curves for base and superhydrophobic zinc samples are shown in 

Figure 26, which are utilized to derive the corrosion potential (𝐸𝑐𝑜𝑟𝑟), corrosion current density 

(𝐼𝑐𝑜𝑟𝑟), and polarization resistance (𝑅) as summarized in Table 2. 

 

Table 2. Corrosion parameters for base zinc and superhydrophobic zinc in 3.5 wt% NaCl 

solution 

Material 
𝑬𝒄𝒐𝒓𝒓 

[V] 

𝑰𝒄𝒐𝒓𝒓 

[𝝁A/𝒄𝒎𝟐] 

Corrosion 

resistance [kΩ] 
 

Corrosion rate 

[mm/year] 

Base Zinc –0.938 520 0.055  15.584 

Superhydrophobic 

Zinc 
–0.965 17.6 1.31  0.52 

 

 

Figure 26. Potentiodynamic polarization curves for superhydrophobic and base zinc samples in 

3.5 wt% NaCl solution. 

 

In general, a higher corrosion potential and a lower current density correspond to a better 

corrosion resistance.74,40 For the prepared superhydrophobic zinc coatings, a slight reduction in 
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𝐸𝑐𝑜𝑟𝑟, but a significant reduction in 𝐼𝑐𝑜𝑟𝑟 by more than one order of magnitude are observed, in 

comparison to an uncoated zinc substrate. This leads to a considerably higher polarization 

resistance of the superhydrophobic zinc coating relative to the bare zinc substrate, as listed in Table 

2, and demonstrates the significantly improved anti-corrosion properties of the superhydrophobic 

zinc coating. 

The improved anti-corrosive nature of the superhydrophobic surfaces can be explained by the 

presence of a stable Cassie state, which ensures the trapping of air within the roughness features 

of the multiscale coating surface. The presence of trapped air presents a cushion effect which 

avoids the contact of the surface region with NaCl solution.40 As corrosion is a surface 

phenomenon, reduced contact of the surface with the salt solution leads to reduced corrosion rate. 

 

5.2.4 Mechanical durability of the superhydrophobic surfaces 

A primary factor limiting the use of superhydrophobic surfaces in practical applications is the 

lack of mechanical strength and robustness.41 In conventional coatings, this limitation is 

particularly severe due to delamination at the interface between the dissimilar coating and substrate 

materials, which leads to the loss of superhydrophobicity of the surface. The method presented in 

this paper generates similar material based superhydrophobic surfaces inherently on the zinc 

substrate using electrodeposition, thereby eliminating the interface that’s often the weak link in 

mechanical durability. Mechanical durability of the as-prepared superhydrophobic coatings in this 

study was extensively characterized using shear abrasion25-29 and falling sand abrasion tests86,87. 

 Figure 27a shows a schematic of the shear abrasion test derived from ASTM D406088, in which 

the superhydrophobic surfaces were dragged on a 1000 grit sandpaper, under a load of 3 kPa, for 

a distance of 200 cm, at a speed of 1 cm/s. The changes in wettability of samples were assessed by 

measuring the static and dynamic contact angles as a function of abrasion length. Mechanical 

abrasion leads to a gradual loss of non-wetting nature through a decrease in the contact angle and 

increase in contact angle hysteresis. In order to analyze the combined effects of abrasion surface 

roughness (sand paper grit size), pressure load, and abrasion distance in a unified manner, a 

parameter based on the frictional energy dissipation was used. The frictional energy parameter was 

defined as the product of three terms — the ratio of coefficient of friction of considered sandpaper 

and that of a 1000 grit sandpaper for a particular sample [µ/µ(1000)], the applied pressure, and the 

abrasion distance—and signifies the frictional energy per unit area with respect to abrasion on a 
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1000 grit sandpaper. The static coefficient of friction used in calculating the friction energy 

parameter was estimated as the tangent of the angle at which the substrate slips off a sandpaper 

surface. The use of the frictional energy parameter also serves to compare the obtained results with 

those reported in the literature25-29 for the different grit sizes, pressure and abrasion distance in a 

common manner. 

 

Figure 27. (a) Schematic of shear abrasion test setup and (b) variation of the contact angle and 

contact angle hysteresis for superhydrophobic zinc surface with relative frictional energy per unit 

area, in comparison to several recently reported superhydrophobic coatings on different metallic 

substrates. 

 

 Figure 27b presents the measured contact angle on the superhydrophobic zinc samples in this 

study as function of the friction energy parameter. It is seen that the contact angle decreases and 

the contact angle hysteresis increases slightly with the parameters contributing to an increased 

frictional energy dissipation. After a 200-cm abrasion distance (corresponding to a frictional 
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energy parameter of about 6 in Figure 27b), some loss in superhydrophobicity was observed 

resulting in a reduced contact angle of 142 ± 3° and increased hysteresis of about 28°. However, 

the sample remained superhydrophobic and was not wetted by water. Also presented in the same 

figure are the shear abrasion test data on several superhydrophobic coatings recently reported in 

the literature at different abrasion conditions, expressed in terms of the friction energy 

parameter.25-29 These data are compared against the superhydrophobic zinc coating in the present 

work. The coatings on Aluminum27 and Magnesium26 are seen to lose their superhydrophobicity 

within about 1 kJ/m2 and the coatings on steel28 are reported to withstand up to 4 kJ/m2. Though 

the nickel-based superhydrophobic coating developed by Su and Yao25 is seen to maintain its 

contact angle to 5.5 kJ/m2, the coating was reported to have an increased roll-off angle of about 

30° during the shear abrasion test, indicating that the superhydrophobicity was lost quickly. In 

contrast, it is seen that the superhydrophobic zinc coatings in the present work exhibit mechanical 

abrasion resistance similar to some of the recently developed, robust superhydrophobic surfaces 

on other materials and maintain good superhydrophobicity over much higher levels of abrasion 

energy, up to 6 kJ/m2, than the other superhydrophobic surfaces. The presented facile and cost-

effective fabrication process of zinc based superhydrophobic surface fabrication, leading to a 

mechanically durable coating, presents a better alternative to the conventional zinc coatings. 

 

Mechanical durability of the prepared zinc based superhydrophobic surfaces was further 

evaluated by using the falling sand abrasion tests, based on ASTM D96839, as shown schematically 

in the inset of Figure 28. Silicon carbide grains (100–250 µm in diameter) were impinged on the 

samples inclined at an angle of 45°, from a height of 20 cm at a rate of 0.25 kg/min. Up to 1000 

gm of falling abrasive silicon carbide grains were on the samples were used to demonstrate the 

durability of the superhydrophobic zinc surfaces against impacting silicon carbide grains. Falling 

silicon carbide abrasive grains damage the coatings microstructures leading to a gradual loss of 

superhydrophobic nature of coating through decrease in contact angle and increase in contact angle 

hysteresis. Similar to shear abrasion tests, changes in the wetting properties of samples were 

assessed by measuring the static and dynamic contact angles with amount of abrasive grains. 

 For better physical understanding, the combined effects of drop height and considered mass of 

grains are presented in terms of potential energy of silicon carbide particles per unit impact area. 

Variation of contact angle and contact angle hysteresis are presented in Figure 28 as a function of 
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energy per unit impact area, for the fabricated zinc based superhydrophobic surfaces. The 

experiments were repeated 3 times and the data are presented in Figure 28 in terms of the mean 

and the error bars. It is seen that the contact angle decreases and the contact angle hysteresis 

increases slightly with abrasion, signifying some loss in superhydrophobicity, as expected. 

However, at the end of the aggressive falling sand abrasion test, the considered samples remained 

superhydrophobic, as evident from a contact angle of about 153.5° and hysteresis of about 13°. 

Note that these tests were conducted with 20–100 times the amount of abrasives compared to those 

used in the tests in the literature. In the conventional range of testing, therefore, which correspond 

to energy per unit impact area of less than 0.04 J/cm2, there is insignificant change in the contact 

angle and hysteresis seen in Figure 28. The falling abrasive tests under the aggressive conditions, 

therefore, demonstrate a significantly enhanced durability of the superhydrophobic zinc coatings 

fabricated in the present study. 

 

Figure 28. Variation of contact angle and contact angle hysteresis with impact energy per impact 

area for zinc based superhydrophobic surfaces subject to falling sand abrasion test. Inset figure 

shows a schematic of the falling sand abrasion test setup. 

 

5.2.5 Durability of superhydrophobic surfaces under air exposure, water immersion and flow 

conditions 

Wetting properties of the zinc based superhydrophobic coatings in this study were observed 

during air exposure for up to 6 months. No practical changes in the static contact angle (161°) and 
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contact angle hysteresis (5°) were observed during the exposure period, demonstrating the 

excellent superhydrophobic properties of the coatings under long duration air exposure. 

Furthermore, practical applications of superhydrophobic surfaces in marine environment, rainy 

season, heat exchangers etc. require them to be in contact with water for long durations. However, 

trapped air within the multiscale roughness features of the superhydrophobic surface is known to 

dissolve into the surrounding water with time, leading to a transition from slippery Cassie state to 

pinned Wenzel state.70 This phenomenon leads to the loss of superhydrophobic nature of the 

prepared coatings at a fast rate and limits the practical applicability of the superhydrophobic 

coatings.  

Water immersion tests were conducted on the superhydrophobic zinc surfaces prepared in this 

study, under static and dynamic conditions. Immersion tests were conducted following the 

practices outlined by ASTM D870, standard practice for testing water resistance of coatings using 

water immersion.89 In the static immersion tests, the superhydrophobic samples were immersed in 

deionized water for about 60 days, and changes in their wetting properties were measured at 

various time instants during the exposure. Figure 29a presents the contact angle and contact angle 

hysteresis measurements on the superhydrophobic samples during the 60-day static immersion 

test.  

The variations in the measurements among the different samples are plotted in terms of the 

mean value and the error bar for each data point. It is seen that the contact angle decreases and the 

contact angle hysteresis increases with immersion time. After 60 days of water immersion, the 

contact angle of zinc based surface was reduced to 151° (from the initial value of 164°) and contact 

angle hysteresis was increased to 15°, which suggests the loss of some of the entrapped air to the 

bulk water. Furthermore, even after 60 days of immersion the zinc samples were able to maintain 

their superhydrophobic nature, demonstrating the excellent durability of the prepared 

superhydrophobic zinc surfaces even after prolonged water exposure in statically submerged 

conditions. 

 As flowing water is known to enhance the rate of loss of entrapped air from a superhydrophobic 

surface, durability of the zinc based superhydrophobic surface was also evaluated under flowing 

water conditions, as described in Section 2.9. The samples were immersed in flowing water for 60 

days, with periodic removal during the testing for measurement of contact angles and contact angle 

hysteresis. Figure 29b shows the variation of the measured contact angles and contact angle 
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hysteresis with time during the dynamic water immersion testing. It can be observed that the rate 

of loss of superhydrophobic nature is higher when the sample is submerged in flowing water 

conditions, in comparison to a static water, as evident from higher rate of contact angle reduction 

for sample in flowing water condition. It implies that the flow affects the entrapped air in the 

cavities on a superhydrophobic surface and it is lost to the surrounding bulk water at a higher rate. 

At the end of the 60-day testing, the contact angle reduced to 143° and the hysteresis increased to 

29° (Figure 29b). However, the sample was completely dry when removed from water suggesting 

that a high level of hydrophobicity is preserved even after sustained flow conditions for 60 days. 

 

Figure 29. Contact angle and contact angle hysteresis for zinc based superhydrophobic surfaces 

immersed in (a) static deionized water and (b) simulated deionized water flow equivalent to 11 

kmph. 
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 This work reported in this chapter describes the fabrication and extensive characterization of 

superhydrophobic zinc coatings deposited inherently on zinc substrates. The excellent mechanical 

and immersion durability of the developed coatings inspires further development of the presented 

superhydrophobic coatings on different materials, which will be considered in future studies. 

 

5.3. Conclusions 

An electrodeposition based process was described to fabricate superhydrophobic coatings 

inherently on a zinc substrate. Through electrodeposition from zinc acetate electrolyte, stable zinc 

based deposits with multiscale needle and branch-shaped morphologies are obtained on zinc 

substrate. Deposited samples are modified by an inexpensive stearic acid to achieve 

superhydrophobicity. Effects of deposition potential and time on the morphology and wettability 

of coatings were studied and presented. As-prepared coatings demonstrated excellent 

superhydrophobicity with contact angles ranging from 156–166° and roll-off angles in the range 

of 4–7° for fabricated superhydrophobic coatings at various processing conditions. Systematic 

studies were performed to evaluate the chemical composition, growth mechanism, mechanical 

abrasion stability, corrosion resistance, air-exposure durability, under water durability, and 

durability under flow conditions of the prepared superhydrophobic surfaces. Results for shear 

abrasion and falling sand abrasion tests were described based on frictional energy and sand impact 

energy per unit area, respectively. These representations combine the effects of the pertinent test 

parameters such as sandpaper grit size, abrasion distance, load, height of falling sand etc. and 

provide a unified way to compare the mechanical durability of superhydrophobic coatings 

measured under different conditions.  

The superhydrophobic zinc coatings showed excellent durability, mechanical and underwater 

stability, and corrosion resistance. When submerged in static or flowing water, it was observed 

that beyond a certain time, the contact angle decreases and the roll-off angle increases, due to loss 

of entrapped air to the surrounding water. The rate of loss of entrapped air was observed to be 

higher for a sample submerged in flowing water. This low-cost, facile process can be used to 

develop large scale, durable zinc based superhydrophobic coatings for practical applications. 
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Chapter 6. Fabrication and Fractal Description of Multiscale Copper Based Solar Selective 

Coatings  

 

Photothermal conversion efficiency depends significantly on the selectivity of the surface 

carrying the heat transfer fluid in a concentrated solar power system. Base metal substrate is 

generally coated with a solar selective coating, which provides high solar absorptivity and low 

thermal emissivity. Material and microstructure of the coatings are the primary parameters for a 

solar selective coating, which define their optical properties.  Present work describes the 

fabrication of inherent multiscale copper based solar selective coatings through electrodeposition 

and presents the effects of scale independent fractal parameters of coating surfaces on their optical 

properties, such as absorptance, emittance, and figure of merit (FOM). Coatings are characterized 

with fractal description based on Weierstrass-Mandelbrot (W-M) function, where the fractal 

parameters are uniquely determined from a power spectrum of the surface. Moreover, effects of 

heat treatment on optical properties were also quantified at various fractal levels for such coatings.  

 

6.1. Introduction 

The recent years have witnessed a significant ramping up of efforts towards efficient energy 

generation using renewable resources such as solar, wind etc. Concentrating solar power (CSP) 

generation is of significant interest amongst the various approaches used to harness solar 

energy.97 One of the major advantages of CSP is the possibility of inexpensive and highly efficient 

energy storage in thermal form, which can provide electricity generation in the periods with no 

sunlight as well.97,98 Power generation with CSP involves five major 

steps: (i) concentration: tracking and concentrating sunlight onto a solar 

receiver, (ii) absorption: incident solar energy on the receiver is converted to heat by an absorber, 

(iii) transfer: heat carried away from the absorber by a heat transfer fluid (HTF), (iv) generation: 

utilization of thermal energy for power generation in a heat engine, and (v) storage: excess heat 

stored in an efficient and cost-effective thermal energy storage (TES).  

The goal of a thermal receiver in a CSP plant is to effectively absorb sunlight with minimal 

thermal loss. Therefore, improving the photothermal conversion efficiency of CSP systems is of 

considerable focus in recent studies.2-4, 99-101 Photothermal conversion efficiency depends primarily 

on the selectivity of the surface carrying the HTF. An ideal absorber must exhibit high spectral 
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absorptivity (> 0.95) in the visible and near-infrared (IR) wavelengths (0.28 to 2.5 μm), where the 

bulk of the energy from the solar spectrum is concentrated, and low emittance (< 0.1) in the 

IR wavelengths (~2 – 20 μm), where the black body emission peaks. To achieve the desired optical 

properties, solar selective coatings are applied on the base metal substrates. Several solar selective 

coatings with different properties, materials and deposition techniques are reported in the 

literature. 2-4, 99-101 Material and microstructure are the primary parameters defining the optical 

properties of coatings and microstructures of the coatings are largely dependent upon the 

deposition process and parameters.102 Hence, an extensive characterization of microstructure of 

solar selective coatings may provide an understanding of the effect of morphology on their optical 

properties, which would be of significant use in developing more efficient solar selective coatings.  

In general, coatings developed through industrially scalable techniques such as 

electrodeposition, spray coating, dip coating etc., have random multiscale morphology.102-104 

Several researchers have characterized the optical properties of such coatings based on their 

roughness.103-106 Through experimental studies, it is shown that the roughness of coatings is 

positively correlated with their effective solar absorptivity and thermal emissivity.103-106 

Additionally, coating surface roughness has also been modeled with Gaussian disorder by 

Kowaczeski et al, who estimated the optimum roughness parameters yielding the highest 

absorption enhancement.107 However, it was indicated by Majumdar and Bhushan51,16, that 

conventional roughness parameters are not unique to a surface and depend on the scan length and 

resolution of the measuring instrument. In addition, Kang et al also described that the standard 

surface parameters such as, roughness and slope are not sufficient descriptive of surface 

characteristics, as surface topography is non-stationary and multiscale, based on the analysis of 

machined surfaces depending on coated tool wear. As fractal parameters are suggested to be better 

surface descriptive parameters due to their invariance with length scale108, the need of a scale 

independent fractal representation and estimation of optical properties based on the fractal 

parameters for the considered solar selective coatings, was realized. 

Characterization of coatings based on fractal theories is extensively used by several 

researchers in the description of elastic-plastic contact16,65, tribology65, tool wear108 etc., in the 

recent past. However, application of scale independent fractal theories in understanding the optical 

properties of solar selective coatings remain rather limited in literature. Recently, Barrera, et al. 

applied detrended fluctuation analysis (DFA) to SEM images of black Mo coatings on copper 
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substrate to study their fractal properties. Furthermore, correlation of fractal parameters with the 

optical properties demonstrated the increase of absorptivity and emissivity of coatings with growth 

of fractal nature of surface.102 However, the EDS analysis reveals the presence of multiple elements 

such as Mo, Cu, O, on the coating surface and a variation in coating material composition is 

expected for coatings with different fractal dimensions, generated at different processing 

conditions. Hence due to this expected change in material composition between coatings, the 

results do not provide a stand-alone effect of fractal parameters on the optical properties of 

coatings. In addition, considered dip coating process to fabricate the black Mo coatings leads to 

the fractal dimensions only in a short range of 1.02-1.2.  

It is evident from the foregoing discussion that the studies so far on understanding the effect 

of optical properties of coatings are based on the scale-dependent roughness parameters. 

Moreover, studies considering scale independent fractal parameters to study such properties are 

limited with coatings of multicomponent nature within a very small range of fractal dimensions. 

As with scalable processes such as electrodeposition, single material based solar selective coatings 

with a broader range of fractal dimensions can be generated, hence, to overcome the above 

limitations, the present work considers the fabrication of inherent copper based solar selective 

coatings through electrodeposition and presents the effects of scale independent fractal parameters 

on their optical properties, such as absorptance, emittance, and figure of merit (FOM). A 2-step 

electrodeposition technique, deposition at larger potential, followed by at a small potential for a 

short duration, as employed by Haghdoost and Pitchumani35 into the development of 

superhydrophobic coatings, was considered in this study to fabricate stable multiscale coatings. 

Coatings were mathematically characterized based on the Weierstrass-Mandelbrot (W-M) 

function. Fractal parameters of coating surface are uniquely determined through the power 

spectrum of surface based on surface profile scan. Effects of applied deposition potential and heat 

treatment on the coating morphology, fractal parameters, and optical properties are studied and 

described in detail. 

 

Various results such as optical characterizations, figure of merit, and effects of heat 

treatment on coating selectivity are described in this chapter, for copper based solar selective 

coatings fabricated, as described in Section 2.3.  
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6.2. Results and Discussion 

6.2.1 Optical Characterization 

The effects of applied overpotential on the optical properties of copper based solar selective 

coatings were comprehensively studied. Optical properties of the coatings fabricated at different 

overpotentials were measured as described in Section 2.10. Reflectance measurements on various 

coatings were performed through UV-vis-NIR spectrometer for wavelengths ranging from 280 to 

2500 nm. Percentage reflectance variation with incident wavelength on base copper, copper 

sample deposited at 1.1 V, and copper sample deposited at 1.1 V followed by heat treatment at 

260o C for 1 hour, are shown in Figure 30. Overall reflectance percentage for deposited and heat 

treated samples is nearly zero in the visible region of spectrum. Furthermore, reflectance of 

deposited samples is significantly lower than the reflectance of base copper sample, implying high 

absorptivity of the deposited samples. Moreover, beyond the wavelength of about 550 nm, 

reflectance of heat treated sample is about 25-30% lower than non-heat treated deposited copper 

sample. The lower reflectance on heat treated electrodeposited copper sample can be attributed to 

the oxidation of copper coating to copper oxide. 

 

 

Figure 30. Reflectance spectra of copper samples deposited at 1.1 V and heat treated in 

comparison with bare copper substrate. 
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Effective solar absorptivity (𝛼𝑠𝑜𝑙𝑎𝑟) of the prepared coating surface is defined as the weighted 

fraction (by total power density) of the absorbed radiation to that incident on the surface and is 

given as43: 

where, 𝜆 is the wavelength of the incident radiation, 𝑅(𝜆) is the measured reflectance of the surface 

at a particular wavelength 𝜆, and 𝐸𝑠𝑜𝑙𝑎𝑟(𝜆) is the normal spectral irradiance as a function of the 

wavelength, defined by the ISO standard 9845-1 (1992) for air mass (AM) 1.5. Effective solar 

absorptivity of fabricated samples was estimated based on measured reflectance and AM 1.5 solar 

spectra. 

 

Effective solar absorptivity of prepared coatings with deposition overpotential is shown in 

Figure 31. Solar absorptivity of coatings does not follow a gradual increasing trend as that of fractal 

dimension with increasing overpotential. The solar absorptivity of coatings deposited at smaller 

overpotentials ranging from 0.3-0.7 V remains nearly the same. However, a significant 

enhancement in effective solar absorptivity is observed for coatings deposited beyond the 

overpotential of 0.9 V. Aggressive growth of morphological instabilities at high overpotentials 

leads to an improved light trapping within the coating. Highly aggressive fractal nature of coatings 

with cauliflower-shaped morphologies and fractal dimensions close to the physical maxima of 2, 

deposited beyond 0.9 V can be attributed to a significant increase in effective solar absorptivity. 

Aggressive multiscale features with smaller inter-asperity distance allows better light trapping 

within coating morphologies, leading to an increase solar absorptivity. However, larger inter-

asperity distance for the coatings deposited at smaller overpotentials does not enable an effective 

light trapping within the asperity features, leading to lower solar absorptivity.  

 

In addition, thermal emissivity of the coatings was measured at a temperature of 80℃, aimed at 

the estimation of figure of merit (FOM) as described by Ambrosini, et al.42, and given as: 

where, 𝜖80𝑜𝐶 is emittance at 80oC, 𝜖2400 𝑛𝑚 is emittance at 2400 nm. Constant 60 and 5 represent 

the energy flux incident on a central receiver and the energy flux emitted by a blackbody at 700℃, 

 𝛼𝑠𝑜𝑙𝑎𝑟 =  
∫ (1 − 𝑅(𝜆)) 𝐸𝑠𝑜𝑙𝑎𝑟(𝜆) 𝑑𝜆

2500 𝑛𝑚

280 𝑛𝑚

∫ 𝐸𝑠𝑜𝑙𝑎𝑟(𝜆) 𝑑𝜆
2500 𝑛𝑚

280 𝑛𝑚

 (3) 

 𝐹𝑂𝑀 (
𝑊

𝑐𝑚2
) = 60𝛼𝑠𝑜𝑙𝑎𝑟 − 5 [

𝜖80𝑜𝐶 + 𝜖2400 𝑛𝑚

2
] (4) 
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respectively. Thus, FOM parameter helps in understanding the comparative performance of 

coatings at the temperature of 700°C. 

 

Figure 31. Variation of effective solar absorptivity for copper based deposited and heat treated 

samples at various deposition overpotentials ranging from 0.3 V to 1.1 V, showing the significant 

increase of solar absorptivity of coatings deposited at high overpotentials. 

 

 

Figure 32. Thermal emissivity at 80o C for copper based deposited and heat treated samples at 

various deposition overpotentials ranging from 0.3 V to 1.1 V.  

Variation of thermal emissivity at the temperature of 80°C, 𝜖80𝑜𝐶, is plotted against deposition 

overpotential for the fabricated coatings in Figure 32. Thermal emissivity is observed to increase 
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gradually with deposition potential and fractal dimensions. This nature can be attributed to the 

increase of coating surface area due to an increase in morphological instabilities and multiscale 

nature of coatings with deposition overpotential. Higher available coating surface area allows 

higher amount of energy to emit in the infrared region, leading to a larger energy loss from the 

surface and increased thermal emittance of the fabricated copper coatings.  

 

Variation of the figure of merit parameter for copper coatings against deposition overpotential 

is presented in Figure 33. FOM parameter is primarily governed by effective solar absorptivity, 

due to a large multiplier to solar absorptivity term as seen in Equation 4. Hence, coating figure of 

merit follows a trend very similar to the solar absorptivity as observed in Figure 31. Figure of merit 

of coatings deposited at overpotential of 0.7 V or lower, remains nearly the same. For coatings 

deposited at potentials beyond 0.9 V, a significant increase in solar absorptivity leads to the 

enhanced figure of merit. This high figure of merit may again be attributed to the aggressive fractal 

texturing at high overpotentials beyond 0.9 V leading to a significant light trapping within their 

morphological features. 

 

Figure 33. Figure of merit (FOM) for copper based deposited and heat treated samples at various 

deposition overpotentials ranging from 0.3 V to 1.1 V. 
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6.2.2 Effects of Heat Treatment 

As-prepared copper based solar selective coatings were heat treated for 1 hour at 260oC in air 

to study the coating stability the effects of heat treatment on various optical parameters as 

described in this study. Coating was observed to be physically stable at the end of heat treatment. 

Figures 31-33 also show the variation of effective solar absorptivity, thermal emissivity, and figure 

of merit of the coatings with respect to the deposition overpotential, respectively. For various 

fractal texturing levels of coatings, no significant variation between thermal emissivity values for 

heat treated deposits in comparison to the untreated deposits was observed. However, nearly 10-

20% increase in effective solar absorptivity and figure of merit was observed for the coatings 

deposited at various deposition overpotentials and fractal texturing levels, with respect to the as-

prepared without heat treated samples. As described by Ambrosini, et al., heat treatment leads to 

an increase in oxide layer thickness and reduction of surface roughness due to the minimization of 

surface energy, promoting diffusion.42 Increase of oxide layer thickness leads positively affects 

effective solar absorptivity and reduction of surface roughness has negative effect on solar 

absorptivity. However, the observed increase in figure of merit due to heat treatment suggests that 

the oxide layer thickness increase is the most influential effect of the heat treatment. Based on 

these results, it can be suggested that the aggressive fractal texturing in combination with the heat 

treatment can lead to a significant improvement of figure of merit of a solar selective coating. 

 

To summarize, this study focuses on understanding the impact of multiscale fractal texturing 

and heat treatment on optical properties of a solar selective coating. Performance of the coatings 

was compared based on solar absorptivity, thermal emissivity and figure of merit. As described by 

Ambrosini, et al.42, figure of merit is based on the idea that improving solar absorptivity of coating 

is more beneficial for coating efficiency than reducing emissivity. This study provides a proof of 

concept that highly fractal, multiscale coatings fabricated via electrodeposition can significantly 

improve the light trapping within the coatings, leading to improved solar absorptivity and figure 

of merit. For considered copper based coatings, significant improvement of figure of merit due to 

aggressive fractal texturing and heat treatment is observed. Maximum figure of merit value of 

nearly 42, for copper based coating deposited at 1.1 V and heat treated at 260° C for 1 hour in air 

is estimated. Measured thermal radiative properties for Pyromark Series 2500 are α
solar

 = 0.964, 

ε
80°C 

= 0.862, and ε
2400nm

 = 0.960, which equates to a FOM of 53.3.42 Chalhoub, et al. fabricated 
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cobalt oxide based solar selective coatings through chemical vapor deposition and demonstrated 

high absorptivity of coatings in the range of 250-1200 nm wavelength and coating fractal 

dimensions of 1.3-1.4.109 This study indicates that significantly more fractal coatings can be 

prepared through scalable process such as electrodeposition and further improvement in solar 

absorptivity and figure of merit can be achieved. Presented results would inspire the application 

of similar inherent aggressive fractal solar selective coatings based on cobalt, cermets etc., which 

would be able to sustain the solar selectivity and figure of merit at operating temperatures in the 

range of 800-1000° C and will be considered in future studies. Additionally, the present work 

would also inspire further studies aimed at the estimation of required fractal parameters of a 

coating for specific surface optical properties.  

 

6.3. Conclusions 

An electrodeposition based process was employed to generate solar selective coatings 

inherently on a copper substrate. Prepared coatings exhibited stable, multiscale fractal 

morphologies and were described by a scale independent fractal description based on Weierstrass-

Mandelbrot (W-M) function, where fractal parameters are uniquely determined by power spectrum 

of the surface. The effects of processing parameters on the coating fractal parameters and optical 

properties such as absorptance, emittance, and figure of merit were systematically studied and 

described. Furthermore, effects of heat treatment on optical properties were also quantified at 

various fractal levels and processing parameters. The coatings deposited at low overpotentials with 

fractal dimensions ranging from 1.5-1.65 did not demonstrate any significant variation in their 

optical properties. However, aggressive fractal texturing with fractal dimensions of nearly 1.8-1.9, 

for coatings deposited at high overpotentials beyond 0.9 V, showed significantly enhanced optical 

properties. The copper coatings with cauliflower-shaped multiscale fractal morphology, deposited 

at 1.1 V and heat treated at 260°C for 1 hour in air demonstrated the maximum figure of merit of 

41.75. This study suggests that the fractal, multiscale coatings fabricated via electrodeposition 

significantly improve the light trapping within the coatings, leading to improved solar absorptivity 

and FOM. 
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Chapter 7. Conclusions and Future Work 

This thesis described the generation and mathematical analysis of multiscale, randomly rough 

superhydrophobic and solar selective coatings through electrodeposition. Electrodeposition is one 

of the major technique to fabricate robust coatings in micro and nanoscale range. Deposition 

process, material and microstructure of coating are the primary factors affecting the functionality 

and durability of coatings. The thesis showed a representation of the multiscale coating 

morphology by a self-affine fractal model and description of wettability by use of this model. 

Furthermore, part of thesis work also described the electrodeposition based processes to generate 

robust superhydrophobic and solar selective coatings inherent on copper and zinc substrates. 

The first part of thesis work considered analysis of wettability on randomly rough surfaces that 

were shown to exhibit self-affine fractal characteristics. The surfaces were described by an asperity 

network fractal model based on Weierstrass-Mandelbrot (W-M) function, where fractal parameters 

are uniquely determined by power spectrum of the surface. A model for predicting the apparent 

contact angle was developed based on the different wetting regimes. Experimental measurements 

on various hydrophobic and superhydrophobic surfaces fabricated using several materials and 

processing conditions were used to demonstrate the accuracy of the model predictions. In all the 

cases, the predictions were shown to be well within 5% of experimental measurements for different 

materials and fabricating processes. The model is unique in that it uses no empirical tuning factors 

and is shown to be applicable across different materials and fabrication processes. By use of the 

model, the fractal parameters required to generate superhydrophobicity on a particular substrate 

can be derived for any material and coating process. This, in turn, can be used to design processing 

conditions to achieve the desired surface properties on various substrate materials. 

Next parts of thesis described the generation of superhydrophobic coatings inherent on copper 

and zinc substrates through electrodeposition. Copper and zinc based coatings exhibited stable, 

multiscale fractal, cauliflower shaped and branched-needle shaped morphology, respectively, 

which were further modified by an inexpensive stearic acid treatment to achieve 

superhydrophobicity. The effect of processing parameters on the morphology and wettability were 

described, and the coatings were shown to have a contact angles in the range of 156−164o and roll-

off angles of nearly 5o. Systematic studies were performed to evaluate the chemical composition, 

growth mechanism, mechanical abrasion stability, corrosion resistance, self-cleaning effect, air-
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exposure durability, under-water durability, and durability under flow conditions of the optimal 

superhydrophobic surfaces. Results for shear abrasion and falling sand abrasion tests were 

described based on frictional energy and sand impact energy per unit area, respectively. These 

representations combine the effects of the pertinent test parameters such as sandpaper grit size, 

abrasion distance, load, height of falling sand etc. and provide a unified way to compare the 

mechanical durability of superhydrophobic coatings measured under different conditions. 

The superhydrophobic copper and zinc coatings showed excellent non-wetting characteristics 

under dynamic conditions, durability, mechanical and underwater stability, corrosion resistance 

and self-cleaning effect. Since the superhydrophobic coatings are generated inherently on the 

substrate material, unlike current practice of using a coating material that differs from the substrate 

material, the durability and longevity of the coatings are dramatically improved. When submerged 

in static or flowing water, it was observed that beyond a certain time, the contact angle decreases 

and the roll-off angle increases, due to loss of entrapped air to the surrounding water. The rate of 

loss of entrapped air was observed to be higher for a sample submerged in flowing water. These 

low-cost, facile processes can be used to develop large scale, durable superhydrophobic coatings 

with controllable wettability for a range of practical applications. 

The last part of the thesis described the application of developed multiscale copper based 

coatings as solar selective coatings. Fractal parameters of coatings fabricated at a range of 

deposition potentials were correlated with their optical properties such as solar absorptivity, 

emissivity, and figure of merit. The coatings deposited at low overpotentials with fractal 

dimensions ranging from 1.5-1.65 did not demonstrate any significant variation in their optical 

properties. However, aggressive fractal texturing with fractal dimensions of nearly 1.8-1.9, for 

coatings deposited at high overpotentials beyond 0.9 V, showed significantly enhanced optical 

properties. The copper coatings with cauliflower-shaped multiscale fractal morphology, deposited 

at 1.1 V and heat treated at 260°C for 1 hour in air demonstrated the maximum figure of merit of 

41.75. This study suggests and serves as a proof of study that the fractal, multiscale coatings 

fabricated via electrodeposition significantly improve the light trapping within the coatings, 

leading to improved solar absorptivity and figure of merit. 

Future Work. The fractal description and model of surfaces presented in Chapter 3 can be 

extended to the estimation of dynamic behavior of droplet and contact angle hysteresis on such 
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surfaces, in a future study. The model can also be employed towards the wettability estimation of 

a deforming solid, following the work of Marchand, et al.67 Moreover, as suggested in the recent 

studies by Mitra, et al.68,69, surrounding viscous media may significantly affect the wetting 

behavior of any surface, governing equations as derived in the present study may be modified to 

accommodate such factors and will be considered as a future study. Moreover, excellent 

mechanical and immersion durability of the developed superhydrophobic coatings in Chapters 4,5 

inspire the extension of similar fabrication technique into the development of durable 

superhydrophobic coatings on other materials and can be considered in future studies. Presented 

results in Chapter 6 would inspire the application of similar inherent aggressive fractal solar 

selective coatings based on cobalt, cermets etc., which would be able to sustain the solar selectivity 

and figure of merit at operating temperatures in the range of 800-1000° C and may be considered 

in future studies 
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