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Superhydrophobic coatings attract significant attention regarding a variety of 

applications, such as in friction drag reduction, anti-contamination surfaces, and recently 

metals corrosion protection. Superhydrophobic surfaces are known to protect metals and 

their alloys from natural degradation by limiting water access and its surface interaction. 

Non-wetting properties of superhydrophobic surfaces are attributed to their low-surface 

energy, in combination with their surface microtexture. Several approaches based on 

tailoring a microtextured surface followed by surface modification with a low-surface-

energy material have been employed for developing non-wetting metallic surfaces. 

However, developing a durable superhydrophobic coating, in terms of mechanical 

abrasion, thermal and chemical stability, which could serve in harsh environments, is still 

an outstanding challenge. 



 iv 

In this research work two different approaches have been employed to create durable 

superhydrophobic aluminium alloy surfaces. In the first approach a practical and cost-

effective method, which is based on direct surface acid/base etching is used to promote 

desired rough microstructure on aluminium alloy. Then, a facile surface modification 

with chlorosilanes as a low-surface-energy compound is utilized to generate surface 

superhydrophobicity. The superhydrophobic aluminium alloy has a water contact angle 

of about 165 ± 2˚ and rolling angle of less than 3 ± 0.2˚. The developed 

superhydrophobic aluminium alloy surfaces shows remarkable thermal stability up to 375 

˚C for 20 min. 

In the second approach, a controlled hydrothermal deposition process is utilized to 

develop cerium oxide based coatings with well-defined microtextured surface on 

aluminium alloy substrates. The superhydrophobicity of the cerium oxide coatings is 

acquired by further treatment with trichloro(octyl)silane surface. The impacts of various 

hydrothermal processing conditions on surface microstructure of coatings, wettability, 

and ultimate corrosion protection have been also investigated. The fabricated cerium 

oxide based coating exhibit high level of water repellency with a water contact angle of 

about 170 ± 2˚ and rolling angle of about 2.4 ± 0.2˚. The superhydrophobic coatings 

show outstanding wear-resistance by maintaining their non-wetting properties after 

abrasion by #800 abrasive paper for 1.0 m under applied pressures up to 4 kPa pressure. 

The coatings also show remarkable chemical stability under acidic and alkaline condition 

and during immersion in corrosive 3.5 wt % NaCl solution for more than 2 days. They 

also provide excellent corrosion protection for T6-6061 aluminium alloy substrate by 

decreasing its corrosion rate for about three orders of magnitude. 
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Chapter 1  Introduction 

1.1 Research Motivation 

Industrial applications of materials such as ceramics, metals, and polymers highly 

depend on their long-term properties. Among different materials, metals and metal alloys 

are the most applied materials in a variety of industrial and manufacturing applications 

due to their numerous properties, including excellent electrical and thermal conductivity, 

high strength, machinability, unique mechanical properties, and accessibility. However, 

physical and mechanical properties of metals can easily be deteriorated in contact with 

their surrounding environment, due to their high surface reactivity and feeble surface 

characteristics.
1-2

 

Metals can be destroyed by abrasion and/or wear, which cause loss of material from the 

surface by mechanical mechanisms.
3
 Besides, chemical interactions between metal and 

their environment may accelerate the damage and gradually decay the metal, which is 

known as corrosion.
3
 Metals corrosion usually happens in the presence of moisture and 

anions.
2
 Therefore, limiting the surface reactivity and corrosion of the metals is of great 

importance for metals and their alloys’ industrial applications. The need for corrosion 

protection is crucial, not only due to safety issues, but also from an economical point of 

view.
1, 3

 

Cathodic protection,
4
 anodizing

5
 and developing protective coatings

6-9
 are some of the 

techniques, which have been studied to improve metals and metal alloys corrosion 

resistivity. Recently, developing corrosion protective coatings with special surface 

wettability attract tremendous attention for metals’ surface protection.
9-10

 Wettability of a 



 2 

surface is attributed to the ability of a surface to get, or not to get wet upon interaction 

with water.
11

 Non-wetting property of the surfaces is attributed to their low-surface-

energy and highly depends on their surface microtexture and morphology.
12-13

 

Considering that metal surfaces are very susceptible to corrosion in the presence of water, 

developing non-wetting (superhydrophobic) coatings protects the metals surface by 

limiting the water and metal surface interaction.
2, 14

 Meanwhile, various surface 

properties, such as self-cleaning, anti-contaminaton, and drop-wise condensation, are 

ascribed to superhydrophobic surface characteristics.
15

 

Chromate-based coatings had been conventionally utilized for more than decades for 

metals corrosion protection.
16-17

 However, high level of chromium components toxicity 

restricts the chromate-based coatings application in the corrosion industry.
18-19

 Among 

different chromate-free anti-corrosion coatings, cerium based oxides have been recently 

shown a promising improvement in metals and metal alloys corrosion protection (e.g. 

aluminium, magnesium, and stainless steel).
20-24

 The corrosion protection acquired by 

cerium based oxides can be further enhanced by introducing the superhydrophobicity to 

the coatings.
25

 This can be obtained by utilizing appropriate techniques to create 

microtextured cerium based coating, following with a surface modification with low-

surface-energy components.
26

 

The structures and features of the cerium oxide coatings’ surface layer, which is 

inevitable for developing superhydrophobic surfaces, is hardly controllable by 

conventional coating methods,
27

 such as  sputtering, dip coating, sol-gel, chemical vapor 

deposition, and electrochemical deposition.
8, 28-31

 Among different cerium oxide 

synthesising methods hydrothermal possessing is known as an effective template-free 
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technique for synthesizing cerium oxide nanoparticles.
32-33

 However, just a few studies 

have been reported on developing a microstructural cerium oxide coating layer, using 

hydrothermal process.
34-35

 

In this research work, a controlled hydrothermal deposition technique is employed to 

develop cerium oxide coatings with various surface microtextures. The 

superhydrophobicity of the coatings were rendered by further modifying the 

microtextured surface with trichloro(octyl)silane. Besides, a facile, practical, and cost-

effective method was developed to generate physically and thermally stable 

superhydrophobic aluminium surfaces. Microstructural surface features over aluminium 

substrates were developed by a simple chemical etching approach, follows by a surface 

modification with various chlorosilanes, which are far cheaper than typical perfluorinated 

modifiers.  In addition, chlorosilanes are readily available and their surface chemistry 

with OH groups is well documented. 

1.2 Dissertation Outline 

This dissertation includes the current introductory Chapter that provides the context 

and framework to link following Chapters in accordance to research and background 

information. A brief summary of literature review is presented in Chapter 2 in terms of 

wettability, cerium oxide and metals corrosion measurement. Chapters 3 and 4 are 

presented two papers, which have been accepted/submitted in peer-reviewed scientific 

journals. Each paper comprises its own abstract, introduction, materials and methods, 

results and discussion and conclusions. Finally, Chapter 5 summarizes the key 

developments and results, and suggests possible future considerations for this Ph.D 

research. The Chapters 3 and 4 are outlined as follows: 
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Chapter 3 presents a peer-reviewed published journal paper
26

 and describes a facile and 

cost-effective method to create thermally and physically stable and storable 

superhydrophobic aluminium alloy surfaces. Development of a microtextured surface 

with a simple acid/base chemical etching is explained. The effect of chlorosilanes with 

various carbon chain lengths on resultant hydrophobicity has also been investigated. 

Chapter 4 presents a peer-reviewed, submitted journal paper on the hydrothermal 

deposition of cerium based oxide coating layer with various surface microtextures. The 

impacts of different hydrothermal processing conditions on coating formation, 

morphology, and consequently wettability and corrosion resistivity are investigated. The 

mechanical abrasion resistance and chemical durability of the superhydrophobic coating 

are also evaluated. 

Finally, Chapter 5 summarizes the main contributions and also suggests possible future 

research. 

1.3 Research Contributions 

The main objective of this research is, first of all, developing a facile and cost-effective 

method to generate superhydrophobic aluminium alloy surfaces with thermal and 

physical stability. Then, a controlled hydrothermal process is utilized to develop a 

physically and chemically stable, and durable superhydrophobic cerium oxide coatings 

on multi-purpose 6061 aluminium alloy substrates for improving their corrosion 

protection. The 6061 aluminium alloy has been used for several applications such as 

aircraft structures, yacht constructions, automotive parts, aluminium cans, etc.
36-37

  The 

novel contributions of the current dissertation are summarized as follows: 
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1. Generating surface microstructurs on aluminium alloys using a direct 

surface etching: Direct utilizing hydrochloric and acetic acids as a facile and 

cheap technique to generate the desirable rough surface morphology on 

aluminium alloy substrates for developing superhydrophobic surfaces. 

2. Impact of different chlorosilanes on surface wettability: The impact of 

chlorosilanes as a low-surface-energy surface modifier, in terms of 

concentration and hydrocarbon chain length, and on resultant surface 

wettability of the aluminium surfaces is investigated. The thermal and physical 

stability of the superhydrophobic surfaces are evaluated. 

3. Controlled hydrothermal deposition of microtextured cerium oxide 

coatings: Cerium oxide coating with well-defined surface microtexture is 

developed on aluminium alloy substrates through a controlled hydrothermal 

deposition process. The impacts of various hydrothermal processing conditions, 

such as sample positioning, processing temperature, processing pressure and 

heating rate on resultant coating formation and morphology are investigated. 

4. The impacts of surface microtextures on surface wettability and corrosion 

protection: The effects of various cerium oxide coatings with different surface 

microtextures on acquired wettability and consequently corrosion protection of 

aluminium alloy substrates are investigated. 

5. Durability of the non-wetting coatings evaluation: The durability of the 

cerium oxide based superhydrophobic surfaces, in terms of mechanical wear-

resistance and chemical stability, is thoroughly evaluated.  

 



Chapter 2  Literature review 

2.1 Non-wetting surfaces, from nature to artificial 

2.1.1 Introduction 

Biomimetic surfaces, which are based on mimicking biological surfaces, have led to 

great developments in manufacturing artificial surfaces with special properties. Some of 

the natural surfaces such as water strider leg, shark skin, mosquito eye, and lotus leaf 

show unique and unusual interaction with their surrounding fluids, and particularly 

water.
38-41

 Among these special surfaces, Lotus leaf, Nelumbo nucifera, has been 

attracting tremendous attention due to its unique non-wetting and self-cleaning 

properties, which were described by Barthlott et al. in 1997.
4
 They revealed the 

interdependence of surface roughness, water repellency, and self-cleaning properties by 

characterizing the microscopic structure of Lotus leaf surface.
13

 A thin layer of waxy 

material with low-surface-energy/polarity, combined with geometrical microstructure of 

Lotus leaf, results in entrapment of air pockets on the surface, which is known as crucial 

reason for Lotus leaf extraordinary water repellency and self-cleaning.
4, 15

 

Recently, due to a variety of applications (e.g. corrosion inhibition improvement,
42

 

friction drag reduction,
43

 heat-transfer enhancement,
44

 anti-icing
45

 and self-cleaning
46-47

), 

superhydrophobic surfaces have gained tremendous attention. In the following sections, 

first, liquid/solid interaction theoretical models are presented, then the fundamentals and 

recent improvements in creating artificially designed superhydrophobic surfaces are 

briefly discussed. 
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2.1.2 Wettability (Theoretical Background) 

Wettability refers to the tendency of a fluid to adhere or spread over a surface, which is 

defined by liquid with solid surface contact angle. For a static liquid droplet, the angle 

between the tangent line of a liquid-vapor interface interacts with a solid surface is called 

the contact angle (θ) and used as a scale to quantify the wettability of a solid surface 

related to the liquid phase (Figure 2.1 (a) and (b)).
48-49

 On the other hand, any contact 

angle which is measured on a droplet with movement on the solid surface is considered 

as the dynamic contact angle. Different methods have been reported to study dynamic 

interaction of a liquid and solid surface such as rolling angle and contact angle hysteresis. 

For a droplet moving on a tilted surface, a metastable droplet is formed; the droplet 

advances on the downhill and recedes on the uphill side (Figure 2.1 (c)). The difference 

between advancing and receding contact angle is known as contact angle hysteresis 

(CAH), which is attributed to surface chemistry and topography characteristics. The 

lowest tilting angle in which a droplet can roll over the substrates, rolling angle (RA), is 

considered as a scale to measure liquid repellency of the surface. Small substrate tilting 

angle is sufficient for water droplet to roll over a surface with low CAH and/or RA.
50-51

 

 
Figure 2.1. Schematic of a droplet (a) on hydrophobic surface (contact angle θ > 90°), (b) on 

hydrophilic surface (contact angle θ < 90°), and (c) advancing (α) and residing contact angle (r) 

on tilting surface.  

In general, if θ ≥ 90°, the solid surface is said to “not-like” the fluid droplet. On the 

other hand, if θ ˂ 90°, the solid surface is said to “like” the fluid droplet. In case of using 
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water as liquid phase, the surfaces with water contact angle (WCA) less than 90° and 10° 

are called hydrophilic and super-hydrophilic, respectively. On the other hand, the term 

“hydrophobic surface” is used for water contact angle more than 90°. The surfaces with 

the WCA ≥ 150° and CAH ˂ 10° are called superhydrophobic, on which a water droplet 

forms an approximately perfect sphere on the surface and simply rolls off the surface.
11, 

15, 52-54
 

The contact angle of a liquid on an atomically smooth solid surface is calculated by the 

Young’s equation (Figure 2.2(a)): 

     
(       )

   
        (Eq. 2.1) 

Where, γsv, γsl, γlv are interfacial tensions of the solid-vapor, solid-liquid, and liquid-

vapor interfaces, respectively. However, Young’s equation cannot be applied for surfaces 

which are rough and chemically heterogeneous. The interaction of the liquids with solid 

surfaces is different in case of smooth and rough surfaces. Liquid/solid interaction, in 

case of rough surfaces, is described by the Wenzel and Cassie & Baxter models.
12, 55

  

Wenzel’s model is based on the assumption that the liquid penetrates into the rough 

grooves and the contact angle is calculated by the following equation (Figure 2.2(b)): 

      
 (       )

   
            (Eq. 2.2) 

Where,  w is the contact angle on the rough surface, θ is the Young’s contact angle on 

the atomically smooth surface which is made by same material, and r is the surface 

roughness factor which is equal to 1 for perfectly smooth surfaces and bigger than 1 for 

rough surfaces. The term “r” is defined as the ratio of the true area and geometric area.
56

 

According to Wenzel’s equation, the contact angle of the surfaces with θ > 90° increases 
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by increasing the surface roughness. On the other hand, for the surfaces with θ < 90°, the 

contact angle decreases by increasing the roughness.
47

 

Surface roughness is a component of surface texture, which is quantified by the 

deviation of a real surface from its ideally flat form. Among various roughness 

parameters, Ra is the most common parameter that have been used to quantify surface 

roughness. Ra is the arithmetic average of the absolute values of the height deviates from 

the mean value of a line. Sa is the extension of Ra to a surface.
57

  

In contrary to Wenzel’s model, the Cassie & Baxter’s model is based on the 

assumption that the liquid does not go into the rough surface cavities and the cavities are 

filled with vapor instead of liquid. Per the Cassie & Baxter model the apparent contact 

angle (θc) is measured by following equation (Figure 2.2(c)): 

                           (Eq. 2.3) 

Where, ƒ1 and ƒ2 are the surface fraction of Phase 1 and 2, respectively; θ1 and θ2 are 

the Young’s contact angle of phase 1 and 2, respectively. This equation is the general 

form of the Cassie & Baxter model which can be simplified for air as a vapor phase to the 

following equation: 

                      (Eq. 2.4) 

where, ƒ is solid fraction which is defined as the fraction of the solid surface that is 

wetted by the liquid.
12

 In the Cassie & Baxter state the small contact area between liquid 

droplet and rough surface results in easy droplet roll off on the surface. The solid/liquid 

interaction changes between the Wenzel and Cassie & Baxter states under different 

conditions such as droplet impact and press. Moreover, it has been reported that these two 

states coexist on nanopillared surfaces.
13, 58-59
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Figure 2.2. Schematic of interaction between a droplet and (a) a smooth substrate (Young’s 

model), (b) a rough substrate regarding Wenzel model, and (c) a rough substrate regarding Cassie 

& Baxter model.  

2.1.3 Developing Artificial Superhydrophobic surfaces 

A surface, which exhibits a static water contact angle (WCA) ≥ 150° and a water contact 

angle hysteresis (CAH) less than 10° is called superhydrophobic surface.
60

 Biomimetic, 

Lotus leaf inspired, designed surfaces have been employed for creating artificial 

superhydrophobic surfaces; which are achieved by creating air entrapping zones on 

surface microstructures.
58

 Surface energy and surface roughness are two key parameters 

that must be considered for creating superhydrophobic surfaces. For an atomically flat 

polytetrafluoroethylene (PTFE) surface, which is well-known for its low-surface-energy, 

the WCA cannot exceed 120°.
61

 Combined effects of low-surface-energy materials, 

surface morphology, and surface roughness yield to surfaces that exhibit WCA more than 

160° and CAH less than 5°. 

Generating durable metallic superhydrophobic surfaces is of great industrial and 

academical interest due to wide variety of applications in off-shore structures, marine 

applications, corrosion enhancement, etc.
10, 14, 53, 62

 Several strategies have been utilized 

to promote artificially superhydrophobic metallic surfaces, which are mostly based on 

two steps; first, tailoring surface roughness and topography, using direct surface 

treatment and/or applying rough coatings; followed by, surface modification by a low-

surface-energy material such as fluorinated compounds.
15, 47, 63
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Surface plasma treatment,
64-65

 laser ablation,
66

 anodizing,
67

 and chemical etching
68-69

 are 

some of the methods that have been used to manufacture directly the desired rough 

topography on flat surfaces. Additionally, several coating methods, e.g. electrochemical 

deposition,
70

 chemical vapor deposition,
71

 sputtering,
72

 layer-by-layer deposition,
73

 sol-

gel processing,
74-75

 and recently hydrothermal processing
34

 have been studied for 

developing an appropriate rough and microstructure designed base coating to enhance 

superhydrophobicity. 

Coating or surface modification of roughened and microfeatured surfaces with low-

surface-energy material is necessary to obtain superhydrophobic surfaces.
40, 76

 

Organosilanes, such as fluoroalkylsilane (FAS)
77

 and trimethylchlorosilane (TMCS),
78

 

and fatty acids including myristic acid,
9
 and stearic acid

60
 are the most utilized low-

surface-energy materials for surface modification. Silanes usually possess two major 

parts; an aliphatic carbon chain and a hydrolysable group for chemical anchoring to the 

surface. During the modification process the hydrolysable groups are hydrolyzed and 

condensed to oligomers. Subsequently, hydrogen bond form between OH groups on the 

substrate and oligomers. Eventually, covalent bonds are formed during a curing or drying 

process.
79-80

 

During the last decade several researches have been dedicated to develop 

superhydrophobic surface. Followings are some brief examples from literature: Aytug et 

al. magnetron-sputtered optically transparent silica thin film on the glass substrate and 

chemically etched the surface to develop appropriate surface roughness; finally, micro-

nano featured silica thin film, which was mechanically robust and hydrophilic, was 

modified by 1H,1H,2H,2H-perfluorooctyltrichlorosilane.
81

 Kang et al. electrodeposited 
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cluster-like cobalt layer on magnesium substrates, and consequently modified the rough 

surface by stearic acid for creating superhydrophobic and anti-corrosion coating layer.
14

 

Li et al. fabricated a biomimetic-structural lanthanum oxide/hydroxide on aluminium 

substrates by hydrothermal method and reduced the surface energy by 

odecafluoroheptyl-propyl-trimethoxylsilane modification.35 Finally, Ishizaki et al. 

used an immersion method to coat a rough cerium oxide layer on magnesium 

substrates. They modified the rough ceria coating by FAS and 

tetrakis(trimethylsiloxy) titanium (TTST) to develop superhydrophobic and anti-

corrosion layer which showed good adhesion to the magnesium substrate.82 

However, fabricating a superhydrophobic surface which is robust to harsh environments, 

in terms of mechanical wear-resistance and chemical stability, is still an outstanding 

challenge.
81, 83

 Abrasion is another important parameter affects the artificially 

microstructured superhydrophobic surfaces.
84

 It is important to note that, these properties 

are main aspect of great importance to determine the industrial applications of 

superhydrophobic surfaces.
84

 

2.2 Cerium Oxide 

2.2.1 Introduction 

Cerium(IV) oxide, also known as ceria and cerium dioxide, is the most common 

compound of cerium. Cerium with atomic number of 58 and electron configuration of 

[Xe] 4f
1
 5d

1
 6s

2
 is the most abundant rare earth element (0.0046 wt % of earth crust). 

Cerium(IV) oxide is a ceramic with a fluorite structure. Cerium(IV) oxide’s band gap and 

refractive index are 3.23 ± 0.05 eV and 2.33 ± 0.08 eV, respectively. Ceria is a pale-
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yellow ceramic with a melting point close to 2400 °C. Cerium(III) oxide with a 

hexagonal structure is another cerium compound that can occur in bulk cerium oxide at 

grain boundaries, oxygen vacancies, or produced by reduction of cerium(IV) oxide.
85-90  

2.2.2 CeO2 Applications 

Cerium-based oxides have been widely investigated for a variety of applications in UV 

absorbers,
91

 thermal barriers,
92

 drop-wise condensation for heat transfer improvements,
93

 

glass abrasive,
94

 photocatalysis,
95

 catalysis,
96

 and corrosion prevention coatings.
97

 Cerium 

oxide applications are mostly related to its oxygen storage capability, unique electronic 

structure, and crystal lattice structure.
98-100

  

Recently, cerium oxide coatings have shown great promise in anti-corrosion properties 

of metallic surfaces.
21-22, 28

 Chemical conversion coatings, which are attributed to 

chemical or electrochemical processing of metal’s surface to form a layer that contains 

the metal compounds, have been conventionally used for a long time to improve metallic 

surface characteristics, such as corrosion and wear resistance.
101

 Among different 

chemical conversion coatings, chromate conversion coatings have been broadly studied, 

due to its excellent corrosion protection of metallic substrates. However, during the last 

two decades, the use of chromium compounds in anti-corrosion coatings is being 

restricted due to their high toxicity.
18

 Consequently, different chromate-free conversion 

coatings have been studied as an alternative to chromate conversion coatings.
102

 

Breslin et al. used cerium conversion coating for improving magnesium and 

magnesium alloys corrosion resistance. Their results revealed that using cerium treatment 

led to a significant increase in corrosion resistance of magnesium in a buffer at pH 8.5.
23

 

Zuo et al. promoted a corrosion resistant cerium oxide based coating on aluminuim alloy 
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by brush plating. Their results reveal that severe pitting happened on the bare aluminium 

alloy surface after 24 h of salt spray testing; however, only a few pits were observed on 

cerium oxide coated surfaces after 500 h of salt spray testing.
7
 Seal et al. investigated the 

high temperature oxidation resistance of stainless steel coated by nanocrystalline ceria. 

They observed that the coated substrates showed 90 % improvement in oxidation 

resistance at 970 ˚C in dry air, compare to uncoated stainless steel.
103

 

2.2.3 CeO2 synthesizing and Coating methods   

Different coating methods have been employed for creating cerium oxide coatings 

which can broadly be divided to vapor phase deposition and liquid phase methods.
27

 

Magnetron sputtering,
104

 atomic layer deposition
105

 and electron beam evaporation
106

 are 

most studied vapor phase deposition methods. On the other hand, chemical conversion 

coating is the mostly used liquid phase method to create cerium-based coatings.
97

  Sol-

gel,
28

 and electro-deposition
29

 are some of other cerium-oxide liquid phase coating 

methods. The crystal growth and shape of the CeO2 particles are not easily controllable 

by mentioned coating methods.
27

 

Geometrical designing and morphology control of nanostructures has been of great 

interest for bottom-up fabrication.
107-108

 Various aqueous-based techniques including sol-

gel template process,
109

 precipitation,
110

 and surfactant-assisted/free 

hydrothermal/solvothermal
32, 107, 111

 process have been reported for preparing control 

design of ceria nanoparticles. Hydrothermal synthesis, which is based on material’s 

crystallization from high temperature aqueous solution at high vapor pressures, is known 

as one of the versatile methods for developing shape controlled nanoparticles.
107

 

Different types of cerium salts have been reported as CeO2 precursors in hydrothermal 
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process including cerium(III) nitrate, cerium(III) chloride, and cerium(IV) sulfate. The 

size and morphology of the resultant ceria particles is directly influenced by the type and 

concentration of cerium salt precursor. Using Ce
3+

 salts in an alkaline solution leads to 

formation of Ce(OH)3 rod-like nuclei and after drying and heat treatment cerium(III) 

hydroxide converts to CeO2 without any shape and morphology changes.
33, 112-113

 An 

oxidation step for transferring Ce
3+

 and Ce
4+

 is needed in case of cerium(III) salts 

precursor; while, shape and structure of synthesized ceria particles are more controllable 

using Ce
3+

 precursors.
107

  

Controlled hydrothermal synthesis of CeO2 nanostructures is drastically influenced by 

anions and the pH. CeO2 nanorods are only formed in acidic conditions, while presence 

of anions such as Cl
-
, Br

-
, I

-
, and PO4

3-
 are reported to promote ceria nanorods formation. 

111
 In contrast, alkaline conditions and NO3

-
 results in gradually conversion of ceria 

nanorods to nanocubes.
111

 For ceria hydrothermal coating over metallic substrates such as 

aluminium and steel, the substrates should located inside aqueous solution consisting 

cerium precursor and mineralizer. Considering the fact that metallic substrates are 

deteriorated in presence of aggressive anions (i.e. Cl
-
 ions) and in highly acidic 

environments, which can be intensified in high temperature processing conditions; 

choosing appropriate precursor, mineralizer, and processing temperature is in great 

importance. For instance, using cerium nitrate as cerium source and Na3PO4 as 

mineralizer in deionized water leads to form uniform ceria nanorods;
32

 however, a low 

pH value of the solution results in the metal surface deterioration. 
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2.2.4 CeO2 Wettability 

Metal oxides such as aluminium oxide are hydrophilic due to their metal cation unfilled 

outer shell electronic structure.
100

 During the last decade, different methods have been 

used for creating a superhydrophobic and anti-corrosion cerium-based coating on metallic 

surfaces. The utilized methods mostly consisted of creating a cerium-based coating 

followed by a surface modification process with low-surface-energy compound. Su et al. 

electro-deposited flower-like ceria on brass plates, followed by further surface 

modification with myristic acid as low-surface-energy component.
114

 Utilizing 

conversion coating method for coating aluminium substrate follow by stearic acid 

modification was reported by Jin Liang et al.
115

 Ishizaki et al. employed immersion in 

cerium nitrate method for coating magnesium substrates and used FAS 

(CF3(CF2)7CH2CH2Si(OCH3)3).
82

 

In 2013, Varanasi et al. hypothesized that a series of rare-earth oxide ceramics, consist 

of CeO2, Pr6O11, Nd2O3, Sm2O3, Eu2O3, Gd2O3, Tb7O12, Dy2O3, Ho2O3, Er2O3, Tm2O3, 

Yb2O3, and Lu2O3, are intrinsically hydrophobic.
100

 They attributed the hydrophobicity of 

rare-earth oxides (REOs) to their unique electronic structure. A rare-earth element atom, 

in this case cerium(IV), has an unfilled 4f orbital which is restricted to interaction with 

outer environment by the full octant of electrons in its 5s
2
p

6
 shell.

52, 100
 As a result, rare-

earth atoms do not have a tendency to interact with water and form hydrogen bonds. 

Consequently, hydrogen bonding just occurs at oxygen sites on the cerium oxide 

surface.
52, 100

 

However, not only is the underlying mechanism of REOs hydrophobicity still under 

debate, but also the reported water contact angles for the REOs, and particularly ceria, are 
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not consistent.
93, 116

 This can be attributed to delicate relation between the CeO2 surface 

layer chemistry and its interaction with water molecules. It has been reported that various 

parameters, such as surface hydrocarbons adsorption and oxygen to metal ratio, which 

can alter the cerium oxide surface chemistry results in its hydrophobicity degradation.
93, 

104
 In other words, the cerium oxide coatings’ surface characteristics, and consequently 

their surface wettability, can easily be altered by exposure to various environments. 

Therefore, cerium oxide surface assembly with a low-surface-energy material is an 

inevitable step for developing durable non-wetting surfaces to serve in harsh 

environment. 

2.3 Corrosion and Corrosion measurement 

2.3.1 Introduction 

Corrosion is defined as chemical degradation of materials such as metals, polymers, 

and ceramics in contact with their environment.
1
 Among these, metals, as the most 

utilized materials in industry, are drastically vulnerable to naturally oxidise to their more 

stable components such as oxides and/or hydroxides.
2
 Consequently, utilized metal in 

different industrial applications, including off-shore and marine, are severely affected by 

their feeble corrosion behavior in wet environments. The cost of corrosion and corrosion 

protection is estimated to be more than several billion Euros for even a small country 

such as Switzerland.
2
 For instance, it has been reported that corrosion destroys 

approximately one quarter of the world’s steel production. Therefore, promoting 

corrosion resistance of the metals by different methods such as fabrication anti-corrosion 

coatings have been in great importance for their industrial applications.
1-2
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Most metals are not thermodynamically stable under moist conditions and gradually 

corrode in contact to their surrounding environments containing water, or even moisture. 

Special conditions, such as high oxygen concentration or presence of some species such 

as chlorides, can intensify the deterioration of the metals.
2
 Corrosion gradually weakens 

and eventually destroys the metals and metal alloys structures.
2
 It occurs on exposed 

metallic surfaces; therefore, different techniques have been used to reduce the activity of 

the exposed surface such as developing a coating layer to protect the exposed surface.
117

 

2.3.2 Basics of metal corrosion electrochemistry 

Corrosion of metals can be described via irreversible oxidation-reduction (redox) 

electrochemical reactions at interfaces of metal and electrolyte solution. Therefore, 

electrochemical methods have been used to study and measure metal corrosion for many 

years. Electrochemical reactions occur at metal-solution interfaces, while a metal surface 

is immersed in a given solution. The electrochemical metal’s corrosion measurement 

methods are based on two hypotheses: i) electrochemical reaction can be divided into two 

or more partial oxidation and reduction reactions in which the metals are oxidized at 

anodic site and release metal ions into solution (metal corrosion). ii) There is no net 

electric charge during an electrochemical reaction, which is a restatement of conservation 

of charge law.
5
  

For better understanding of electrochemical corrosion reactions, a simple system in 

which a metal (M) corrodes in an acidic solution in the absence of oxygen is described, 

and is schematically presented in Figure 2.3(a). Oxidation reaction occurs at an anodic 

site, where a metal surface (M) is oxidized into its ionic species (M
n+

) and released into 

solution; meanwhile, n electrons (oxidized state of metal) release in the metal bulk for 
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each atom of M (Figure 2.3(a), eq. I). Besides, at a cathodic site, in order to maintain 

electron neutrality in acidic solutions, hydrogen ions obtain electron, which are released 

from metal atoms to form gaseous hydrogen (H2) (Figure 2.3(a), eq. II).
2, 5, 118

 

The redox reactions on a specific metal surface promote an electrochemical potential 

(EMS) at metal/solution interface, which is attributed to specific electrochemical metal 

and its surface properties. The metal corrosion potential is usually measured with respect 

to a reference electrode, since all voltage measuring apparatuses measure a potential 

difference. The electrochemical potential difference between a metal and reference 

electrode (Eref) is known as corrosion potential (Ecorr). Ecorr is the potential at which the 

rate of oxidation at anode is equal to the rate of hydrogen reduction at cathode (Figure 

2.3(b)). Standard hydrogen electrode (SHE), Silver Chloride, and Saturated Calomel 

Electrode (SCE) are some of commonly used reference electrode in potential 

measurement.
2
 The results acquired using each reference electrode can easily be 

converted to the other ones (Figure 2.3(b)). 
2, 5, 118
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Figure 2.3. (a) A schematic of metal corrosion in acidic solution. (b) A schematic of a system, 

which the potential difference between a metal and a reference electrode is measured. 

 

The corrosion potential (Ecorr) is the result of a natural reaction between the metal and 

the solution. However, the potential can be imposed from an external device, which 

disturbs the electron balance that normally happens at Ecorr. An electrode is known to be 

polarized, when imposing to a potential other than corrosion potential. Anodic and 

cathodic potentials (with respect to metal’s Ecorr) will speed up the oxidation and 

reduction reactions, respectively. Applying anodic potentials increases the oxidation 

reaction, which leads to an increase in anodic current (ia). On the other hand, applying 

cathodic potentials accelerate the reduction reaction, which results in an increase in 

cathodic current (ic). Anodic and cathodic currents are equal but flow in opposite 

directions at metal’s Ecorr. 
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The value of current flow at corrosion potential, which is measured by electrochemical 

instrument, is zero; since itotal is equal to summation of ic and ia at Ecorr.
2, 5, 118

 Therefore, 

the corrosion current cannot be measured directly due to instrumental limitation. 

However, the values of ic or ia, known as corrosion current (icorr), can be determined by 

controlled polarizing and measuring the resulting current of metallic species.
2, 5, 118

 

2.3.3 Corrosion rate measurement through Tafel extrapolation 

Figure 2.4 represents a schematic of a typical electrochemical cell which is used for 

corrosion measurements. External potential applies between the reference electrode and 

metal specimen (also known as working electrode); while, the counter electrode is 

utilized to measure the current flowing at metal specimen during the test. It is important 

to stress that the current flow, which is measured at counter electrode, is the total current 

(itotal).
118-119
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Figure 2.4. A schematic of a three-electrode potentiodynamic electrochemical corrosion testing 

system. 

 

Corrosion rate can directly be calculated by following equation:
119

  

               (   )  
           (    )

   
     (Eq. 2.5) 

Where, 

MPY = milli-inches per year 

E.W. (Electrochemical equivalent weight (gr)) = 
             

                                
  

A = area of exposed surface (cm
2
) 

d = density of substrate material (g/cm
3
) 

Solution of this equation depends on finding the corrosion current value. 

Potentiodynamic electrochemical methods, and particularly Tafel extrapolation, which 

have been evaluated both theoretically and empirically, have been widely used for 

corrosion current measurement.
119

 A typical Tafel plot is comprised of  cathodic and 

anodic Tafel plots, which are generated by scanning to -250 mV vs. Ecorr (cathodic Tafel 

plot) and +250 mV vs. Ecorr (anodic Tafel plot). The anodic and cathodic Tafel plot can 

be determined by anodic (Eq. 2.6) and cathodic (Eq. 2.7) Tafel equation as follow: 

                    (Eq. 2.6) 

                    (Eq. 2.7) 

Where,   ,   , and    are attributed to anodic over potential, Tafel slope, and current, 

respectively;   ,   , and    are ascribed to cathodic over potential, Tafel slope, and 

current, respectively; and C is a constant. 
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 Tafel corrosion measurement technique consists of applying potentials and scanning 

resulting currents. Figure 2.5 shows a schematic of a typical Tafel plot. In the corrosion 

measurement systems, which are based on Tafel extrapolation, the applied potential is 

plotted vs. logarithm of current. According to the Tafel equation the logarithm of the 

current varies linearly with the potentials in ranges between -50 mV and -250 mV vs. 

Ecorr for cathodic and +50 mV and +250 mV vs. Ecorr for anodic Tafel plot, respectively.
1
 

Corrosion current can be calculated directly from Tafel plot by finding the intersection of 

anodic and cathodic Tafel current extrapolation. The two fitted lines intersect at Ecorr, and 

consequently the corrosion current can be calculated.
2, 118-119
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Figure 2.5. Schematic of a typical Tafel plot in which Ecorr and Icorr correspond to corrosion 

potential and corrosion current, respectively. 
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Chapter 3  A Cost-effective Method to Create 

Physically and Thermally Stable and Storable Super-

hydrophobic Aluminium Alloy Surfaces 

This paper was published in Journal of Surface and Coating Technology.
26

 

Ahmad Esmaeilirad, Maxym V. Rukosuyev, Martin B.G. Jun, and Frank C. J. M. van 

Veggel. “A Cost-effective Method to Create Physically and Thermally Stable and 

Storable Super-hydrophobic Aluminium Alloy Surfaces.” Journal of Surface and Coating 

Technology 285 (2016): 227-234. [https://doi.org/10.1016/j.surfcoat.2015.11.023]. The 

paper is presented with some minor editorial revisions. 

3.1 Abstract 

 Physical and thermal stability of super-hydrophobic surfaces are some of the most 

significant issues for applying them in industry. A facile and cost-effective method has 

been developed to create thermally and physically stable and storable super-hydrophobic 

aluminium alloy surfaces. Chemical etching by sodium hydroxide and a solution of acetic 

acid and hydrochloric acid were used to create micro-nano structures over the surface and 

subsequently trichloro(octadecyl)silane (TCODS), trichlorododecylsilane (TCDS), and 

trichloro(octyl)silane (TCOS) were used to modify these roughened surfaces. The effects 

of different etching processes, different type of chlorosilanes, and the amount of 

modifiers on the resultant aluminium alloy surfaces hydrophobicity were also 

investigated. The resulting surface morphologies, compositions, roughness, and water 

contact angle were investigated by scanning electron microscopy, energy dispersive X-

https://doi.org/10.1016/j.surfcoat.2015.11.023
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ray spectroscopy (EDX), 3D surface profilometer, and water contact angle (WCA) meter, 

respectively. Photron APX-RS high speed camera was used for imaging contact angle 

hysteresis (CAH) and dynamic droplet/surface interaction. The WCA and water contact 

angle hysteresis (CAH) of the aluminium alloy surfaces modified by TCODS reached to 

165 ± 2° and less than 3°, respectively; and it remained super-hydrophobic after 100 

hours immersing in water, 30 min ultra-sonication, stored for more than 30 days under 

ambient condition, and heated to 375 °C for 20 min.   

3.2 Introduction 

The concept of super-hydrophobicity is borrowed from the reputed Lotus leaf effect 

described by Barthlott et al. in 1997.
120

 In order to achieve super-hydrophobic surfaces 

which exhibit high water contact angle (WCA) with values over 150° and a small 

hysteresis contact angle (HCA) of less than 10°, a low-surface energy coating over a 

micro-nano structured surface is required. For atomically flat surfaces, materials with 

low-surface-energy exhibit WCA of around 120° at best. For roughened surfaces, 

however, WCA can exceed 160° due to a combined effect of low-surface-energy, air 

entrapment, and other contributing factors such as surface morphology.
46, 121-124

 During 

the last decade, super-hydrophobic surfaces have attracted enormous attention in 

fundamental research as well as industrial aspects due to a variety of applications in anti-

corrosion, self-cleaning, biomedical applications, anti-icing, friction drag reduction, anti-

bio fouling paints, etc.
43, 45, 53-54, 69, 125-129

 Considering the fact that aluminium alloys are 

the most widely used non-ferrous materials in industry, producing super-hydrophobic 

surfaces based on aluminium alloys has attracted a lot of attention during recent years.
9, 60
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Superb heat and electrical conductivity, low weight, and high strength are some of 

aluminium alloys’ properties which have caused wide usage of them in marine structures, 

building construction, airplanes, etc.
130-131

 Many methods have been used for generating 

super-hydrophobic aluminium surfaces which are mostly a combination of roughening 

and treating the surface with low-surface-energy materials. Layer by layer deposition,
73

 

chemical deposition,
70, 131-132

 plasma surface treatment,
64

 anodizing,
9, 130, 133

 

electrospinning,
72

 sputtering,
67

 and etching aluminium surfaces following by surface 

modification with low surface-energy materials,
60, 68, 134

 are some of the approaches for 

creating a super-hydrophobic aluminium surfaces.
15

 

Organosilanes such as methylsilanes, linear alkyl-silanes, aromatic-silanes, 

perfluorinated alkyl-silane are the most widely used materials for super-hydrophobic 

surface modification. Most of the silanes possess three major parts; an organo-functional 

group, a linker, and hydrolysable groups for chemical anchoring to the surface. During 

the modification process the hydrolysable groups are hydrolyzed and condensed to 

oligomers. Subsequently, hydrogen bond form between OH groups on the substrate and 

oligomers. Eventually, covalent bonds are formed during a curing or drying process.
135

 

The presence of aliphatic hydrocarbon substituent or fluorinated hydrocarbon substituent 

enables a surface to show hydrophobic properties. The linker length possesses an 

important role in the hydrophobicity of a surface by affecting reactivity restrictions and 

physical properties. Use of long chain silanes often leads to Self-Assembled Monolayers 

(SAMs).
15, 68-69, 79, 136-137

 

The stability, durability, and storing properties of the super-hydrophobic surfaces are 

three main aspects of great importance that determine their possible applications in 
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industry. There are several articles about these properties of super-hydrophobic surfaces 

in literature,
14, 78, 81, 83, 100, 138-139

 but just a few studies focus on super-hydrophobic 

aluminium surfaces stability properties.
25, 84, 140-141

 

In this paper, we described a facile, practical, and cost-effective method for creating 

physically and thermally stable and storable super-hydrophobic aluminium surface which 

is favorable for many industrial applications. Comparing to most commonly used 

anodizing process, our direct use of hydrochloric and acetic acids is more facile and 

much cheaper for creating the desirable rough surface morphology. Additionally, 

chlorosilane modifying agents that were used in this work to create super-hydrophobic 

surfaces are far cheaper than perfluoropolymers and other typical modifiers.  By using the 

above simple and cost-effective method super-hydrophobic aluminium surfaces with 

water contact angle of 165 ± 2° and contact angle hysteresis less than 3° were obtained 

which were as good as most other super-hydrophobic aluminium surfaces described in 

literature that mostly used more expensive methods and modifiers. The resultant super-

hydrophobic aluminium surfaces showed short-term stability under water and storability 

for more than six months without remarkable changes which show their potential long-

term stability, and storability. The super-hydrophobic aluminium surfaces were also 

thermally stable until 375 °C. 

3.3 Experimental Section 

3.3.1 Materials 

Sheet of cast aluminium alloy (AA 6061) was the main material for making Aluminium 

alloy substrates. Hexane (ACS reagent ≥ 99 %), trichloro(octadecyl)silane (TCODS) (≥ 



 28 

90 %) , trichlorododecylsilane (TCDS) (≥ 95.0 %), and trichloro(octyl)silane (TCOS) (≥ 

97 %) were purchased from Sigma Aldrich, Sodium Hydroxide, and Hydrochloric Acid 

ACS reagent (37 %) from Anachemia, and Acetic Acid ACS grade(≥ 99 %)  from VWR. 

The deionized water (D. I. water) used was of purity of > 18 MΩ. 

3.3.2 Aluminium Surfaces Roughening and Surface Modification Procedure 

The aluminium alloy substrates (1 × 1 × 0.06 in
3
) were mechanically roughened by 

abrasive papers #600 and #1500, respectively until a homogeneous surface with surface 

micro roughness (RRMS) equal to 0.5 ± 0.1 μm was obtained. The roughened aluminium 

alloy surfaces were ultra-sonically cleaned by acetone and D.I. water and dried for 10 

min in 110 °C. The clean aluminium alloy sheets were then treated by 1 M NaOH for 10 

min and ultra-sonically cleaned by D.I. water and dried for 10 min in 110 °C. 

Subsequently, they were immersed in a mixture of D.I. water, hydrochloric acid, and 

acetic acids at volume ratio of     :     :         = 20 : 8 : 1 for different times at 

room temperature and rapidly washed and ultra-sonically cleaned by D.I. water and dried 

at 110 °C for 10 min.  

The roughened and chemically etched aluminium alloy substrates were modified by 2 

mL to 6 mL of TCODS, TCDS, and TCOS as shown in Table 3.1. Surface modification 

was carried out by simply immersing aluminium surfaces in the solution of chlorosilane 

and 50 mL hexane for 2 hours and rinsing by hexane. The resultant samples then heat 

treated at 200 °C for 60 min for increasing their stability.  

For testing the storability of the hydrophobic properties of the modified aluminium 

alloy surfaces, WCA was measured after 10, 20, 30, and 180 days storing the modified 

aluminium alloy surfaces at room temperature. 
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Table 3.1. The roughening process, surface modifier, amount of modifier, roughness, WCA, and 

CAH of the specimens. 

specimen Roughening NaOH
a
 

Acid
b 

(min) 

Surface 

Modifier 

Modifier 

amount 

(mL) 

Roughness 

(µm) 

WCA
c
 

(˚) 

CAH
d
 

(˚) 

S00 N/A N/A N/A N/A N/A 0.5 ± 0.1 60 ±1 > 10 

S01 × × N/A TCODS 3 0.9 ± 0.1 133 ± 2 > 10 

S02 × × N/A TCODS 6 0.9 ± 0.1 138 ± 3 > 10 

S03 × × N/A TCDS 3 0.9 ± 0.1 130 ± 2 > 10 

S04 × × N/A TCOS 3 0.9 ± 0.1 125 ± 2 > 10 

S51 N/A × 5 TCODS 3 3.3 ± 0.1 154 ± 2 < 6 

S52 × × 5 TCODS 3 3.5 ± 0.1 158 ± 2 < 5 

S53 × × 5 TCODS 6 3.6 ± 0.1 161 ± 2 < 4 

S71 × × 7 TCODS 3 5.4 ± 0.1 165 ± 2 < 3 

S72 × N/A 7 TCDS 3 3.1 ± 0.1 160 ± 3 < 5 

S73 × × 7 TCDS 3 4.9 ± 0.1 163 ± 3 < 4 

S74 × × 7 TCOS 3 4.6 ± 0.1 159 ± 2 < 5 

S75 × × 7 TCODS 2 5.3 ± 0.1 151 ± 5 < 6 

S75 × × 7 TCODS 4 5.3 ± 0.1 165 ± 2 < 3 

S76 × × 7 TCODS 5 5.4 ± 0.1 166 ± 2 < 3 

S77 × × 7 TCODS 6 5.1 ± 0.1 166 ± 2 < 3 

a) NaOH: 1 M NaOH treatment for 10 min 

b) Acid: acid solution volume ration is equal to (    :     :         = 20 : 8 : 1) 

c) WCA: Water Contact Angle 

d) CAH: Contact Angle Hysteresis 

 

Three different methods had been used to investigate the stability of the aluminium 

super-hydrophobic surfaces under water. First the WCA changes of an 8 µL water droplet 

were measured as a function of time that water droplet connecting to the surface 

continuously for 25 min. In the second method the S71 specimen was immersed in the D. 

I. water at depth of 10 cm up to 100 hours and the WCA was measured after drying the 

specimen for 2 hours in room temperature. In the third method the S71 specimen was 

putted in ultrasonic water bath for 5 to 70 min. 
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 For testing the thermal stability of the super-hydrophobic surfaces, WCA of the 

surfaces was measured after heating them to 100, 200, 300, 350, 400, 425 ˚C for 20 min. 

The samples were cooled down and rested in laboratory air for 2 hours before WCA 

measurements. 

3.3.3 Characterization 

Scanning electron microscopic (SEM) and Energy-dispersive X-ray spectroscopy 

(EDX) images and spectrums were taken on a Hitachi S-4800 field emission scanning 

electron microscope. The SEM acceleration voltage was set to 1.0 kV at working distance 

from 4.00 mm to 8.7 mm. In order to avoid surface charge during SEM, the surfaces were 

carbon coated for 6 times (~ 9 nm) before SEM imaging at a vacuum of 10
-4

 mbar, using 

208 CRESSINGTON carbon coater. Zeta 3D profilometer as used for measuring surfaces 

micro-roughness and taking surface 3D images. A Holmarc contact angle meter model 

HO-IAD-CAM-01B was used in order to evaluate water contact angle (WCA) and water 

contact angle hysteresis (CAH). Deionized 4 L volume water droplet was deposited on 

three different places over aluminium alloy substrates and the mean value of the 

measured water contact angles of the both side of the droplet with deviations were 

reported. The contact angle hysteresis (CAH) was measured by tilting the specimen stage 

and dropping a deionized 8 µL water droplet on the surfaces. The images of CAH and 

dynamic droplet/surface interaction were taken by Photron APX-RS high speed camera at 

rate of 1000 frames per second. Ultrasonic water bath (Bransonic 1510R-DTH) with 

frequency of 40 kHz and maximum draw power of 143 Watts was used to investigate the 

physical stability of the super-hydrophobic surfaces. 

http://www.hhtc.ca/microscopes/sem/s4800.htm
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3.4 Results and Discussion 

3.4.1 Roughening Procedure of Aluminium Alloy Surfaces 

The roughness, micro-structure, and typical topography wavelength of the surfaces 

play a significant role in developing small air trapping zones and eventually creating 

super-hydrophobic surfaces. The rough aluminium alloy surfaces with micro-roughness 

around 5.0 ± 0.5 µm and micro-size cavities were produced by 1 M NaOH treatment for 

10 min followed by 7 min acid solution etching (Table 3.1). 

The surface micro roughness (RRMS) of the aluminium alloy surface that was roughened 

by abrasive paper (0.5 ± 0.1 µm) was increased to 0.9 ± 0.1 µm by the 1 M NaOH 

treatment for 10 min (Figure S3.1). Sodium hydroxide reacts and dissolves the passive 

impermeable aluminium hydroxide and aluminium oxide layer over the aluminium 

substrates by producing [Al(OH)4]
-
 and aluminium hydroxide Al(OH)3 which go into 

solution and this creates cone-like micro-features over the surface of the aluminium.
142

 

2 Al + 6 H2O → 2 Al(OH)3 + 3 H2       (Eq. 3.1) 

Al(OH)3 + NaOH → Na
+
 + [Al(OH)4]

-  
     (Eq. 3.2) 

Al2O3 + 2 NaOH + 3 H2O → 2 Na+ + 2 [Al(OH)4]
- 
    (Eq. 3.3) 

A micro-feature rough structure with micrometer size cavities were developed over the 

1 M NaOH treated aluminium alloy surfaces (Figure 3.1) by 5 min acid solution etching 

(    :     :         = 20 : 8 : 1 ). Although acetic acid is aggressive to bare aluminium 

surfaces, it cannot dissolve aluminium oxide layer.
142

 Therefore, a solution of acetic acid 

and hydrochloric acid was used for etching aluminium and producing a uniformly rough 

surface which was essential for making a surface super-hydrophobic Different 

concentrations and etching times of acetic acid and hydrochloric acid were used to 



 32 

prepare the appropriate surface morphology and roughness. Eventually, the volume ratio 

of     :    :        = 20 : 8 : 1 showed the best results for etching aluminium 

substrates. 

Al2O3 + 6 HCl → 2 AlCl3 + 6 H2O      (Eq. 3.4) 

2 Al + 6 HCl → 2 AlCl3 + 3 H2        (Eq. 3.5) 

2 Al + 6 CH3COOH → 2 Al(CH3COO)3 + 3 H2     (Eq. 3.6) 
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Figure 3.1. SEM images of  the aluminium alloy surfaces etched for (a) 5 min and (b) 7 min in 

acid solution with volume ratio of     :     :         = 20 : 8 : 1. The insets show a closer look 

of the etched aluminium alloy surfaces. 
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Subsequently, the surface roughness of the NaOH treated and 5 min acid solution 

etched surfaces was increased by extending the acid etching time for 2 more min. The 

SEM images of the 5 min and 7 min acid solution etched specimens are shown in Figure 

3.1(a) and (b), respectively. It can be observed from Figure 3.1(a) that a micro-porous 

surface with regular bulged structures that have appropriate zones for trapping the air had 

been created by 5 min acid solution etching. The micro-porous structures were regular 

and coherent over the surface. The 3D image of the 7 min acid etched aluminium surface 

and its cross section surface morphology are shown in Figure 3.2(a) and (b), respectively. 

It can be seen from Figure 3.2 that the acid solution etching had created lots of air 

trapping desirable micro-size holes and cavities with average width of 12 ± 5 µm. The 

surface morphology is fairly consistent all over the surface. Wettability of the 

superhydrophobic aluminum alloy surface was fairly constant all over the surface, which 

is attributed to uniformity of surface microtexture and roughness. It can be seen from 

Figure 3.1(b) that the micro-porous structure became finer by increasing acid solution 

etching time which provided better sites for trapping air. By increasing the etching time 

to more than 7 minutes the surface micro and brick-like structure were destroyed and 

numerous big holes of more than 5 µm in diameter were developed over surface that were 

not appropriate for trapping air (Figure S3.2(b)). In contrast, for acid etching time less 

than 5 min the surface structure was not uniform and appropriate for desirable surface 

structure (Figure S3.2(a)). 
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Figure 3.2. 3D image of the 7 min acid solution etched aluminium surface and (b) its cross 

section surface morphology. 

 

Based on the results are shown in Table 3.1, the roughening by abrasive paper effects 

on the roughness and subsequently WCA were investigated by comparing S51 and S52 

specimens. The comparison shows that roughening by abrasive paper enhanced the 

surface roughness about 0.2 µm, the WCA by 4°, and reduced the CAH by about 1° 
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which clearly shows that roughening the surface improves the hydrophobic properties of 

the final aluminium alloy surfaces. The effect of 1 M NaOH treatment on the ultimate 

roughness of the aluminium alloy surfaces was also investigated by comparing S72 and 

S73 specimens. It can be seen that a 10 min 1 M NaOH treatment increased the surface 

micro-roughness significantly from 3.1 ± 0.1 to 4.9 ± 0.1 µm and subsequently the WCA 

by 3°, and reduced the CAH by 1°. 

3.4.2 Super-hydrophobic characterization 

The effects of surface roughness, micro-structure, amount, and type of chlorosilane 

modifiers were investigated. The S71 specimen exhibited the best hydrophobicity 

properties with surface roughness of 5.4 µm, WCA of 165 ± 2°, and CAH less than 3°. 

Table 3.1 shows that the super-hydrophobic properties of the aluminium alloy surfaces 

were increased by using higher linker length chlorosilane modifier, increasing the amount 

of chlorosilane modifier, and the surface roughness.  

Figure 3.3(a) shows the EDX spectrum of the 7 min acid solution etched specimen and 

Figure 3.3(b) shows the EDX spectrum of S71 specimen which was etched for 7 min in 

acid solution and modified with chlorosilane. The peaks at 0.50 and 1.25 keV belong to 

chromium and magnesium, respectively, and are due to the fact that the AA 6061 

aluminium alloys contain chromium and magnesium. The silanization of the modified 

specimen was confirmed by appearance of silicon peak in the EDX spectrum. 
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Figure 3.3. The EDX spectrum of (a) 7 min acid solution etched and (b) 7 min acid solution 

etched and chlorosilane modified specimens (S71). 

 

In order to study the effect of different chlorosilane modifiers, the substrates with 

almost same surface roughness about 0.9 ± 0.1 µm were modified by different 

chlorosilanes. As shown in Table 3.1, the S01 specimen which was modified with 

TCODS (CH3(CH2)17SiCl3 with linker length equal to 18) showed WCA equal to 133 ± 

2°,the S03 specimen which was modified with TCDS (CH3(CH2)11SiCl3 with linker 

length equal to 12) showed WCA equal to 130 ± 2°, and the S04 specimen which was 

modified with TCOS (CH3(CH2)7SiCl3 with linker length equal to 8) showed WCA equal 

to 125 ± 2°. As far as all the S01, S03, and S04 specimens’ surface morphologies and 
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roughness were close together, the differences in their WCA gives us a reliable criterion 

for comparison of different chlorosilanes. Although it can be concluded that the 

specimens which were modified with the chlorosilanes that had higher linker length 

showed better hydrophobicity, none of the above specimens became super-hydrophobic; 

which shows that the aluminium alloy surfaces were not sufficiently roughened. The 

results confirm that the chlorosilane that has higher linker length produce better 

hydrophobic surfaces. The S71 specimen which is modified by TCODS that had linker 

length equal to 18 depicted the best super-hydrophobicity properties with WCA equal to 

165 ± 2° and CAH less than 3° (Figure S3.3). 

 Generally, the S7x specimens which were acid solution etched for 7 min exhibited 

higher WCA and lower CAH than S5x specimens which were acid solution etched for 5 

min. The effects of increasing in surface roughness by acid solution etching time in 

super-hydrophobicity properties was investigated by comparing S52 and S71 specimens. 

The only difference between preparing procedure of S52 and S71 specimens was the acid 

etching time, which increased the surface roughness of the specimen from 3.5 ± 0.1  µm 

(S52 specimen) to 5.4 ± 0.1  µm (S71 specimen) and the WCA from 158 ± 2° to 165 ± 

2°, respectively. 

The roughening effect on the roughness and the WCA was investigated by comparing 

S51 and S52 specimens. Comparing S51 and S52 specimens shows that roughening by 

abrasive paper enhanced the WCA from 154 ± 2° to 158 ± 2° and also reduced the CAH 

by about 1°. The results make clear that roughening the surface improve the hydrophobic 

properties of the final aluminium surfaces. The 1 M NaOH treatment effects on the 

roughness and subsequently WCA were also investigated by comparing S72 and S73 
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specimens. Comparing S72 and S73 specimens showed that 1 M NaOH treating 

enhanced the surface roughness for about 1.8 µm and the mean value of WCA for 

approximately 3° and reduced the CAH for about 1°, which represent an improvement in 

super-hydrophobic properties. Therefore, roughening, NaOH treatment, and acid etching 

not only increased the surface roughness, but also improved the final hydrophobicity 

properties on the resulting aluminium surfaces. 

In order to investigate the effect of modifier amount on final super-hydrophobicity 

properties of aluminium surfaces, different volume of TCODS was added to Hexane. 

Specimens S75, S71, S76, S77, and S78 were modified by adding 2, 3, 4, 5, and 6 mL 

TCODS to 50 mL hexane, respectively. It can be concluded from Table 3.1 that 

increasing the modifier amount would leads to increase in final hydrophobicity 

properties, but if the amount of modifier increases more than 3 mL the improvement in 

hydrophobicity is not noticeable (Figure S3.4). 

Figure 3.4 and Figure 3.5 show the dynamic droplet/surface interaction and the rolling 

droplet on the surface of S71 specimen which is tilted about 2.65° (CAH = 2.65°) on the 

surface of S71 specimen. In Figure 3.5 each consecutive image (a–f) was taken at 50 

milliseconds interval. 

 

Figure 3.4. Dynamic droplet/surface interaction on the surface of S71 specimen. Time between 

frames is about 25 milliseconds. 



 40 

 

Figure 3.5. The rolling droplet on the surface of S71 specimen which is tilted 2.65°. Each 

consecutive image (a–f) was taken at 50 milliseconds interval. 

3.4.3 The physical and thermal stability and storability of Super-hydrophobic 

aluminium surfaces 

The physical and thermal stability and storability are some of the most important 

factors in testing and applying the super-hydrophobic substrates in industry. It was 

observed that some super-hydrophobic surfaces lost their properties completely or 

showed great difference in their surface WCA by immersing in water. Furthermore, in 

some cases that super-hydrophobic properties applied on a surface by coating, the coating 

became loose and could be rubbed off easily. Moreover, hydrophobic surface with a long 

persistence is another important issue for making the super-hydrophobic surfaces 

storable. In this work instead of using a super-hydrophobic coating, the aluminium alloy 

surfaces were modified directly after acid etching, so a strong Al-O-Si bond formed 

between aluminium surface and silane which produced durable and long lasting super-

hydrophobic surfaces. 

One of the drawbacks for industrializing super-hydrophobic surfaces is their lack of 

physical stability. Conventional super-hydrophobic coatings lose their properties by 

immersing them in water for a short time due to their weak adhesion to surfaces.  

Furthermore, the water molecules penetrate into the surface cavities during the immersion 
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time and it might weaken or even ruined the hydrophobic properties of the surfaces. 

Therefore, stability of the super-hydrophobic surfaces not only attribute to the period that 

they do not get fully wetted, but also to the ability of the surfaces to refined their super-

hydrophobic properties after immersion in water. The stability of S71, S73, and S74 

specimens were tested by immersing them in water for 2 hours and also the long term 

stability of the S71 specimen was investigated after immersing in water for 100 hours. 

Despite the fact that all specimens showed a decrease of about 4˚ in WCA when they 

were immersed in water for 2 hours, comparing to the none-immersed specimens, all of 

them remained super-hydrophobic (Figure S3.5). The WCA were similar and almost 

constant at several points across the surface of all the specimens. Moreover, the S71 

specimen was immersed in the water after 100 hours. The WCA of S71 specimen that 

was immersed in water for 25, 50, 75, and 100 hours, were 158 ± 2°, 155 ± 2°, 152 ± 3°, 

and 150 ± 4°, respectively. The WCAs were measured after letting the surfaces dry at 

ambient air for 30 min. A large number of small and some bigger air bubbles formed over 

the S71 specimen’s surface when it initially immersed in water. It was observed that the 

smaller air bubbles left the surface during the first 24 hours of the surface immersion. 

However, a little number of the bigger air bubbles stuck to the surface even after 24 hours 

(Figure S3.6). It was observed that heat treatment after surface modification increases the 

hydrophobicity stability of the specimens. The specimens that were not heat treated lost 

their hydrophobicity after 2 hours of immersion in water.  

As far as super-hydrophobicity associates with surface roughness, water molecules 

penetrate through the cavities and could ruin the surface hydrophobicity by eliminating 

air trapping zones. In this case, an 8 µL droplet was used to see the change in WCA on 
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the surface of the S71, S73, and S74. The 8 µL droplet was placed on the mentioned 

specimens and the WCA was measured after 5, 10, 20, and 25 min. The droplet volume 

was decrease due to evaporation.  Evaporation occurred faster at the air/water interface, 

therefore the contact angle get smaller with passing of time. The results are shown Figure 

3.6. 

 

Figure 3.6. The WCA of 8 µL droplet on the surface of the S71, S73, and S74 after 5, 10, 20, and 

25 minutes. The size of the water droplets reduced successively due to evaporation. 

 

Besides, for investigating the quality of physical connection between the silane group 

and the aluminium substrate, The S71 specimen was placed in an ultrasonic water bath 

for 70 min. The S71 specimen remained super–hydrophobic after 30 min staying in 

ultrasonic water bath that shows its superb physical stability. The results are shown in 

Figure 3.7. 
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Figure 3.7. The WCA of S71 specimen putted in ultrasonic water bath for 5 to 70 minutes. 

 

Storability is another important issue for industrializing the super-hydrophobic 

surfaces. The surfaces should maintain their properties while they were stored for a long 

time. In order to investigate the storability of the super-hydrophobic surfaces, the WCA 

of the S71, S73, and S74 specimens were measured after 10, 20, and 30 days of storing in 

ambient air. The results are presented in Table 3.2. All of the specimens showed good 

stability during one month study as indicated by the fact that the WCA did not 

significantly change. Moreover, S71 specimen remained super-hydrophobic with WCA 

equal to 162 ± 2° even after 180 days. It can thus be concluded that the modified 

substrates with chlorosilanes exhibited remarkable under water durability, they remained 
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super-hydrophobic, and their WCA were also quite uniform with nearly the same WCAs 

across the entire specimens’ surface. 

Table 3.2. The average WCA of (a) S71, (b) S73, and (c) S74 specimens after 1, 10, 20, 30, and 

180 days of storing at ambient air. 

Specimen 
WCA on 

1
st
day (˚) 

WCA after 10 

days (˚) 
WCA after 20 

days (˚) 
WCA after 30 

days (˚) 
WCA after 180 

days (˚) 

S71 165 ± 2 164 ± 2 164 ± 2 163 ± 2 162 ± 2 

S73 163 ± 2 163 ± 2 162 ± 2 161 ± 2 _ 

S74 159 ± 2 160 ± 2 158 ± 2 157 ± 2 _ 

 

The last but not the least, thermal stability of the super-hydrophobic surfaces is another 

important issue in high temperature industries. To evaluate thermal stability of our super-

hydrophobic surfaces WCA of S71 specimen was investigated after its exposure to high 

temperature condition. The WCA of S71 specimen held at elevated temperatures under 

ambient condition is shown in Figure 3.8. The S71 specimen showed good thermal 

stability with WCA of > 150° up to 380 °C and WCA of > 120° up to 425 °C. The WCA 

began to decrease rapidly from 400 °C, which we attribute to the thermal decomposition 

of the modifiers (chlorosilane). 
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Figure 3.8. The WCA of S71 specimen held at different temperatures. The insets show the water 

droplets on the surfaces after heating at different temperatures for 20 minutes. 

3.5 Conclusions 

We have successfully created long-lasting, thermally stable and storable super-

hydrophobic aluminium alloy surfaces by a practical, easy, and inexpensive approach 

which was a combination of chemical etching followed by surface silanization. The final 

aluminium alloy surfaces showed outstanding super-hydrophobicity with a water contact 

angle of around 165 ± 2° and a contact angle hysteresis of less than 3°. The aluminium 

alloy surfaces preserved their super-hydrophobicity when heated up to 375 °C, putted in 

ultrasonic water bath for 30 min, after immersing in water for 100 hours, and storing for 

180 days. 
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3.6 Supporting Information 

 
Figure S3.1. SEM image of 1 M NaOH treated aluminium alloy surface for 10 minutes that 

creates cone-like structure over the aluminium surface. The inset shows a closer look of a 

typically treated aluminium alloy surface. 
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Figure S3.2. SEM images of  the aluminium alloy surfaces etched for (a) 3 min and (b) 9 min in 

acid solution with volume ratio of      :      :         = 20 : 8 : 1. 
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Figure S3.3. The WCA and CAH of (a) S71, (b) S73, and (c) S74 specimens. 

 

 
Figure S3.4. The WCA and CAH of (a) S76, (b) S77, and (c) S78 specimens. 

 

 
Figure S3.5. The WCA of (a) S71, (b) S73, and (c) S74 specimens after immersing in water for 2 

hours. 

 

 

Figure S3.6. Retention of air bubbles on the Super-hydrophobic aluminium alloy surface after 

immersion in D.I. water for (a) 5 minutes, (b) 24 hours, and (c) 48 hours. 
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3.8 Graphical abstract 

 

Figure 3.9. Graphical abstract of the article paper entitled “A Cost-effective Method to Create 

Physically and Thermally Stable and Storable Super-hydrophobic Aluminium Alloy Surfaces”. 
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4.1 Abstract 

Developing durable superhydrophobic coating with corrosion protection capability for 

aluminium alloys has been gaining more and more attention due to their various 

applications. A facile and highly controllable fabrication method, consisting of a 

hydrothermal deposition and further surface assembly of low-surface-energy compound, 

was employed to fabricate corrosion resistance superhydrophobic coatings. The water 

repellency of the coatings is obtained by cerium oxide hierarchically microtextured 

surface features accompanied by further surface treatment with trichloro(octyl)silane as a 

low-surface-energy compound. Both sample positioning and hydrothermal processing 

conditions were shown to play critical roles in resultant coating surface microstructural 

texture, hydrophobicity, and consequently corrosion protection performance. By 

controlling the hydrothermal coating processing conditions, a uniform microtextured 

coating was grown over T6-6061 aluminium alloy, which showed a water contact angle 
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of ca. 170 ± 2˚ and a rolling angle of ca. 2.4 ± 0.2˚ after surface modification. The 

fabricated superhydrophobic coating exhibited excellent wear resistance by maintaining 

its superhydrophobicity after abrasion against #800 SiC abrasive paper under pressures 

up to 3.92 kPa. The coatings also showed considerable chemical stability by preserving 

its superhydrophobicity in acidic and alkaline conditions over pH range of 2–13, as well 

as, 50 h immersion in corrosive 3.5 wt % NaCl aqueous solution. The corrosion 

resistance served by synergetic effects of protective cerium oxide layer and its 

superhydrophobicity on aluminium alloy was estimated by potentiodynamic polarization 

measurements. The results revealed that the superhydrophobic coating has excellent 

corrosion resistance by decreasing the corrosion rate of approximately three-orders of 

magnitude. It is believed that this method can be utilized to develop robust 

superhydrophobic corrosion protective coatings on various metallic substrates.  

4.2 Introduction 

Metals and their alloys, as the most applied materials in a variety of engineering and 

manufacturing applications, are not thermodynamically stable in presence of oxygen and 

under moist conditions, and gradually corrode to their more stable components, such as 

oxides and/or hydroxides.
 
Therefore, developing a suitable corrosion protection strategy 

is an inevitable step for extending metal and metal alloys’ life-time and practical 

applications.
1
 The cost of corrosion and corrosion protection is estimated to be more than 

several billion dollars even for small countries; hence, promoting a durable, low cost, and 

effective corrosion protective surface treatment is of great importance.
2
 

Several strategies, including cathodic protection,
143

 anodizing,
144

 and coating with anti-

corrosion
8
 and non-wetting materials,

82
 individually or in combination, have been 
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employed to preserve metal surfaces from natural degradation. Chemical conversion 

coatings, which were usually based on chromate ions, had been used for decades to 

improve corrosion resistivity of metal surfaces.
17

 However, using chromium compounds 

as corrosion inhibitors are being prohibited due to their high toxicity and carcinogenic 

nature.
145

 Among various ceramic and metal coatings, which have been employed to 

produce chromate free corrosion protection, rare earth based oxides and hydroxides have 

shown a promising improvement in controlling the metals and metals’ alloys corrosion by 

acting as cathodic inhibitors.
23

 With the exception of Ce and La, the other rare earth 

elements are not considered as commercial corrosion inhibitors due to their high cost.
97

 

Cerium and cerium based oxides are known to perform the best corrosion protection 

among rare earth elements (e.g. Sm, Nd, Pr, Y, and La) and show superior adhesion to 

metal surfaces.
97, 146

  

Cerium is the most abundant rare earth element (0.0046 wt % of earth crust) and 

cerium(IV) oxide, also known as ceria, is the most common compound of cerium.
147-148

 

Cerium and cerium based oxides have shown promising improvements in metals 

corrosion inhibition, including aluminium,
35

 stainless steel,
22

 magnesium,
82

 and 

copper.
149

 In addition to cerium oxide corrosion inhibition, it is recently reported that 

some of the rare earth oxides (REOs), including cerium oxide, are intrinsically 

hydrophobic, which can potentially improve corrosion protection acquired by them.
52, 100

 

The hydrophobicity of REOs is imputed to their unique electronic structure, which 

restrains hydrogen bonding with water molecules.
100, 150

 However, the reported CeO2 

water contact angles are not consistent,
93, 116

 which is attributed to delicate relation 

between the CeO2 surface layer chemistry and its interaction with water molecules.
151-152
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Cerium oxide becomes hydrophilic by any deviation in its interfacial atomic and 

electronic structure, such as presence of oxygen vacancies and surface hydration.
104, 116, 

153
 Hence, cerium oxide surface assembly with a low-surface-energy material is 

ineluctable for developing durable non-wetting surfaces to perform in harsh environment. 

Non-wetting surfaces with a static water contact angle greater than 150˚ and sliding 

angle less than 10˚ are called superhydrophobic.
4
 The concept of superhydrophobicity is 

embraced from natural non-wetting surfaces such as the Lotus leaf, Nelumbo nucifera, 

and is attributed to the hierarchically microtextured non-polar surfaces.
11, 61

 The surface 

microtexture is crucial for creating superhydrophobic surfaces by developing air trapping 

zone between its interfacial texture (Cassie-Baxter mode), resulting into a composite 

solid-air interface, and consequently enhancing hydrophobic properties of surfaces.
59, 70

 

Improving facial water repellency restrains water molecules interfacial interaction, and 

consequently improves metals corrosion resistivity.
42, 154

 Besides, superhydrophobic 

metal surfaces are attracted significant attention for a broad range of applications due to 

their remarkable friction drag reduction,
43

 anti-contamination,
4
 self-cleaning,

25
 and anti-

icing properties.
45

 However, the wettability of the superhydrophobic surfaces is 

susceptible to degradation in harsh environments.
84, 155

 Despite all progresses in 

fabricating durable superhydrophobic coatings, developing water-repellant surfaces, 

which are robust to mechanical wear and surface chemical degradation, is still the main 

concern for their practical applications.
26, 156

 

Various aqueous-based techniques, including sol-gel template processes,
109

 

precipitation,
110

 microemulsion,
157

 and surfactant-assisted/free hydrothermal process
32, 111

 

have been reported for ceria nanoparticles synthesis in different shapes. Geometrical 
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designing and morphology control of nanostructures have been of great interest for 

bottom-up fabrication.
107-108

 Among different cerium oxide synthesis processes, 

hydrothermal method is known as an effective template-free technique for shape-

controlled synthesis of cerium oxide nanoparticles.
35, 107

 Therefore, the hydrothermal 

coating process would be an appropriate method to construct microstructural surfaces, 

which is of significant importance for developing non-wetting metal surfaces.
58

 However, 

just a few studies have been conducted to grow well-defined textural coatings on metal 

substrates based on hydrothermal deposition.
34-35, 82

 

Hydrothermal process is based on materials crystallization from high temperature 

aqueous solution at high vapor pressures and is known as one of the versatile methods for 

fabricating shape controlled nanoparticles.
154, 158

 Different types of Ce
3+

 and Ce
4+

 salts 

have been utilized as CeO2 sources in hydrothermal process including cerium(III) nitrate, 

cerium(III) chloride, and cerium(IV) sulfate.
107

 The size and morphology of the resultant 

ceria particles are directly related to the type and concentration of cerium salt. It has been 

shown that shape and structure of ceria particles are more controllable using Ce
3+

 salts.
33, 

112
 Moreover, the presence of anions such as Cl

-
, Br

-
,
 
and I

-
 in acidic condition leads to 

rod-like CeO2 formation. In contrast, alkaline solutions and oxidizing anions, such as 

NO3
-
, result in gradually conversion of ceria nanorods to nanocubes.

111, 159
 In case of 

cerium(III) precursor, intermediate phases such as cerium hydroxide or cerium 

hydroxycarbonate are formed during the hydrothermal process. Therefore, an oxidation 

step is required to convert the Ce
3+

 intermediate phases to CeO2, which does not result in 

any change in shape of the particles.
107, 160

 The substrates should be placed inside an 

aqueous solution consisting of cerium salts and mineralizer for hydrothermal deposition 
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of ceria. However, metallic substrates deteriorate in the presence of aggressive anions 

(e.g. Cl
-
 ions) and in highly acidic environments, which delirious effect can be intensified 

by the high temperature hydrothermal processing conditions.
3
 

In the present work, a robust microtextured superhydrophobic cerium oxide coating is 

grown on T6-6061 multipurpose Aluminium Alloy (T6-6061 AA). A controlled 

hydrothermal process of highly concentrated Ce(NO3)3 and urea aqueous solution was 

employed for cerium hydroxycarbonate deposition, which was transformed to CeO2 by 

heat treatment, followed by modification with a self-assembled layer of 

trichloro(octyl)silane (TCOS) to generate superhydrophobic properties. To the best of our 

knowledge, it is the first systematically investigation on the hydrothermal processing 

conditions, such as sample locating, heating rate, and pressure effects on cerium oxide 

coatings surface microtexture, chemistry, and wettability on aluminium alloy surfaces. 

The formation mechanism of cerium hydroxycarbonate and its conversion to cerium 

oxide are also discussed. Moreover, the stability and durability of the superhydrophobic 

surfaces were investigated by exposure to various harsh environments such as abrasion 

and NaCl corrosive media. The corrosion protection performance of the samples was also 

approximated by potentiodynamic polarization measurement. 

4.3 Experimental Section 

 4.3.1 Materials and method 

The structural cerium based oxide coatings were grown on 0.062 inch thick, 1 inch by 

1 inch aluminium alloy (AA) substrates (mirror-like T6-6061 aluminium alloy, McMaster 

Carr), which were cut from larger sheets. The AA substrates were first ultrasonically 

degreased in anhydrous ethanol for 10 min and then in acetone for extra 10 min; and 
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finally rinsed with deionized water for several times (purity of > 18.2 MΩ). An ultrasonic 

water bath (Bransonic 3510R-MTH) with a frequency of 42 kHz and maximum draw 

power of 100 W was used for cleaning the T6-6061 AA substrates. The cleaned AA 

surfaces were dried in air at 100 ˚C for 15 min prior to hydrothermal deposition process. 

Microstructural cerium hydroxycarbonate coatings were hydrothermally deposited on 

6061 AA surface (Table 4.1). In general, 50 mL to 125 mL of a solution of 1 M cerium 

nitrate hexahydrate (Ce(NO3)3.6H2O 99 %, Sigma Aldrich) and 3 M Urea (CO(NH2)2) 98 

%, Sigma Aldrich) in deionized water, which were stirred for 30 min, were introduced to 

a 175 mL Teflon-lined stainless steel autoclave. The autoclave is equipped with a 

pressure gage and a K-type thermocouple measuring the autoclave pressure and the 

solution temperature, respectively. The cleaned aluminium alloy surfaces were 

horizontally placed at 2 cm from the bottom of the autoclave. As it is shown in Table 4.1, 

hydrothermal deposition process was carried out between 130 ˚C and 170 ˚C at 10 ˚C 

intervals by heating rate of 0.5, 1 and 2 ˚C/min, using a heating mantle (OF-36227-14 

Col-Parmer). The autoclave was immediately cooled down in a water bath, once the 

deposition was completed. The coated T6-6061 AA surfaces were thoroughly washed by 

deionized water and dried for 30 min at 100 ˚C. 

  



 57 

Table 4.1. Hydrothermal processing conditions utilized for S1 to S10 coating deposition. 

Hydrothermal 

condition 

Sample 

Name 

Solution 

Amount (mL) 

Processing 

Temperature(˚C) 

Heating 

rate (˚C/min) 

Final Processing 

Pressure (psi) 

# 1 S1 50 150 1 ~60 

# 2 S2 75 150 1 ~90 

# 3 S3 100 150 1 ~150 

# 4 S4 125 150 1 ~200 

# 5 S5 75 130 1 ~20 

# 6 S6 75 140 1 ~60 

# 7 S7 75 160 1 ~140 

# 8 S8 75 170 1 ~200 

# 9 S9 75 150 2 ~90 

# 10 S10 75 150 0.5 ~90 

 

Cerium hydroxycarbonate phase transformation to cerium oxide was carried out by 

heating up the coatings to 250 ˚C with heating rate of 1 ˚C/min under air flow and curing 

for 2 h using a programmable Lingburg Blue tube furnace. Subsequently, the heat-treated 

aluminium surfaces were immersed in a mixture of 18 mL hexane (C6H14 ACS reagent, ≥ 

98.5 %, Sigma Aldrich) and 2 mL trichloro(octyl)silane (TCOS) (CH3(CH2)7SiCl3 97 %, 

Sigma Aldrich) for 2 min and thoroughly washed with hexane to remove non-bonded 

silanes from the surface. Finally, the coated and modified T6-6061 AA substrates were 

cured at 100 ˚C for 2 h in air. 

 4.3.2 Characterization 

The surface morphology of the substrates was studied using a field emission scanning 

electron microscope (FE-SEM Hitachi S-4800). The surface 3D profile and roughness of 
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the coatings were characterized with a 3D non-contact optical profiler (Zeta Instruments, 

USA). The crystal phase analysis of the coatings was performed using a PANalytical 

Empyrean X-ray diffractometer with CuKα X-ray source (see Supporting Information). 

The X-ray diffractometer was equipped with a HTK 1200N oven, which was utilized for 

non-ambient crystal phase analysis in different temperatures. The surface chemical 

composition and chemistry of the samples were investigated using Omicron & Leybold 

MAX200 X-ray photo-electron spectrometer (XPS) and PerkinElmer attenuated total 

reflectance fourier transform infrared spectrometer (ATR-FTIR). The wettability of the 

surfaces was evaluated by water contact angle and rolling angle measurements (HO-IAD-

CAM-01B Holmarc, Germany) with an approximately 5 µL droplet under ambient 

temperature and pressure. The measurements repeated on at least five different places on 

the sample surface and the average with standard deviation is reported. The high speed 

videos and images of rolling angle and dynamic droplet/surface interaction were recorded 

by a Photron APX-RS FASTCAM at a rate of 1000 frames per second. 

The abrasion resistance of the superhydrophobic coatings was evaluated by a scratch 

test, in which the coated surface were faced to a #800 grit SiC abrasive paper and moved 

for varying distances under 0.98 kPa to 4.90 kPa applied pressure. The wettability of the 

coatings was evaluated as a function of droplet pH value ranging between 2 to 13 under 

ambient condition. The salt water stability of the non-wetting surfaces was studied upon 

immersing the samples into 3.5 % NaCl aqueous solution for 50 h. The stability of the 

superhydrophobic surfaces was rated by storing the substrates under ambient condition 

for more than three months and measuring their water contact angle (WCA) at 10 days 

intervals. 
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The electrochemical corrosion measurements were carried out in a custom-made three 

electrode cell, including a working electrode (WE), a counter electrode (CE), and a 

reference electrode (RE) at room temperature. 1 cm
2
 of the as-prepared samples as WE 

and 3 cm
2
 of a Graphite sheet as CE were exposed to 3.5 % NaCl solution as corrosive 

media. The distance between WE and CE was set to 10 cm (Figure S4.1). A homemade 

Ag/AgCl reference electrode was placed at 0.3 cm from the WE (Figure S4.2). The 

constant potential of the reference electrode was confirmed by comparing it with a 

standard hydrogen electrode prior to electrochemical measurements. All samples were 

exposed to the corrosive media for 1 h before potentiodynamic polarization. The 

potentials were scanned at rate of 0.3 mV·s
-1

 from -250 mV to 250 mV, with respect to 

open circuit potential of the samples, while the according currents were recorded. The 

corrosion current, corrosion potential, and corrosion rate (CR) were extracted from Tafel 

plot extrapolation. 

4.4 Results and Discussion 

Cerium hydroxycarbonate coating with orthorhombic crystal structure and well-defined 

microfeatured surface layer were grown on T6-6061 AA substrate through a 

hydrothermal process. Cubic cerium oxide was attained by a phase transformation from 

cerium hydroxycarbonate during the heat-treatment. Corrosion resistivity of the cerium 

based coatings was remarkably enhanced upon introducing the non-wetting properties of 

the coatings, which were rendered by TCOS surface treatment over artificial 

microfeatured cerium oxide coatings. 
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4.4.1 Chemical composition and surface chemistry 

In hydrothermal synthesis process, formation of CeOHCO3 nuclei starts from reaction 

between Ce
3+

 ions and the products of urea hydrolysis. Urea hydrolyses to    
 ,    , 

and     at temperatures above 60 ˚C as follows:
161

 

CO(NH2)2 + 3H2O  →  2   
  + 2    +        (Eq. 4.1) 

And consequently, the formation of cerium hydroxycarbonate can be summarized as 

follows:
162

 

   (   )     +      →     (  )(   )       +       (Eq. 4.2) 

   (  )(   )       +   
    →    (  )    + (   )     (Eq. 4.3) 

Figure 4.1a and Figure 4.1b show the surface XRD patterns of the bare T6-AA6061 

and a hydrothermally coated substrate (Sample S2). The sharp characteristic peaks shown 

in the spectrum reveal that the hydrothermally deposited coating consists of highly 

crystalline orthorhombic CeOHCO3 single phase. Presence of substrate Al characteristic 

peaks in XRD pattern can be attributed to high depth of X-ray penetration; while, there is 

no trace of Al on surface layer of the coating, which will be discussed later. Figure S4.3a 

shows that the XRD peaks of all the samples, which are in accordance with orthorhombic 

cerium hydroxycarbonate (JCPDS file No. 41-13).
163

 Figure 4.1c shows the resultant 

cerium oxide coating formed through CeOHCO3 heat-treatment at 250 ˚C under air flow, 

which can be summarized as follows:
164

 

   (  )    + 
 

 
    →        +      +        (Eq. 4.4) 

All the diffraction peaks present at Figure 4.1c and Figure S4.3b, excluding substrate 

Al peaks, are well assigned to cubic CeO2 with fluorite structure reported in JSPDS file 

No. 34-0394.
96

 Figure 4.1d shows the non-ambient XRD patterns of as grown cerium 
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hydroxycarbonate coatings through heating up to 400 ˚C (see Supporting Information 

Figure S4.4 for non-ambient XRD heating profile). The formation of CeO2 phase in 

coating initially appeared at around 180 ˚C and coexistence of CeO2 and CeOHCO3 

phases continued up to 200 ˚C. The fluorite cerium oxide was found as the only phase 

presents in the coating which heat treated up to 225 ˚C. No phase change was observed 

upon further increase in heating temperatures up to 400 ˚C. However, the characteristic 

peaks’ width contraction was observed by elevating processing temperature, which is 

attributed to increase in average crystallite size of the cerium oxide layer. 

Figure S4.5 shows the non-ambient X-ray diffraction pattern of the deposited powder 

associated with experiment #2. The result shows that like the deposited coating, the 

powder was composed of CeOHCO3 single phase, which is transformed to fluorite CeO2 

upon heat treatment. However, the phase transformation of the powder occurs at lower 

temperatures and single phase of CeO2 powder forms at 200 ˚C. 
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Figure 4.1.  XRD patterns of (a) bare T6-6061 AA, (b) cerium hydroxycarbonate coating 

synthesized through hydrothermal process (Sample S2), (c) cerium oxide coating formed through 

heat-treatment at 250 ˚C. (d) The non-ambient XRD characteristic peaks of as deposited 

hydrothermal coating took at different temperatures in rang of 100 ˚C to 400 ˚C. 

 

The surface chemistry of the coatings before and after modification with TCOS were 

investigated using attenuated total reflectance-Fourier transform infrared (ATR-FTIR) 

and X-ray photoelectron (XPS) spectroscopy. Infrared transmission spectrum of the as-

prepared CeO2 coating is shown in Figure 4.2a. The penetration depth of ATR-FTIR is 

typically between 0.5 µm to 2.0 µm.
165

 The broad peak at 3275 cm
-1

 is attributed to the 

O–H stretching vibrations.
166

 The peaks at 520 cm
-1 

and 841 cm
-1

 are produced by Ce–O 

stretching vibration.
166

 The weak peaks at 2652, 2850 and 2922 cm
-1

 correspond to C–H 

stretching vibrations, 
167

 which are assigned to the absorbed atmospheric hydrocarbons. 

The peaks at 1060, 1330, 1450 and 1630 cm
-1

 are assigned to overlapped C–H and O–H 
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bending vibrations and C–O stretching vibrations,
168

  which is attributed to surface 

adsorbed water molecules and carbonate. Figure 4.2b exhibits the FTIR spectrum of the 

(Figure 4.2) modified cerium oxide surface by TCOS. A broad band at 1000–1150 cm
-1

 

appears in the modified surface spectrum, is ascribed to the Si–O–Si stretching 

vibrations.
149

 Besides, the peaks at 2652, 2850 and 2922 cm
-1

 that are assigned to the C–

H stretching vibration of the –CH2 and –CH3 groups
167

 are remarkably more intense after 

surface modification due to TCOS aliphatic hydrocarbon chain. The results show that 

TCOS molecules have been successfully assembled on the cerium oxide coatings. 
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Figure 4.2. ATR-FTIR spectra of the CeO2 surface (a) before and (b) after TCOS surface 

treatment. 
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To further investigate the surface chemistry of the coatings, Figure 4.3 and Figure 4.4 

display the X-Ray Photoelectron (XPS) Spectra of the cerium oxide coatings before and 

after modification with TCOS. Figure 4.3(a) and Figure 4.3(b) show the survey spectra of 

the cerium oxide and modified cerium oxide coatings, respectively. Non-appearance of 

Al and its components in survey scans reveals the full coverage of the AA substrate by 

the coatings. From the survey spectra, the oxygen and carbon elements that are detected 

on as-prepared CeO2 coating (Figure 4.3(a)), are ascribed to the surface oxide film and 

atmospheric contaminations. The peaks of Si 2s, Si 2p, and Cl 2p are observed in the 

survey spectrum of TCOS modified surface, which is shown in Figure 4.3. The very tiny 

peak of chlorine can be attributed to the contaminated chlorides, while the initiate of Si 

element confirms the presence of TCOS molecules on the surface. Figure 4.3(c) and 

Figure 4.3(d) exhibit the high-resolution XPS spectra for cerium oxide coatings (Ce 3d) 

obtained before and after TCOS modification, respectively. The Ce 3d spectra were 

deconvoluted into the composed peaks and fitted for further investigations as its well 

discussed by Burroughs et al.
169

 and E. Paparazzo.
170

 The results deduced that the cerium 

based surface compounds of the coatings were consist of Ce
4+

, as dominant and Ce
3+

, as 

auxiliary surface phases. The X1, X2 and X3 peaks are attributed to the 3d5/2 compounds 

of Ce
4+

 states, and X4, X5 and X6 peaks are attributed to the 3d3/2 Ce
4+

 states, respectively; 

while, Y1 and Y2 peaks associated with 3d5/2 and 3d3/2 Ce
3+

, respectively.  Due to 

different oxidation states of transition metals, they results in formation of shake-up lines 

in higher binding energies, which can be minimized by considering both 3d5/2 and 3d3/2 in 

cerium quantitative analysis.
171

  It can be seen that the relative intensity of the surface 

Ce
4+

  to Ce
3+

 characteristic peaks were increased through surface modification. The 
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corresponding concentration of Ce
3+

 and Ce
4+

 were calculated using peak areas and the 

correlated intensities, through following equations: 

 (    )   (  )    (  )   (  )    (  )   (  )    (  ) (Eq. 4.5) 

 (    )   (  )    (  )       (Eq. 4.6) 

       
 (    )

 (    )  (    )
       (Eq. 4.7) 

       
 (    )

 (    )  (    )
       (Eq. 4.8) 

A(χ) is attributed to the peak area in accordance with its corresponding intensity, which 

is extracted from XPS spectra. The results show that the surface cerium compounds are 

consist of approximately 13 % Ce
3+

 and 87 % Ce
4+

 for bare cerium oxide coating, which 

are only slightly changed to 9 % Ce
3+

 and 91 % Ce
4+

 after TCOS surface treatment.  
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Figure 4.3. (a) and (b) display the surface XPS survey spectra of the cerium oxide coatings 
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before and after surface modification with TCOS, respectively; and high-resolution surface XPS 

spectra of Ce 3d of (c) bare CeO2 and (d) modified CeO2 surface. 

Figure 4.4a and Figure 4.4d contrast the O 1s high-resolution XPS spectra of the 

unmodified and modified cerium oxide coatings. The high-resolution O 1s spectrum of 

the bare coating can be fitted by 4 peaks at 529.6, 531.0, 531.5 and 532.2 eV, which can 

be correlated to the O–Ce
4+

, O–Ce
3+

 , O–C, and surface O–H bands.
172-173

 A peak 

centered at 532.9 eV is observed in modified cerium oxide coating XPS spectrum which 

is assigned to O–Si bands
168

 forms through TCOS hydrolysis process. C 1s high-

resolution XPS spectrums of the CeO2 and modified CeO2 surfaces is shown in Figure 

4.4b and Figure 4.4e, respectively. The peaks located at 285.0 eV and 289.0 eV in XPS 

spectrum of CeO2 sample are correlated to C–H bands of aliphatic hydrocarbon and C–O 

bands of carbonates, respectively;
167, 174

 which is attributed to atmospheric 

contaminations. A relative increase in C–H peak intensity was observed after surface 

modification that can be associated to TCOS hydrocarbon chain. The Si 2p high-

resolution XPS spectra of untreated and treated CeO2 coatings are exhibited in Figure 

4.4c and Figure 4.4f, respectively. The peak at 100.2 eV was observed on TCOS treated 

surface, which was assigned to Si–O siloxane functional group bands;
175-176

 while, the Si 

2p peak is not observed in unmodified cerium oxide surface. The surface chemistry of the 

TCOS treated CeO2 surface obtained from FTIR and XPS analysis is schematically 

presented in Figure 4.4g. 
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Figure 4.4. XPS spectra of (a) O 1s, (b) C 1s, and (c) Si 2p of the CeO2 surface. XPS spectra of 

(d) O 1s, (e) C 1s, and (f) Si 2p CeO2 surface after TCOS modification. (g) Schematic illustration 

of surface chemistry of modified cerium oxide coating. 

4.4.2 Wettability and surface morphology control of CeO2 coatings 

The surface features and morphology of the CeOHCO3, and consequently CeO2 

coatings were manipulated in hydrothermal coating process by varying growth 

conditions. The effects of different processing variables, including sample positioning 

and hydrothermal deposition conditions (e.g. processing temperature, pressure, and 
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heating rate) on final coating morphology and roughness were explored in this 

investigation. Besides, the effect of surface features on ultimate surface wettability of the 

cerium oxide coated T6-6061 AA substrate were investigated (all of the water contact 

angles are ascribed to the TCOS modified coatings, unless otherwise stated).  By varying 

the growth conditions, cerium oxide coatings with designed artificial surface 

microtextures, and consequently high level of superhydrophobicity were obtained. 

4.4.3 Effect of substrate positioning 

Figure 4.5a and Figure 4.5b present the schematics of horizontal and vertical samples 

positioned inside the autoclave, respectively. SEM images of the bare T6-6061 AA, top 

face, and bottom face of the coating deposited on horizontally located sample (under 

experiment #2 conditions) are shown in Figure 4.5c–d, respectively. During hydrothermal 

process, cerium hydroxycarbonate nuclei start to form homogeneously in the solution and 

heterogeneously over the aluminium substrate. The formed nuclei grow by temperature 

increment and deposit at the bottom of the autoclave and on the top face of horizontally 

placed sample.  The accumulation of CeOHCO3 particles on the substrates eliminates the 

coating evolution on the top surface, which results in non-uniform coating layer. The 

cerium hydroxycarbonate sediments did not show any adhesion to the surface and can 

easily be washed off from the top surface (Figure S4.6). 

As it is shown in Figure 4.5e, the bottom face of the substrate was fully covered with 

uniform microstructural features, through direct growth of cerium hydroxycarbonate. On 

the other hand, the coating which was formed on top surface of the sample was not 

uniform and the structural CeOHCO3 features did not cover whole surface. However, the 

EDS mapping of the top surface revealed the presence of cerium species on parts of the 
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surface, which were not fully covered by microtextured coating (Figure S4.7). Figure 4.5f 

and 5g show the SEM images of the two different places over vertically positioned 

sample. It was observed that the coating was not uniform on vertical sample and various 

surface morphologies were obtained on different locations. Microstructural features did 

not cover whole the surface as it is shown in Figure 4.5g. 
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Figure 4.5. (a) and (b) the schematics of horizontal and vertical sample positioning inside 

autoclave, respectively. The SEM images of (c) as-washed T6-6061 AA , (d) top surface with 

horizontal positioning, and (e) bottom surface of horizontal sample, respectively. (f) and (g) 

shows the SEM images of various plases over vertically positioned surface. 
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According to non-ambient XRD analysis, 250 ˚C was chosen as heating temperature 

through which a single phase of CeO2 was the only phase present on the coating. The 

phase transformation from CeOHCO3 to CeO2 resulted in color change of the coatings 

from white to yellow (Figure S4.6c-e). Heat treatment did not cause any microstructural 

and/or morphological changes. However, it led to some crack formation in the layer that 

can be attributed to the phase change, as well as, the difference in thermal coefficients of 

expansion of the coating and substrate. Increasing heating temperature to 450 ˚C resulted 

in formation of cracks with larger width (Figure S4.8). 

Figure 4.6a illustrates the bare AA surface and water droplet interaction, which has 70 

± 1˚ water contact angle and reveals the initial hydrophilic nature of the bare substrate. 

Figure 4.6b and 6c show the water droplet shape on bottom face of horizontally 

positioned cerium oxide coating before and after TCOS modification, respectively. As-

prepared CeO2 surface exhibited robust superhydrophilicity and the water droplet 

instantaneously spread out once it contacted with the surface. XPS and FTIR analysis 

(Figure 4.2, Figure 4.3 and Figure 4.4) revealed the deviation of oxygen to cerium ratio 

from the stoichiometric CeO2 and the presence of OH bands on the surface coating layer, 

which increased the number of polar sites over surface and affinity of the surface to make 

hydrogen bonds with water molecules, and consequently introduced the hydrophilic 

properties to the surface. On the other hand, hierarchical and featured surface topography, 

in combination with microcracks, promoted the spreading of the water molecules due to 

capillary effect. 

Highly superhydophobic coating with a static WCA of ca. 170 ± 2˚ (Figure 4.6c) was 

obtained by further TCOS modification of coating, which was directly grown on the 
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bottom face of horizontally positioned sample (Sample 2). The XPS and FTIR results 

confirm that the low-surface-energy TCOS carbon chains have been assembled 

successfully on cerium oxide coatings through silanes reacting with surface OH bands. 

The outstanding superhydrophobic characteristic of the surface can be attributed to 

integrated effect of low-surface-energy and geometrical topography and morphology of 

the coating. The topography of the microfeatured cerium oxide surface, combined with 

surface microcracks can enhance the capability of air trapping and result in a surface with 

high level of water repellency. 

Figure 4.6d compares the WCA of the T6-6061 AA, vertically positioned, and the top 

face and bottom face of horizontally positioned surfaces after TCOS treatment. The 

WCA of the AA surface were increased by about 37˚ after surface TCOS treatment. The 

WCA of the vertically positioned and top surface of the horizontally positioned surfaces 

were not consistent on different part of the coatings, which can be ascribed to their non-

uniform coating structure. In contrast, the WCA of the coating formed on bottom face of 

the horizontally positioned sample was ca. 170 ± 2˚, which can be attributed to the 

uniform structure of the coatings grown on diverse substrate. Further effects of 

hydrothermal processing conditions on the coating formation, topography, and wettability 

of the cerium oxide coatings, which were specifically grown on the bottom face of the 

horizontally placed substrate, were investigated in following sections. 
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Figure 4.6. (a), (b), and (C) are the optical images of a water droplet on the bare T6-6061 AA 

surface, as-prepared CeO2 coating, and TCOS modified CeO2 Coating (Sample 2), respectively. 

(d) Comparisons of the contact angle of water droplet on various surfaces after TCOS 

modification. 

4.4.4 Effects of solution amount (hydrothermal processing pressure) 

Figure 4.7a–d shows the SEM images of the S1 to S4 coatings obtained at the bottom 

face of the horizontally placed substrates. The solution amount varying from 50 mL to 

125 mL, with 25 mL intervals, while the solution concentration and other hydrothermal 

processing conditions kept constant. Considering that the autoclave capacity was 

constant, altering the solution amount resulted in changes in processing pressure. As it is 

shown in Table 4.2, the processing pressure was increased from approximately 60 psi to 

200 psi by increasing the solution amount from 50 mL to 125 mL. 
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Figure 4.7e–h shows the higher magnification of the Figure 4.7a–d, respectively. It was 

observed that surface microtextures were altered by changing the processing pressure and 

finer surface structures were produced by raising the processing pressure. The S1 sample 

surface features consist of triangular prism structures covered by condense multi-faceted 

plates. The microfeatures were distributed fairly uniform all over the surface. However, 

they did not cover the whole surface. By increasing the reaction pressure to about 90 psi 

and 150 psi, the surface features became finer and cover the whole surface. The SEM 

images of cross section view of the S2 sample revealed that a micro-layer of coating was 

formed under the microtextured surface features and shielded the substrate. However, 

further increase in solution amount (S4 coating), and consequently pressure increase, 

resulted in non-uniform coating formation consists of very fine randomly oriented rod-

like structures. Microfeatures did not cover the substrate perfectly on S4 coating. 
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Table 4.2. The surface roughness (Sa), static water contact angle, and rolling angle of bare T6-

6061 AA, TCOS modified T6-6061 AA, and S1 to S4 coatings grown on the bottom face of 

horizontally placed T6-6061 AA. 

Sample 

Name 

Solution 

Amount (mL) 

Processing 

Pressure (psi) 

Surface 

Roughness (µm) 

Static 

WCA (˚) 

Rolling 

Angle (˚) 

T6-6061 

AA 

N/A N/A 0.04 ± 0.01 70 ± 1 > 20 

M-T6-

6061 AA 

N/A N/A 0.05 ± 0.01 107 ± 2 > 20 

S1 50 ~60 1.25 ± 0.09 158 ± 3 8.4 ± 0.9 

S2 75 ~90 1.69 ± 0.05 170 ± 2 2.4 ± 0.2 

S3 100 ~150 1.40 ± 0.05 165 ± 2 4.7 ± 0.5 

S4 125 ~200 0.42 ± 0.13 147 ± 6 > 20 

 

Figure 4.7i–l show the associated surfaces three dimensional profile of the sample S1 

to S4 (Figure 4.7a–d), respectively. The processing pressure had an impact on the surface 

roughness and consequently the wettability of the coatings. All the coatings were 

superhydrophilic prior to TCOS surface treatment. The surface roughness, static WCA, 

and rolling angle of the coatings after TCOS modification are shown in Table 4.2 to 

clarify the relation of the surface roughness and the wettability of surfaces. The as-

received T6-6061 AA substrate had surface roughness around 0.04 ± 0.01 µm (Figure 

S4.9). The surface roughness was increased to around 1.25 ± 0.09 µm for S1 sample. As 

it is shown in Figure 4.7j, the roughness further increased up to ca. 1.69 ± 0.05 µm and 

1.40 ± 0.05 µm for the coatings formed at about 90 psi and 150 psi processing pressure, 

respectively. However, the surface roughness was extremely decreased down to ca. 0.42 
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± 0.13 µm by further increase in processing pressure. As it is well studied that the rough 

surface is crucial to reach Cassie-Baxter state and develop superhydrophobic surfaces. 

However, the surface roughness is by no means the only parameter to determine the 

surface wettability. The hydrophobicity of the coatings was increased by increasing the 

surface roughness. As it was expected, the S2 sample that was processed in 75 mL 

solution with surface roughness of 1.69 ± 0.05 µm, were exhibited highest level of 

superhydrophobicity by static WCA of 170 ± 2˚ and rolling angle of less than 3˚. 

 

. 
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Figure 4.7. (a–d) Low magnification SEM images, (e–h) High magnification SEM images, and 

(i–l) 3D surface profile of the S1 to S4 coatings grown on the bottom face of horizontally placed 

T6-6061 AA, respectively. 

4.4.5 Effect of reaction temperature 

Hydrothermal processing temperature also had an impact on the surface morphology, 

roughness, and consequently wettability of the coatings. The effect of hydrothermal 

processing temperature on the coating formation and their surface microtexture was 

investigated over a temperature range of 130–170 ˚C while keeping the heating rate at 1 

˚C/min and other processing conditions constant (Table 4.3). 
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Figure 4.8a–d and Figure 4.8e–h show the low and high magnification SEM images of 

the S5 to S8 coatings, which were obtained on the diverse substrate at 130, 140, 160 and 

170 ˚C processing temperature, respectively. The hydrothermal solution amount and 

heating rate were set to 75 mL and 1 ˚C/min for all coatings, respectively. It was 

observed from preliminary experiments that uniform coatings form above 130 ˚C. Figure 

4.8a and 8d show the SEM images of the coating form at 130 ˚C at different 

magnifications. Although, it can be observed that uniform coatings were developed all 

over the surface, the microstructural features did not formed completely at 130 ˚C (Figure 

4.8d). Figure 4.8b and 8e shows the SEM images of S6 coating obtained at 140 ˚C at 

different magnifications. The results show that the surface microfeatures completely 

formed at 140 ˚C. The surface SEM images of the coatings produced at 150 ˚C (Figure 

4.7b and 7f), 160 ˚C (Figure 4.8), and 170 ˚C (Figure 4.8c and 8f) revealed that the shape 

of the surface microtexture were not considerably changed by further processing 

temperature increments up to 170 ˚C. However, the width of the surface prism structures 

slightly increased by temperature increment. 
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Table 4.3. The surface roughness (Sa), static water contact angle, and rolling angle of S2, S5, S6, 

S7, S8, and S9 coatings grown on the bottom face of horizontally placed T6-6061 AA. 

Sampl

e Name 

Solution 

amount (mL) 

Processing 

Temperature (˚C) 

Surface 

Roughness 

(µm) 

Static 

WCA (˚) 

Rolling 

Angle (˚) 

S5 75 130 0.65 ± 0.04 158 ± 1 5.4 ± 0.3 

S6 75 140 0.96 ± 0.06 161 ± 2 3.4 ± 0.2 

S2 75 150 1.69 ± 0.03 170 ± 2 2.4 ± 0.2 

S7 75 160 1.46 ± 0.03 167 ± 2 3.1 ± 0.2 

S8 75 170 1.15 ± 0.02 164 ± 2 3.7 ± 0.3 

 

For further investigation into the effect of processing temperature on coating surface 

microtexture, the coating process were performed at 170 ˚C with 50, 100 and 125 mL 

solution amount. The low and high magnification SEM images of the coatings evolved on 

diverse substrate at 170 ˚C with 50, 100 and 125 mL solution amount are shown in Figure 

S4.10a–c and Figure S4.10d–f, respectively. It was observed that the S1 coating surface 

microstructures, which were composed of tightly assembled and aligned plates, were 

grown to larger bundles by temperature increase. However, the shape of the 

microstructures was not considerably changed by temperature increase up to 170 ˚C. The 

surface structure of the coatings that formed in 100 mL and 125 mL of solution also 

showed insignificant changes by temperature increment. However, using 125 mL solution 

amount did not result in uniform coating formation at 170 ˚C. 
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Figure 4.8. (a–d) Low magnification SEM images, (e–h) High magnification SEM images, and 

(i–l) 3D surface profile of the S5 to S8 coatings grown on the bottom face of horizontally placed 

T6-6061 AA, respectively. 

 

Figure 4.8i–l show the surface 3D profile of S5 to S8 samples, respectively. The 

surface roughness, Static WCA, and rolling angle of the TCOS treated coatings are 

shown in Table 4.3. Although just a negligible surface microstructural change was 

observed for the coatings by altering the hydrothermal processing temperature, their 

surface roughness was considerably changed. As it is shown in Table 4.3, the surface 

roughness of the coatings was increased form ca. 0.65 ± 0.04 µm up to ca. 1.69 ± 0.03 
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µm by increasing the processing temperature from 130 ˚C to 150 ˚C, which can be 

attributed to the completion of the coating formation from precursors. On the other hand, 

it was observed that the surface roughness of the coatings was decreased down to about 

1.15 ± 0.02 µm by further increase in temperature up to 170 ˚C. The reduction in surface 

roughness of the coating by further temperature increment can be attributed to slight 

increase in the width of the prism shaped microfeatures that can affect the aspect ratio of 

the surface features. It was also previously reported that the hydrothermal reaction 

temperature affects the aspect ratio of the synthesized particles (e.g. nanorods become 

shorter with increasing the temperature). 

The static water contact angle and rolling angle of the coatings obtained at various 

temperatures from 130 ˚C to 170 ˚C are shown in Table 4.3. The results showed that all 

of the coatings were superhydrophobic as they have static WCA more than 150˚ and the 

rolling angle less than 10˚. As it was expected, the hydrophobicity of the surfaces with 

higher roughness was noticeably higher than the ones with lower surface roughness. 

However, surface roughness is not the only factor affecting the wettability of the 

surfaces.  

4.4.6 Effect of hydrothermal heating rate 

Heating rate is another hydrothermal processing condition that affects the final 

coating’s formation, microtexture, and consequently wettability. The hydrothermal 

conditions of the S2 coating, which had the highest level of superhydrophobicity among 

above samples, were chosen as reference conditions for investigating the heating rate 

effect (Table 4.4). Figure 4.9a–b and Figure 4.9c–d show the low and high magnification 

SEM images of the S9 and S10 coatings, respectively. The S9 and S10 coatings were 
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grown on diverse substrate at 2 ˚C/min and 0.5 ˚C/min, respectively; while the other 

processing conditions were set as the S2 coating conditions. 

As it is shown in Figure 4.9a and 9c, increasing the heating rate to 2 ˚C/min resulted in 

formation of coating, which was consist of fine prism structures in combination with 

bundles of compacted and oriented plates, which distributed all over the surface. On the 

other hand, the coating obtained at heating rate about 0.5 ˚C/min was mostly composed of 

randomly ordered prisms and compact plate bundles (Figure 4.9b and 9d). However, the 

coating had not formed uniformly over the surface. 

 

Table 4.4. The surface roughness (Sa), static water contact angle, and rolling angle of S2, S9 and 

S10 coatings grown on the bottom face of horizontally placed T6-6061 AA. 

Sample 

Name 

Solution 

amount (mL) 

Processing 

Temperature (˚C) 

Heating 

rate (˚C/min) 

Surface 

Roughness (µm) 

Static 

WCA (˚) 

Rolling 

Angle (˚) 

S9 75 150 2 1.43 ± 0.04 167 ± 2 5.1 ± 0.3 

S2 75 150 1 1.69 ± 0.03 170 ± 2 2.4 ± 0.2 

S10 75 150 0.5 2.53 ± 0.35 159 ± 6 8.7 ± 1.1 

 

Figure 4.9e and Figure 4.9f show the surface 3D profiles of S9 and S10 samples, 

respectively. The surface roughness of the S9 coating was about 1.43 ± 0.04 µm and 

showed high degree of superhydrophobicity with static WCA of ca. 167 ± 2˚ and rolling 

angle less than 5˚. On the other hand, decreasing the heating rate down to 0.5 ˚C/min 

resulted in an increase in coating surface roughness up to ca. 2.53 ± 0.35 µm. As it was 

previously mentioned, the surface roughness is not the only factor that affects the surface 

wettability. Although S10 coating displayed higher surface roughness than S2 and S10 
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samples, it has superhydrophobicity with a contact angle of ca. 159 ± 6˚ and rolling angle 

less than 10˚. 

 

Figure 4.9. (a) and (b) Low magnification SEM images, (c) and (d) High magnification SEM 

images, and (e) and (f) 3D surface profile of the S9 to S10 coatings grown on the bottom face of 

horizontally placed T6-6061 AA, respectively. 

 4.4.7 Mechanical durability and chemical stability of superhydrophobic coating 

S2 coating shows the highest level of superhydrophobicity by WCA of ca. 170 ± 2˚ and 

rolling angle of ca. 2.4 ± 0.2˚. Herein, different properties, such as, durability and 

stability of the non-wetting S2 coating were also investigated. The water droplet 

impaction process of the superhydrophobic surface is shown in Figure 4.10a. The droplet 

was thoroughly bounced of the surface and left the surface dry (see Supporting 

Information video 1). Figure 4.10b displays the high-speed camera images of the rolling 

water droplet on the 2.4 ± 0.2˚ tilted S2 coating. The water droplet exhibited extreme 

mobility over the surface and simply rolled of the surface at remarkably low tilting angles 

(see Supporting Information video 2). 

Furthermore, the self-cleaning property of the superhydrophobic surface was also 

investigated by recording the rolling water droplet interaction with surface dust 
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contaminations. Grinded red calcium carbonate chalk dust was used as surface pollutant. 

The digital images of the S2 superhydrophobic coating self-cleaning process are shown in 

Figure 4.10c. The chalk dust was stuck to rolling water droplet and removed from the 

surface; and consequently, the superhydrophobic surfaces left clean and dry (see 

Supporting Information Video 3). 

 

Figure 4.10. (a) water droplet rolling down the superhydrophobic S2 coating. (b) High-speed 

photography images of a water droplet bouncing of the S2 coating (impact velocity ~ 0.9 ms
-1

). 

(c) Self-cleaning behavior of the superhydrophobic S2 coating. Scale bar ~ 4.0 mm.  

 

Practical application of non-wetting surfaces is determined by their mechanical 

durability and chemical stability, which has known as most challenging issues for 

industrial implication of superhydrophobic surfaces. The mechanical wear resistance of 

the superhydrophobic properties of the S2 coating was investigated upon dragging the 
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surface over SiC abrasive paper (grid #800) for 1.0 m under applied pressures up to 4.90 

kPa. As it is shown in Figure 4.11a, the superhydrophobic properties of the coatings 

decreased by increasing an applied pressure, as its WCA and rolling angle decreased and 

increased, respectively. The SEM images of the coatings after dragging for 1.0 m over 

abrasive paper under 3.92 kPa and 4.90 kPa applied pressures are presented in Figure 

S4.11. The superhydrophobic coating exhibited high level of abrasion resistance by 

retaining its superhydrophobicity and its surface microfeatures did not show remarkable 

changes upon 3.92 kPa applied pressure. However, the superhydrophobic properties of 

the S2 coating were degraded and the surface features were abraded under 4.90 kPa 

applied pressure. 

The stability of the superhydrophobic coating was evaluated by storing the samples 

under ambient condition (Figure 4.11b). The coating’s hydrophobicity was not affected 

by storing for 100 days, as evidenced by a WCA and a rolling angle about 168 ± 3˚ and 3 

± 0.3˚, respectively. Figure 4.11c shows the contact angle of the buffer solution and the 

coating within pH range from 2 to 12. The contact and rolling angles of the acidic buffer 

(pH = 2) with surface were about 156 ± 3˚ and 7.6 ± 1.2˚, respectively; while the coating 

had ca. 161 ± 3˚ contact angle and ca. 5.9 ± 1.5˚ rolling angle in interaction with basic 

solution (pH = 12). The results show that the superhydrophobic coating retains its 

properties whether in interaction with acidic or alkaline solutions, but some degradation 

can be observed at extreme pH conditions, likely due to catalyzed hydrolysis of the 

silanes. 

The chemical stability of the superhydrophobic coatings in corrosive media is decisive 

for their practical applications such as marine industry, which was investigated by 
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immersing the sample into a 3.5 wt % NaCl solution, mimicking sea water. Figure 4.11d 

shows the WCA and Rolling angle evolution of the S2 coating upon immersion in the 3.5 

wt % NaCl solution for 48 h. The WCA and Rolling angle of the coating slightly 

decreased down to ca. 161 ± 2˚ and increased up to ca. 6 ± 0.9˚, respectively. The results 

revealed that the superhydrophobicity of the coating was highly stable and retained its 

non-wetting properties even after 48 h of exposure to NaCl corrosive media. 
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Figure 4.11. Development of water contact angle and Rolling angle of the superhydrophobic S2 

coating upon (a) dragging for 1.0 m length under varying applied pressure, (b) storing under 

ambient condition, (c) different pH values between 2 to 12, and (d) immersion time in 3.5 wt % 

NaCl  aqueous solution. 
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4.4.8 Corrosion protection 

The corrosion protection of the coated and bare T6-6061 AA substrates was 

investigated through potentiodynamic polarization measurements. The corrosion potential 

(Ecorr), pitting potential (Epit), corrosion current density (Jcorr) and corrosion rate of the 

surfaces are the most important parameters that can be extracted from the polarization 

curves. The corrosion potential ascribes to the thermodynamic tendency of a metal 

surface to oxidize and higher Ecorr value represents lower corrosion tendency. On the 

other hand, the corrosion rate of the metallic surfaces is identical to its corrosion current 

density; while the amount of metal desolation is strictly proportional to the generated 

electricity. 

The corrosion rate is usually expressed as degradation of a specific area of exposed 

material during a limited time when the degradation happens uniformly over the surface. 

However, in case of aluminium and its alloys, localized corrosion such as pitting 

corrosion, happens due to their face centered cubic (FCC) crystalline structure. The 

dislocations easily move along the FCC closed pack planes {111} and directions (110) 

and develop a network of dislocations, which makes it more vulnerable to be corroded. 

The corroding species penetrate through the body of material along the defect pass ways. 

Therefore, penetration rate should be considered as corrosion rate terminology in case of 

localized corrosion. 

Figure 4.12a shows the Tafel plots of the bare, as well as cerium oxide coated (under 

S2 hydrothermal processing condition), T6-6061 AA substrates before and after TCOS 

surface treatment. Table 4.5 expresses the corrosion potential, corrosion current density, 

and penetration rate of the various samples, which were derived from Tafel extrapolation. 

The corrosion potential of the AA substrates slightly moves to more negative values (~ -
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0.05 V) after cerium oxide coating. However, it can be observed that the CeO2 coating 

improved the corrosion resistance of the bare T6-6061 AA by decreasing the corrosion 

current density, and consequently penetration rate of bare AA. TCOS surface 

modification was made a small shift in both bare and cerium oxide coated corrosion 

potentials (< 0.01 V). The penetration rate of the bare T6-6061 AA substrate also 

decreased for about 2.4 times after surface TCOS treatment, which can be attributed to 

the waxy characteristic of the TCOS, which slightly decrease the cathodic reaction rate 

and current. 
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Figure 4.12. The potentiodynamic polarization curves (Tafel plots) of the (a) bare and cerium 

oxide coated (S2 hydrothermal condition) T6-6061 AA, before and after surface modification; (b) 

bare and the superhydrophobic S1 to S4 coated T6-6061 AA. 
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As it was expected, the superhydrophobic cerium oxide coating (S2 sample) exhibited 

extensive corrosion protection for T6-6061 AA substrate. The corrosion current density 

of superhydrophobic S2 coating was about 0.13 % of the bare AA substrate and the 

penetration rate was more than 750 times less than the bare substrate. The high level of 

corrosion protection acquired by superhydrophobic CeO2 coating can be ascribed to the 

synergetic effects of protective cerium oxide layer and non-wetting surface properties, 

which restricts the interaction of water molecules with the surface. Besides, the cerium 

oxide layer developed a protective passive layer that blocks the anodic current and shifts 

the pitting potential to more positive values. The passivation effect was also seen for 

cerium hydroxycarbonate coated AA as it is presented in Supporting Information Figure 

S4.12a. 
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Table 4.5. Corrosion potential (Ecorr), corrosion current density (jcorr), and penetration (corrosion) 

rate of the T6-6061 AA substrate before and after various surface coating and treatment. 

Sample Name 
Ecorr     

(mV) 

jcorr                  

(A·cm
-2

) 

Penetration rate 

(mm·y
-1

) 

Bare AA
a
 -0.705 1.21 × 10

-6
 1.32 × 10

-2
 

TCOS-modified AA -0.686 5.06 × 10
-7

 5.51 × 10
-3

 

Ce(OH)CO3 coated AA                   

(S2 hydrothermal condition) 

-0.765 2.24 × 10
-7

 2.44 × 10
-3

 

CeO2 coated AA                       

(S2 hydrothermal condition) 

-0.752 7.32 × 10
-8

 7.97 × 10
-4

 

S1 SHC
b
 AA -0.699 1.58 × 10

-8
 1.72 × 10

-4
 

S2 SHC AA -0.718 1.59 × 10
-9

 1.74 × 10
-5

 

S3 SHC AA -0.731 3.50 × 10
-9

 3.81 × 10
-5

 

S4 SHC AA -0.691 5.34 × 10
-8

 5.81 × 10
-4

 

S5 SHC AA -0.703 3.93 × 10
-8

 4.27 × 10
-4

 

S6 SHC AA -0.729 5.44 × 10
-9

 5.93 × 10
-5

 

S7 SHC AA -0.720 1.97 × 10
-9

 2.14 × 10
-5

 

S8 SHC AA -0.711 2.91 × 10
-9

 3.16 × 10
-5

 

S9 SHC AA -0.709 5.68 × 10
-9

 6.18 × 10
-5

 

S10 SHC AA -0.741 9.35 × 10
-9

 1.02 × 10
-4

 

a
 AA: T6-6061 aluminium alloy 

b
 SHC: Superhydrophobic coated 

 

Figure 4.12b compares the Tafel plots of the superhydrophobic S1 to S4 coatings 

obtained at different hydrothermal pressures, and consequently had different surface 

microtextures and superhydrophobicity. The Tafel plots of S2 and S3 samples show 

relatively larger passive regions, which resulted in much higher pitting potential. In 
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contrast, the S1 sample shows a small passive region and S4 sample did not exhibit any 

passivation characteristics by exhibiting the polarization pattern close to bare T6-6061 

AA substrate. These changes in passivation properties of different coatings can be 

attributed to the quality of coating to cover the entire surface; while the aluminium 

surfaces corrode in form of pits and highly susceptible to localized corrosion. As it is 

shown in Figure 4.7, the S3 and S4 coatings provided a full coverage over AA substrates; 

while the S1 and S2 coating condition did not resulted in full surface coverage. The same 

passivation behavior was also observed in all other coatings Tafel plots as it is shown in 

Figure S4.12. On the other hand, it can be seen that the S2 sample shows better corrosion 

resistance than S3 sample, which can be associated to its higher water repellency. It was 

generally observed that the surfaces with higher level of hydrophobicity (higher WCA) 

showed better corrosion protection (Figure S4.12).  

It can be concluded that the S2 coated sample which had well-defined microtextured 

surface, not only possessed the highest level of water repellency among the samples 

(WCA ca. 170 ± 2˚), but it also exhibited significant corrosion protection for T6-6061 

AA substrate by decreasing the corrosion current density by about three order of 

magnitude. 

4.5 Conclusions 

In summary, an effective template- and surfactant-free hydrothermal approach was 

employed for developing CeO2 coating with surface hierarchically microtextures on T6-

6061 multipurpose aluminium alloy. By controlling the deposition conditions such as 

sample positioning, hydrothermal pressure and temperature, coatings with various surface 

architecture and morphologies were obtained. A robust superhydrophobic coating with a 
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contact angle of 170 ± 2˚ and rolling angle of 2.4 ± 0.2˚ was successfully fabricated on 

the aluminium alloy. The outstanding non-wetting property of the coatings were acquired 

by combined effects of its facial microtexture and surface assembly of 

trichloro(octyl)silane as low-surface-energy compound. The superhydrophobic surface 

was exhibited remarkable mechanical and chemical durability, self-cleaning ability, 

storability, and excellent corrosion protection for the aluminium alloy substrate. The 

significant corrosion protective performance of the coatings was derived from synergic 

effects of cerium oxide protective layer and its high level of superhidrophobicity. The 

coating also retained its non-wetting characteristic in both acidic and alkaline conditions. 

The facile and reproducible hydrothermal deposition approach and surface treatment can 

be utilized for developing robust superhydrophobic and corrosion protective layer on 

other metal and metal alloys for a variety of industrial applications. 

4.6 Supporting Information 

 

 
Figure S4.1. Schematic of the corrosion cell, (a) front view and (b) isometric view. 

4.6.1 Ag/AgCl reference electrode preparation 

The silver-silver chloride reference electrode (Ag/AgCl/NaCl (saturated in water)) 

consists of a silver wire coated with silver chloride (AgCl) and immersed into a saturated 
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NaCl solution. The compartment of the electrode is glass tubing, a cap on top, and a 

Vycor® frit which is attached to the glass tubing using Teflon heat-shrink tubing,. 

Vycor® frit is a porous glass which serves as an electrical and ionic conductivity bridge 

(or pathway) between the filling solution inside the reference electrode and the bulk of 

the solution in the cell (Figure S4.2). 

First, Teflon heat shrinkable tubing was cut in a proper size and carefully fitted over a 

clean glass tube. Then, a Vycor® frit was inserted into the Teflon heat shrinkable tubing. 

After that, the Teflon tubing was shrined using a heat gun. Next, the glass tube body was 

carefully filled with an electrode filling solution (no air bubbles should be trapped in the 

glass tube).  The electrode filling solution depends on the medium utilized in the 

experiment. We used saturated NaCl in aqueous medium as the filling solution for our 

electrode. 

The AgCl coating was prepared by electro-oxidation of the silver wire at a constant 

potential of 1.5 V for 5 minute in an aqueous solution containing 0.1 M KCl and 0.1 M 

HCl. The Ag/AgCl wire was then thoroughly rinsed with distilled water and was placed 

in the glass tube filled with the saturated NaCl solution. The Ag/AgCl electrode was then 

stored in a beaker containing saturated NaCl solution.  The potential of the 

Ag/AgCl/NaCl reference electrode was tested versus a standard hydrogen electrode 

(SHE), before use. 
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Figure S4.2. Schematic of Ag/AgCl reference electrode. 

4.6.2 Crystallographic characterization 

The crystalline phase analysis of the coatings was carried out by a PANalytical 

Empyrean X-ray diffractometer, operating at 45 kV and 40 mA. The scanning rate and 

size were set to 0.53˚/s and 0.0263˚, respectively. A 10 mm fixed beam mask, a 0.04 rad 

Solar slit, a 1/2˚ Anti-scatter slit, and a 1/2˚ fixed Divergence slit were used for incident-

beam. A 0.04 rad large solar slit with the PIXcel 3D-Medipix3 1×1 detector with an 

active angle 2θ of 3.347˚ were utilized for diffracted beam. The XRD pattern fitting are 

performed by PANalytical HighScore Plus software (V 4.1.0.19887). The software was 

equipped with PDF-4+ database. 
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Figure S4.3. XRD patterns of S1 to S10 coatings (a) as-hydrothermaly deposited and (b) after 

heat treatment at 250 ˚C. 
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Figure S4.4. Non-ambient XRD heating profile. 

 

 
Figure S4.5. The non-ambient XRD characteristic peaks of as-deposited particles associated to 

experiment #2 processing condition at different temperatures in rang of 100 ˚C to 400 ˚C. 
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Figure S4.6. Digital photographs of (a) and (b) deposited CeOHCO3 on top face of horizontally 

placed sample. (c) Bare T6-6061 AA, (d) Ce(OH)CO3, and (e) CeO2 coatings. 

 

Figure S4.7. (a) and (b) The SEM image of the coating formed on top face of horizontally placed 

sample at different magnefications. (c) and (d) EDS Ce mapping of a place on top face of 

horizontally place sample, which not covered with microstructural cerium oxide. 
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Figure S4.8. The SEM images of crack formation on S2 sample through heat treatment at (a) 250 

˚C and (b) 450 ˚C.  The insets show a closer look of the cracks. 

 

 

 
Figure S4.9. (a) Low magnification SEM image, (b) high magnification SEM image, and (c) 

surface 3D profile of as received T6-6061 AA. 
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Figure S4.10. (a–c) SEM images of coatings formed at 170 ˚C on the bottom face of horizontally 

placed samples using 50, 100 and 125 mL of solution, respectively. (d–f) High magnification 

SEM images of (a–c), respectively. The inset shows the closer look of pointed area. 

 

 
Figure S4.11. The SEM images of the S2 coating after dragging for 1.0 m over abrasive paper 

under (a) 3.92 KPa and (b) 4.90 KPa applied pressures. (c) and (d) the high magnification images 

of the (a) and (b), respectively. 
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Figure S4.12. The Potentiodynamic polarization curves (Tafel plots) of (a) cerium 

hydroxylcarbonate and Cerium oxide coated T6-6061 AA; (b) bare and S5 to S8 coated T6-6061 

AA; (c) bare, S2, S9 and S10 coated T6-6061 AA. 
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4.9 Graphical abstract 

 
Figure 4.13. Graphical abstract of the article paper entitled “Hydrothermal Deposition of Robust 

Cerium Oxide Based Superhydrophobic and Corrosion Resistive Coatings on Aluminium Alloy 

Substrates”. The inset shows the SEM image of the cross-section view, showing a thickness of 

roughly 4 to 6 µm. 
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Chapter 5 Conclusions and Future Work 

5.1 Conclusions 

This dissertation presents experimental research supported by analysis for developing 

two different methods to create highly superhydrophobic surfaces on aluminium alloy 

substrates. Several challenges, mainly related to the wear resistance and chemical 

stability of the superhydrophobic surfaces, needed to be addressed for practical 

application of superhydrophobic surfaces. The motivation of this research work was to 

fabricate a robust superhydrophobic surface, in terms of wettability, mechanical wear-

resistivity and chemical stability to serve as corrosion protective layer on aluminium 

alloys substrates for offshore and marine industries.  

Chapter 3 presents the first method to create physically and thermally stable 

superhydrophobic aluminium alloy surfaces. A rough surface is formed over aluminium 

alloy substrate through chemical surface etching with acidic and basic solutions, follows 

by a surface modification with various chlorosilanes. 

Chapter 4 presents the second method in which a cerium oxide coating with well-

defined surface microtexture is hydrothermally deposited on aluminium alloy substrate. 

The superhydrophobicity of the coatings obtains by further surface modification of the 

coatings. The superhydrophobic cerium oxide coating exhibits remarkable wear-

resistance, chemical stability and corrosion protection. 

The key significant contributions of this dissertation are summarized as follows: 

1. Direct surface acid/base etching to create desired micro-roughness on 

aluminium alloy for creating superhydrophobic surfaces 
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A facile, practical and inexpensive chemical etching by alkaline sodium hydroxide 

solution, follow by a solution of acetic acid and hydrochloric acid surface treatment 

are used to create desired surface micro-roughness on aluminium alloys. The effect 

of acid solution etching time on final surface morphology and roughness of 

aluminium alloys substrates is also studied.   

2. Investigating the impact of chlorosilane with various aliphatic chain length on 

resultant surface hydrophobicity 

The effect of the concentration and hydrocarbon length of chlorosilanes as a low-

surface-energy modifier on wettability of the etched aluminium surfaces is 

investigated. The modified aluminium alloy surface exhibits remarkable water-

repellency with a water contact angle of about 165 ± 2˚ and a rolling angle of less 

than 3˚, which is attributed to the combined effects of surface micro-roughness and 

modification with low-surface-energy modifier. The aluminum alloy surfaces 

preserve their superhydrophobicity up to about 375 ˚C. 

3. Promoting a controlled hydrothermal deposition process to create cerium 

oxide coating with various surface microtextures 

A facile and highly controllable fabrication technique, including a hydrothermal 

deposition and further surface assembly of low-surface-energy compound, is 

utilized to fabricate corrosion resistance superhydrophobic coatings. The effects of 

sample positioning (vertical and horizontal), as well as, hydrothermal processing 

temperature, pressure, and heating rate on surface microfeature and roughness of 

the coatings are elaborately investigated. The chemical composition and surface 



 104 

chemistry of the cerium oxide coatings is also studied before and after surface 

modification. 

4. Investigating the effects of various cerium oxide coatings surface 

microtextures on superhydrophobic coatings wettability, and corrosion 

protection  

Various hydrothermal processes result in cerium oxide coatings with different 

surface mictotextures and surface roughness. The effect of coatings’ morphology 

on wettability and corrosion protection of the aluminium alloy substrate is 

evaluated by contact angle measurements and potentiodynamic electrochemical 

measurements, respectively. A cerium oxide based coating with remarkable 

superhydrophobicity showing water contact angle of 170 ± 2˚ and rolling angle of 

2.4 ± 0.2˚ is acquired by this method. The cerium oxide based superhydrophobic 

coating shows excellent corrosion resistance by decreasing the corrosion rate for 

approximately three orders of magnitude. 

5. Evaluating the robustness of the superhydrophobic coatings 

Durability of the superhydrophobic surfaces, in term of abrasion resistance and 

chemical and thermal stability, is an outstanding challenge for their industrial 

applications. The durability of the superhydrophobic aluminium alloy surface 

developed by direct surface etching is evaluated with regards to thermal and 

physical stability. The superhydrophobic aluminium alloy surface retain their non-

wetting properties through heating up to 375 ˚C, putting in ultrasonic water bath for 

30 min, and immersing in water for 100 h. 
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 On the other hand, the durability of the cerium oxide based superhydrophobic 

surfaces is examined regarding mechanical wear resistance and chemical stability. 

The surfaces preserve their non-wetting characterizations after abrasion against 

#800 abrasive paper for 1.0 m dragging under pressures 3.92 kPa. The coatings 

exhibit remarkable chemical stability in acidic and alkaline mediums over pH range 

of 2–13 and immersing in corrosive 3.5 % NaCl aqueous solution for 50 h. The 

coatings also provide an excellent corrosion protection for aluminium alloy 

substrate. 

5.2 Future Work 

Although the current approaches for developing robust superhydrophobic surfaces 

looks promising, the following studies and modification could be done as an 

extension to current research work. 

 The superhydrophobic cerium oxide based coating can be implemented on 

different metallic substrates as corrosion protective coating. 

 The effects of various hydrothermal variables, including solution 

concentration, urea to cerium precursor ratio, and additive on coating 

formation and surface morphology can be investigated. 

 For further understanding the effect of surface microtexture on wetting 

properties of the cerium oxide based superhydrophobic coatings, the 

interaction of water droplet and the coatings can be modeled.  

 The effect of aluminium alloy surface pretreatment and/or adding additional 

under layer prior to hydrothermal deposition on resultant corrosion 

protection can be widely investigated. 
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