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Abstract 

Self-cleaning, refers to a surface that has the ability to repel contamination (e.g. mud water, 

spilt ink etc.) or get itself cleaned under a natural circumstance (e.g. rain etc.). This thesis 

presents the synthesis, characterization and application of two types of self-cleaning surfaces, 

which are Lotus leaf-inspired superhydrophobic surfaces that repel water, and Nepenthes 

pitcher plant-inspired omniphobic surfaces that repel both water and liquid hydrocarbons (e.g. 

cooking oil). The surface durability of these surfaces is also investigated to engage practical 

applications. The self-cleaning properties and surface durability are studied in three stages. 

In the first stage, superhydrophobic mild steel surfaces were fabricated through chemical 

etching of CuCl2 solution followed by low surface energy modification with fluorosilane or 

Sylgard. To reduce the pressure on the environment, some of the by-products from the 

chemical etching and fluorosilane processes were used to treat soft porous materials such as 

sponge, cotton and paper to make superhydrophobic surfaces. In one pot, this method was 

used to make superhydrophobic coatings on both hard (steel) and soft (cotton etc.) substrates. 

Due to the superhydrophocity and oleophilicity, mild steel mesh was made superhydrophobic 

using this method for oil-water separation. Mechanical robustness of the superhydrophobic 

mild steel plate was further tested via sandpaper abrasion; most areas on the surface lost 

superhydrophobicity after 6 cycles of abrasion. 

To improve the mechanical durability of superhydrophobic surfaces and further reduce the 

pressure on the environment, the second-stage of the work introduces a paint-like suspension 

that can be treated on both hard (glass and steel) and soft substrates (cotton and paper) to 

make superhydrophobic coatings without by-products. The suspension, fabricated through 

mixing dual scaled TiO2 nanoparticles and fluorosilane-ethanol solution, can be simply 

sprayed or dip coated onto various substrates. Mechanical robustness of painted 

superhydrophobic surfaces can be greatly improved through combining the substrates and the 

paint using commercial adhesives such as double sided tapes and spray adhesive. The 

superhydrophobic surfaces retained water repellence after knife cut, finger print and even 40 

cycles of sandpaper abrasion, showing remarkable robustness. 

Although the superhydrophobic paint treated surfaces retained water repellence after being 

contaminated by oil, they would eventually be stained by oil. To resist oil contamination, the 

third stage of this thesis presents an omniphobic coating, which is known as slippery liquid 

infused porous surfaces (SLIPS). The SLIPS were fabricated by adding a lubricating layer 

onto the superhydrophobic painted surface. The prepared SLIPS repelled water, coffee, red 

wine, cooking oil and even ketchup with a low contact angle hysteresis. Apart from the 

surface mechanical durability, thermal and chemical stability have to be considered because 

the lubricating layer can be subject to extreme temperatures or corrosive liquids. The SLIPS 

samples retained omniphobicity after thermal tests at 200 °C and -196 °C, mechanical tests of 

knife scratch and Newton meter press at ~850 kPa, and chemical tests using corrosive liquids 

with pH from 0 to 14. Hopefully in near further, there would be innovative products available 

in the market based on this technique. 
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TEM                          Transmission electron microscopy 

TPG                           Tilting-plate goniometry 

UR                             Useful range 

WCA                         Water contact angle 

XRD                          X-ray diffractometer 

XPS                           X-ray photoelectron spectroscopy 

θadv                            Advancing contact angle 

θrec                            Receding contact angle  
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1.1 Wetting 
Wetting is one of the most common phenomena in people’s daily life, from washing hands to 

printing, from rainfall to painting, and from drinking to irrigation and so on. An 

understanding of wetting and make use of the knowledge of wetting will greatly facilitate 

people’s life in many aspects. This thesis introduces a super water repellent 

(superhydrophobic) material and its applications in self-cleaning, oil-water separation and so 

on. In addition, the surface could be transferred to repel not only water, but also some other 

liquids that may stain our clothes or carpet, such as coffee, red wine, and cooking oil – 

namely omniphobic surfaces. This thesis also reported a strategy to make these repellent 

coatings robust so that they can be used in practical conditions.   

This chapter will give a brief introduction about how people are inspired by nature to make 

non-wettable materials and some fundamental knowledge about wetting characterizations. 

Classification of different types of repellent surfaces, their preparation and their applications 

are also introduced. 

1.1.1 Wetting in nature 

There are many examples of plants and animals in nature that have extreme wettability to aid 

their survival. For example, the Lotus plants, Nepenthes pitcher plants, cactuses and desert 

beetles and so on.  

1. Lotus plant.  

Lotus leaf is one of the best well-known examples in nature for water repellent surfaces. 

Water droplets bead up, roll off or bounce off Lotus leaves instead of wetting or staining the 

surfaces as shown in Fig. 1.1(a).
1, 2

 The water proofing property is due to the micro and nano 

structures of the Lotus leaf surfaces [Fig. 1.1(b)] that reduce the contact ratio between liquid 

and solid phases; in addition, the Lotus leaf surfaces have a layer of epicuticular wax to 

reduce the water affinity (or surface energy).
3-5

 

The function of water proofing leads to self-cleaning of Lotus leaves, here, self-cleaning 

refers to stain-repellence and dirt-removal. For example, when water is mixed with mud or 

artificial dye, it may stain our clothes, wall surfaces and so on. However, for Lotus plants that 

live in aqueous circumstances, the water mixed with mud cannot stain the Lotus leaf surfaces 

because of their water repellent properties, and this is the stain-repellence of self-cleaning. 

The function of dirt-removal is also an aspect of self-cleaning. Fig. 1.1(c) and (d) shows the 
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mechanism of dirt-removal properties. Fig. 1.1(c) shows that the dirt particles on a flat 

surface were not removed by a water droplet; Fig. 1.1(d) shows that on a water-repellent 

surface where the affinity between water and dirt particles is much greater than that between 

water and the water-repellent surface, dirt particles are easily picked up and removed by a 

rolling water droplet, and this is the dirt-removal aspect of self-cleaning.
1, 6, 7

 The self-

cleaning phenomenon of Lotus leaves is named the “Lotus Effect”.  

In nature, there are many other examples that also achieve the “Lotus Effect”, such as 

Colocasia Esculenta surfaces,
8, 9

 legs of water striders,
10, 11

 wings of a butterfly
12, 13

 and 

feathers of some birds.
14, 15

 

 

Fig. 1.1 (a) Water droplets bead on the Lotus leaf. (b) SEM images of a Lotus leaf shows the 

micro and nano structures that support the water droplets. Bar = 20 µm. (c) and (d) Schemes 

demonstrate the relationship between surface wettability and self-cleaning properties. (c) The 

dirt particles are redistributed by water on smooth surface. (d) The dirt particles were 

removed by water from the rough water-repellent surface.
1
 (Figures reproduce with 

permission from Ref. 1 © Springer-Verlag 1997) 
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2. Nepenthes pitcher plants 

Nepenthes pitcher plants have a peristome that becomes extremely slippery when it is wetted 

by rain; insects are then hunted through slipping into the pitcher of the Nepenthes pitcher 

plants (Fig. 1.2).
16, 17

 Such surfaces clean themselves by locking a liquid layer as lubricants 

into the surface, to enable foreign bodies to slip off. There are many other examples of the 

liquid infused surfaces, such as human eyes,
18

 lubricating surfaces in joints between bones,
19

 

and toe-pads of a frog.
20

 These surfaces were designed by nature to gain their own functions 

for survival purposes through millions of years’ evolution.     

 

Fig. 1.2 (a) Optical images of a Nepenthes pitcher plant (N. alata). (b) The cross section of 

the peristome of the Nepenthes pitcher plant.
17

 (Figures reproduce with permission from Ref. 

17 © 2016 Macmillan Publishers Limited) 

 

3. Desert beetles and cactus 

Some species of beetles and cactus live in extreme drought areas, such as a desert. To survive 

with little water, these animals and plants have learnt a skill to collect fog in air through 

evolution.  

The back of the desert beetle [Fig. 1.3(a)] contains both hydrophobic and hydrophilic regions, 

where the hydrophilic region is able to collect water from fog, and the collected water can 

then roll into the mouth of the desert beetle along the hydrophobic region when it is collected 

in a certain volume.
21, 22
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Cacti [Fig. 1.3(b)] use their conical spines to collect water from fog.
23

 The fog in air is 

initially collected by the tips of the conical spines to form water droplets, and then the water 

droplets are transported by the stems of conical spines to the body of the cactus.
24-27

 

Such animals and plants take advantages of wetting phenomena so that they are able to 

collect water and survive even in extremely dry places. 

 

Fig. 1.3 (a) A desert beetle
21

 (Figures reproduce with permission from Ref. 21 © 2001 

Macmillan Magazines Ltd). (b) A cactus. 

 

1.1.2 Contact angles 

The wettability of a solid surface to a liquid is usually characterized using contact angles, 

whose abbreviation is CA in the literature.
28-30

 The definition of contact angles depends on 

the contact line in the Young’s model,
31

 as shown in Fig. 1.4. The contact angle θ is 

determined by the interfacial tensions of liquid-vapor (γlv), solid-vapor (γsv) and solid-liquid 

(γsl):  

cos θ = (γsv − γsl)/γlv                      (1.1) 

In Young’s model, the surface is assumed to be perfectly smooth and flat as an ideal solid 

substrate and the contact angles are normally based on the surface chemistry compositions or 

properties; however, solid surfaces inevitably have some surface textures in the real world.   
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Fig. 1.4 Scheme of Young’s model.
31

 

 

To take the surface textures into consideration, Cassie-Baxter’s model
32, 33

 and Wenzel’s 

model
34, 35

 were developed to describe the surface wettability. In the model of Cassie-Baxter, 

surfaces are supposed to be completely “not wettable”, where surface roughness with air 

pockets in between, supports liquid droplets and stops the contact between the liquid and the 

solid substrate, as shown in Fig. 1.5(a). The apparent contact angle θ* in Cassie-Baxter state 

can be written as: 

cos θ* = fs cos θs + fv cos θv                   (1.2) 

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

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

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

Equation (1.2) can be simplified as: 

cos θ* = fs (cos θ + 1) – 1                  (1.3) 

The Cassie-Baxter’s model is usually used to describe water-repellent surfaces such as the 

aforementioned Lotus leaf surfaces. 

In the Wenzel state, liquids are expected to completely fill in the surface structures as shown 

in Fig. 1.5(b); so that the actual contact area between liquid and solid interfaces is enlarged at 

a ratio of r. Here r equals the actual contact area divided by the apparent area, which 

characterizes the surface roughness and is normally greater than 1. The relationship among 

apparent contact angle θ*, r and θ can be written as 
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cos θ* = rcos θ                      (1.4) 

Wenzel’s model is usually used to describe hydrophilic surfaces which can be wetted by 

water. 

 

Fig. 1.5 Scheme of (a) Cassie-Baxter’s model
32, 33

 and (b) Wenzel’s model.
34, 35

 

 

The value of water contact angles (WCA) is used to define the surface wettability including 

hydrophilicity and hydrophobicity. There are two disciplines of the boundary between 

hydrophilicity and hydrophobicity; one is based on geometry, and the other is based on 

surface forces between water and solid surface.  

In geometry, a hydrophilic surface refers to a surface with water contact angle below 90°, 

while surfaces with water contact angles greater than 90° are considered to be hydrophobic.
36-

38
 

According to the adhesion force between water and a solid substrate, the boundary between 

hydrophilicity and hydrophobicity is ~65°.
39-41

 Fig. 1.6 shows the Berg Limit, where the 

attraction and repulsion of water is balanced.
42

 The Berg Limit occurs when the water contact 

angle is ~65°. Therefore, based on the adhesion force, a hydrophilic surface refers to surfaces 

with water contact angles below 65° while the surfaces with water contact angles greater than 

65° are hydrophobic surfaces. 
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Fig. 1.6 Berg Limit based on water adhesion tension. The balance between attraction and 

repulsion is the Berg Limit where the water contact angle is ~65°.
42

 (Figures reproduce with 

permission from Ref. 42 © 1998 Elsevier Science B.V.) 

 

Fig. 1.7 shows some surfaces with different wettability. Fig. 1.7(a) shows a water droplet on a 

glass slide surface (VWR super premium microscope slides) with a water contact angle of 

11.0°, the glass surface is hydrophilic based on the aforementioned identification of geometry 

or adhesion forces. Fig. 1.7(b) shows a water droplet on the surface of a plastic paraffin film 

(Bemis flexible packaging, Neenah, WI 54956); the water contact angle of this film was 

106.2°, so that the surface is classified as hydrophobic. 

There are also some examples of extreme wettability based on water contact angles, such as 

superhydrophilicity and superhydrophobicity. Fig. 1.7(c) shows that a water droplet readily 

spread throughout a filter paper surface (Whatman
TM

, GE Healthcare UK Limited). In this 

case, the water contact angle is not even measurable because the water droplet was 

completely absorbed by the porous filter paper. Here, the water contact angle of the filter 

paper surface is considered to be ~0°, and a surface with water contact angle of ~0° is a 

superhydrophilic surface.
43-45

 Superhydrophilic surfaces also have many examples in nature –

for the purposes of drag reduction and self-cleaning in aquatic environment, such as shark 

skin,
46-48

 anubias barteri leaves,
49

 clam’s shells
50

 and so on.   



20 
 

In contrast, a surface with a water contact angle greater than 150° is a superhydrophobic 

surface, as shown in Fig. 1.7(d).
51-53

 Among the aforementioned self-cleaning surfaces in 

nature, the water contact angles of the Lotus and Colocasia Esculenta leaves are 160.4 ± 0.7° 

and 159.7 ± 1.4°, respectively;
1
 the water contact angle of water strider legs are 167.6 ± 4.4° 

etc.
11

 These self-cleaning surfaces are also superhydrophobic surfaces. 

 

Fig. 1.7 Surfaces in different wettability. (a) A glass slide surface (water contact angle, 11.0°). 

(b) A plastic film surface (water contact angle, 106.2°). (c) A filter paper surface (water 

contact angle, ~0°). (d) A glass substrate painted with superhydrophobic coating (water 

contact angle, 165.6°).
54

 The size of water droplets is ~5 μL. 
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1.1.3 Sliding angle 

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

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

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

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

mobility of liquid droplets. However, it is not an angle between a liquid and solid, but the 

titled angle of the solid surface to a spirit level when the liquid just starts rolling or sliding as 

shown in Fig. 1.8.
55, 56

 In some literature, sliding angle is also called rolling angle (RA)
57, 58

 

and tilting angle (TA).
59, 60

    

 

Fig. 1.8 When the liquid droplet starts sliding, the tilted angle between the solid surface and 

the spirit level is the sliding angle (θSA) of the solid surface. 

 

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

and high adhesion superhydrophobic surfaces. Low adhesion superhydrophobic surface refers 

to a surface with water contact angle greater than 150° and water sliding angle below 10°.
13, 

51, 61
 The Lotus leaf and Colocasia Esculenta are both low adhesion superhydrophobic 

surfaces, because water droplets bead up, roll off, and pick up dirt on these surfaces easily, so 

that such surfaces are able to clean themselves.  

However, not all the superhydrophobic surfaces have self-cleaning properties. For high 

adhesion superhydrophobic surfaces, although they have water contact angles greater than 

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

down.
62, 63

 Fig. 1.9 shows water droplets on the petal surface of Rosa, cv. Bairage with a 

water contact angle of 152°, and the droplet was suspended without leaving the petal surface 

even when the surface was turned upside down (180° tilted).
63

 This phenomenon is called the 

“Petal Effect”.
64-66

 The “Petal Effect” is due to the petal surface which is in both a Cassie-
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Baxter state and a Wenzel state, as shown in Fig. 1.10. On the nanoscale, water was 

supported by nano structures of the surface of a Cassie-Baxter state. However, in a 

microscale, the gaps between the microstructures are too large to stop water penetrating, 

resulting in a Wenzel state.
63

 Another example of high adhesion superhydrophobic surfaces 

in nature is the foot of a gecko,
67-69

 and this phenomenon can be used for no-loss liquid 

transportation.
62, 67

  

 

Fig. 1.9 High adhesion superhydrophobic surface. Water droplets on Rosa, cv. Bairage that 

was tilted at 0° and 180°. Droplet is suspended even when the surface is turned upside 

down.
63

 (Figures reproduce with permission from Ref. 63 © 2010 American Chemical 

Society) 

 

 

Fig. 1.10 Scheme showing the mechanism of high adhesion superhydrophobic surface.
63

 

(Figures reproduce with permission from Ref. 63 © 2010 American Chemical Society) 
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1.1.4 Contact angle hysteresis 

Contact angle hysteresis, also known as CAH, is an alternative evaluation of liquid mobility 

on a surface apart from sliding angles. Different from sliding angles, contact angle hysteresis 

(θCAH) is an indirect value between liquid and solid surfaces, and it is defined as the 

difference between advancing contact angle (θadv) and receding contact angle (θrec):
70, 71

 

θCAH = θadv - θrec                       (1.5) 

There are two methods that are widely used to measure the advancing and receding contact 

angles – the tilting-plate goniometry (TPG) and captive-drop goniometry (CDG).
72

  

1. The tilting-plate goniometry 

The tilting-plate goniometry captures the advancing and receding contact angles on both the 

left and right sides of a liquid droplet when the solid surface is tilted at the sliding angle 

(from 0 to 90°) of this droplet towards the surface, as shown in Fig. 1.11(a). In some cases, 

the liquid droplet does not leave the surface even when the surface is turned upside down 

(180°), here the advancing and receding contact angles are read when the surface is tilted at 

90°. 

2. Captive-drop goniometry 

In the captive-drop goniometry, the advancing contact angle is read while adding volume into 

a droplet to the maximum before the increase of the contact line of solid-air-liquid phases, as 

shown in Fig. 1.11(b). The receding contact angle is measured when removing volume from a 

droplet just before the reduction of the contact line of solid-air-liquid phases, as shown in Fig. 

1.11(c). 

 

Fig. 1.11 Schemes of (a) the tilting-plate goniometry, and (b) and (c) the captive-drop 

goniometry.  
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1.2 Repellent surfaces 
Repellent surfaces refer to a surface that repels one or multiple liquids, such as Lotus leaf 

inspired superhydrophobic surfaces,
22, 73, 74

 superoleophobic surfaces,
75-77

 and Nepenthes 

pitcher plant inspired slippery liquid infused porous surfaces (SLIPS).
78-80

  

1.2.1 Superhydrophobic surfaces 

Superhydrophobic surfaces refer to a surface with water contact angles greater than 150° as 

discussed previously; and the measurement of water contact angles is a way of identifying 

superhydrophobicity. The measurement of water contact angles depends on a contact line 

between water and the substrate; however, the contact line might not be obtainable in some 

cases resulting in the water contact angle being unable to be measured. 

Fig. 1.12(a) shows a water contact angle measurement of a superhydrophobic Mg alloy 

surface, which was fabricated via electrochemical etching and low surface energy 

modification.
81

 The contact line is clearly seen and the water contact angle can be simply 

obtained via aforementioned models. However, on some water repellent soft porous materials, 

water contact angles cannot be determined because the contact line is sometimes not 

obtainable, for example, a superhydrophobic scouring pad surface as shown in Fig 1.12(b).
82

  

 

Fig. 1.12 (a) Superhydrophobic Mg
81

 (Figures reproduce with permission from Ref. 81 © 

2011 American Chemical Society) and (b) superhydrophobic scouring pad surfaces
82

 (Figures 

reproduce with permission from Ref. 82 © The Royal Society of Chemistry 2014). 

 

For these reasons, water droplet bouncing phenomena, for which contact lines are not 

necessary, are also used to demonstrate surface superhydrophobicity. Water contact time of a 

bouncing droplet was studied [Fig. 1.13(a)] to show that the contact time is independent of 

the impact velocity but depends on the drop radius.
83

 It was then discovered that the non-

axisymmetric water droplet recoil can shorten contact time, which is reduced by 37% to 7.8 
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ms, and such a system can be generalized to a wide range of materials, as shown in Fig. 

1.13(b).
84

 Liu et al.
85

 developed the superhydrophobic surfaces patterned with a 

submillimetre-scale post matrix; water contact time was dramatically reduced because the 

drops spread on impact and then leave the surface in a flattened shape without retracting on 

these surfaces – forming a pancake bouncing as shown in Fig. 1.13(c). 
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Fig. 1.13 (a) Water droplet bouncing on a superhydrophobic surface
83

 (Figures reproduce 

with permission from Ref. 83 © 2002 Nature Publishing Group). (b) Water recoils on (i) a 

superhydrophobic anodized aluminium oxide surface, (ii) a superhydrophobic copper oxide 

surface, (iii) a vein on the wing of a Morpho butterfly and (iv) a vein on a nasturtium leaf
84

 

(Figures reproduce with permission from Ref. 84 © 2013 Macmillan Publishers Limited). (c) 

Pancake bouncing occurs on a submillimetre-posts-patterned superhydrophobic surface, the 

contact time is reduced to 3.4 ms
85

 (Figures reproduce with permission from Ref. 85 © 2014 

Macmillan Publishers Limited).  

 

The preparation of superhydrophobic surfaces is usually based on two strategies – 1) roughen 

a surface that has a low water affinity; 2) lower the surface energy of a highly textured 

surface.
13, 86, 87

 There are many methods of fabricating superhydrophobic surfaces, including a 

top-down or bottom-up method. Here top-down methods refer to removing materials from a 

substrate such as chemical etching
88-90

 and electrochemical etching;
91-93

 bottom-up methods 

depend on the growth of materials from a substrate, such as chemical vapour deposition 

(CVD)
94-96

 and spray coating methods.
97-99
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1.2.2 Superoleophobic surfaces 

Superhydrophobic properties are based on micro and nano hierarchical roughness [Fig. 1.14(a) 

and (b)] and low surface energy modifications.
100, 101

 However, such surfaces lose their 

superhydrophobicity once being contaminated by oils, whose surface tensions are usually 

lower than that of water.
102

 Tuteja et al. have designed re-entrant surface structures, as shown 

in Fig. 1.14(c), followed by lowering the surface energy, to make superoleophobic surfaces 

that repel water, oils and a range of organic liquids.
103

 Here, superoleophobic surfaces refer to 

a surface that has an “oil” contact angle greater than 150°, however, different types of liquid 

hydrocarbons have different surface tensions – the higher surface tension a liquid has, the 

easier to repel the liquid – making it difficult to precisely define superoleophobicity.
104

 In this 

thesis, hexadecane with a low surface tension (27.5 mN/m) was used as a threshold, that is, a 

surface with hexadecane contact angles greater than 150° is considered to be superoleophobic. 

In most cases, a superoleophobic surface also repels water, therefore, superoleophobic 

surfaces are sometimes also called superamphiphobic
105, 106

 or superomniphobic
77, 107

 surfaces 

based on a high contact angle of both water and oil. Fluoropolymer modified nanonails were 

then built up [Fig. 1.14(d)], which even repel ethanol [Fig. 1.14(e)].
108

 Liu et al.
109

 turned a 

surface superrepellent even to completely wetting liquids only by roughing the surface with 

doubly re-entrant structures [Fig. 1.14(f)] without any further low surface energy 

modifications. Even extremely wetting liquid – perfluorohexane (3M FC-72) can bounce on 

such surface roughness [Fig. 1.14(g)]. 

The techniques of fabricating superoleophobic surfaces are similar to those of 

superhydrophobic surfaces, such as chemical etching,
110, 111

 electrochemical etching,
102

 

electrospinning,
103, 112

 template
113

 methods and so on. 

These repellent surfaces retain self-cleaning properties through keeping themselves “dry” to 

repel contaminating liquids. Given the theories and experiments from superhydrophobic, 

superoleophobic to superrepellent materials to extremely wetting liquids, the low surface 

energy modification is not always necessary. However, the demands of surface micron 

morphology designs keeps increasing from micro-nano scaled hierarchical, re-entrant, 

nanonail to doubly re-entrant structures. These structures are all in micro or nano scales with 

a weak robustness, which greatly hinders the practical applications of these amazing surfaces. 
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Fig. 1.14 (a) Scanning electron microscopy (SEM) images of the superhydrophobic metal 

surface in different magnifications; nano-scaled roughness can be seen on micro structures 

forming a micro-nano hierarchical morphology
100

 (Figures reproduce with permission from 

Ref. 100 © The Royal Society of Chemistry 2005). (b) Water droplet on surfaces and the 

corresponding wetting models. It shows that single scaled roughness is not enough to support 

the water droplet, micro-nano dual structures can make water drops bead up
101

 (Figures 

reproduce with permission from Ref. 101 © 2011 Elsevier B.V. All rights reserved). (c) 

Cartoons and the corresponding SEM images of re-entrant structures.
103

 In the cartoons, the 

blue area is wetted while the red surface remains non-wetted when in contact with a liquid; 

two “micro-hoodoo” surfaces with square and circular flat caps are shown in the SEM images, 

respectively. The samples are viewed from an oblique angle of 30° (Figures reproduce with 

permission from Ref. 103 © 2007 AAAS). (d) SEM image of the nanonail covered surface, 

which repels (e) both water and ethanol
108

 (Figures reproduce with permission from Ref. 108 

© 2008 American Chemical Society). (f) SEM images of doubly re-entrant structures; such 

roughness, that is independent of low surface energy modification, enables (g) a FC-72 

droplet bounce off
109

 (Figures reproduce with permission from Ref. 109 © 2014 AAAS). 
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1.2.3 Slippery liquid infused porous surfaces (SLIPS) 

In nature, the peristome of Nepenthes pitcher plants becomes slippery when it is wetted by 

rain, so that ants and other prey fall into it and are trapped by the stomach of Nepenthes 

pitcher plants.
16

 Inspired by these plants, a slippery liquid-infused porous surface (SLIPS) 

was developed, which is omniphobic with self-cleaning properties. However, SLIPS 

functions to repel contaminating liquids only when it is wetted, and this is conceptually 

different from the “dry” superrepellent materials. The fabrication of SLIPS is to use micro-

nano surface textures to lock in the lubricating fluids
114

 and such slippery surfaces do not 

normally achieve high liquid contact angles, but an ultra-low contact angle hysteresis enables 

foreign liquids to readily slide off the slippery surfaces, resulting in self-cleaning/anti-fouling 

properties
115-117

 as shown in Fig. 1.15(a). The design of SLIPS must follow three criteria:
114

 

(1) the substrate must be wetted and stably adhered by the lubricating liquid/lubricant; (2) the 

substrate must be preferentially wetted by the lubricant instead of the liquid that it is expected 

to repel; (3) the lubricant and the testing liquid that is expected to be repelled must be 

immiscible. In the concept of the “dry” superrepellent materials, droplets usually sit on the 

surface texture and are considered to have extremely high mobility with respect to the model 

of Cassie-Baxter;
32

 while the Wenzel state usually refers to the droplets to be pinned.
34

 While 

on SLIPS, droplets retain high mobility even in the Wenzel state and this challenged the 

conventional understanding of repellent materials – named the “slippery Wenzel state”.
118

 

Gaining the “wet” self-cleaning, SLIPS can also be used for anti-icing as shown in Fig. 

1.15(b),
119, 120

 drag reduction,
121, 122

 corrosion protection
123, 124

 and other applications where 

most “dry” superrepellent materials are used, as shown in Fig. 1.15(c).
125-128

 The advantage 

of using SLIPS instead of “dry” superrepellent surfaces is that the SLIPS repels water, oil and 

organic solvents without specially designing a re-entrant or double re-entrant roughness. In 

addition, SLIPS can be used in some conditions where “dry” superrepellent surfaces are not 

applicable, for example, lubricating components such as bearings and gears in a machine;
54

 

the SLIPS is self-healable after scratches because of the mobility of the lubricating layer 

while dry surfaces are usually not;
129

 the air cushion of “dry” superrepellent materials is easy 

to break down when high pressure is applied, while the lubricating layer of SLIPS is 

somehow more stable than the air pockets between surface structures in terms of the pressure 

issues.
114, 130, 131

 However, there are still some drawbacks of the SLIPS, for example, the 

SLIPS only functions when it is wetted, so that the durability is determined by how long the 

lubricant stays in the solid substrate instead of leaking or evaporating.
132, 133

 The lubricant has 

to be immiscible with water, oil and organic solvents according to the third criterion of SLIPS 
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fabrication,
114

 and this results in a limitation of the choice of lubricant.
132, 134

 The surface 

structures (which are usually hydrophobic) of a substrate are expected to lock the lubricant to 

make a SLIPS, thus the robustness of the surface roughness on the substrate is another 

limitation that is similar to the robustness with respect to “dry” superrepellent surfaces. As a 

result, the durability and robustness of the SLIPS should be greatly enhanced before its 

practical applications can be realised. 
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Fig. 1.15 Examples of SLIPS applications. (a) Light crude oil moved on SLIPS, 

superhydrophobic Teflon porous membrane and flat hydrophobic surface, respectively; 

SLIPS got stain-free while the other two surfaces were contaminated showing a superior self-

cleaning property of the SLIPS
114

 (Figures reproduce with permission from Ref. 114 © 2011 

Macmillan Publishers Limited. All rights reserved). (b) Icing behaviour between the 

untreated and SLIPS Al surface were compared in high-humidity condition (60% RH). In the 

cooling cycle from room temperature to -10 °C at 5 °C/min, ice covered uniformly on the 

untreated Al surface while it seldom formed on the SLIPS Al substrate; in the heating cycle 

from -10 °C to 25 °C at 10 °C/min, SLIPS Al surface readily melted but the untreated Al 

surface got droplets pinned on. This test shows the anti-ice/frost properties of SLIPS
120

 

(Figures reproduce with permission from Ref. 120 © 2012 American Chemical Society). (c) 

Hydrophilic paths were created on hydrophobic patterned substrates, and then the resulting 

surface was lubricated by Fluorinert FC-70. Tetrahydrofuran (THF) solution of o-

phenylenediamine and benzaldehyde (the left yellow droplet) and the THF solution of 

iodobenzene diacetate (the right colourless droplet) were then guided to travel along the path 

and join together to complete the organic reaction
126

 (Figures reproduce with permission from 

Ref. 126 © 2014 American Chemical Society). 
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1.3 Applications of repellent surfaces 

1.3.1 Applications of superhydrophobic surfaces 

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

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

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

based acid and base are not able to stain superhydrophobic surfaces; the stain-resistance of 

superhydrophobic surfaces is one aspect of their self-cleaning functions or the “Lotus effect”. 

The other aspect of self-cleaning is that running water easily picks up and removes dust and 

bacteria on the superhydrophobic surfaces; this property is called dirt-removal property as 

discussed above. Apart from water-repellence and self-cleaning properties, superhydrophobic 

surfaces have many other applications, such as anti-corrosion, drag reduction, anti-bacterial, 

anti-icing and oil-water separation. 

1. Anti-corrosion 

Metal corrosion is a significant problem for aircraft, automobiles, pipelines, and naval vessels, 

leading to huge economic losses.
135

 One of the most well-known examples of metal corrosion 

is iron rusting, which is mainly due to the exposure of water and oxygen. Since oxygen is 

abundant in air, it is easier to prevent metal from water. There are many reports regarding the 

anti-corrosion properties using superhydrophobic surfaces on metal substrates such as 

aluminium,
136

 copper,
137-139

 magnesium
81, 140, 141

 and steel.
142, 143

 

2. Drag reduction 

The low fraction of contact between water and superhydrophobic surfaces enables a high 

mobility for water to travel on superhydrophobic surfaces. Therefore, superhydrophobic 

surfaces can be used for drag reduction. For example, the flow rate of water is much higher in 

a superhydrophobic tube/pipe than that in normal tubes/pipes.
144, 145

 Superhydrophobic 

surfaces can be further treated on ships so that they could travel with less drag and less 

energy consumption in water.
146, 147

    

3. Anti-icing 

Icing of surfaces causes serious and recurrent problems in cold-climate regions,
148, 149

 this is 

because the exposure of a surface to freezing rain (super-cooled water) leads to materials 

damage. Due to less fraction of water contact, superhydrophobic surfaces dramatically reduce 
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the ice formation upon impact of super-cooled water.
150

 However, superhydrophobic surfaces 

are not able to stop the icing behaviour but to delay the ice formation.
151

 That is, icing will 

eventually happen if the temperature is low enough, the atmospheric humanity is high enough, 

or the exposure time to cold temperature is long enough. 

4. Anti-bacteria 

The anti-bacterial property of superhydrophobic surfaces does not refer to inducing the death 

of bacteria; instead, superhydrophobic coatings greatly reduce the likelihood for bacteria to 

attach to the surface.
152

 Due to the less contact and high mobility of water on 

superhydrophobic surfaces, it is difficult for bacteria to colonise the surface because the 

bacteria will be going with the rolling water droplets or their culture solution.
153-155

   

5. Oil-water separation 

In most cases, superhydrophobic surfaces can be easily wetted by liquid hydrocarbons with 

lower surface tensions than that of water, such as peanut oil and hexadecane.
76, 156, 157

 On this 

point, superhydrophobic coatings can be treated on mesh, sponge or membrane for oil-water-

separation, in a way that oil is able to pass through the mesh while water is stopped.
158, 159

 

The oil-water separation properties of superhydrophobic surfaces have great potential to be 

used for water purification and oil recycling.
160

 

1.3.2 Applications of superoleophobic surfaces 

Superoleophobic surfaces own most of the functions that superhydrophobic surfaces have, 

such as anti-corrosion, drag reduction, anti-bacterial, and anti-icing.
161, 162

 Moreover, 

superoleophobic surfaces have superior self-cleaning properties compared with 

superhydrophobic surfaces. For example, superoleophobic surfaces repel cooking oils, which 

could readily stain a superhydrophobic surface. However, superoleophobic surfaces cannot 

usually be used for oil-water separation because in most cases they repel both water and oils. 

This is one exception – a superhydrophilic–superoleophobic coating.
163

 This coating was 

treated onto a mesh to make a superhydrophilic–superoleophobic surface, which allows water 

to pass through the mesh while stops oil.  
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1.3.3 Applications of SLIPS surfaces 

SLIPS surfaces repel most liquids including water and liquid hydrocarbons. Instead of using 

air pockets to support liquid, SLIPS apply a lubricating layer to fill the air pockets which are 

created by a highly textured surface morphology. The lubricating layer is usually a liquid 

with low surface tension and should not be miscible with the liquids that are expected to be 

repelled (testing liquids). The main advantage of SLIPS compared with “dry” super-repellent 

surfaces is that SLIPS surfaces will survive when high pressure is applied because the 

lubricating layer in SLIPS is more stable than the air cushion in “dry” super-repellent 

surfaces. Therefore, SLIPS is expected to have longer longevity than that of “dry” super-

repellent surfaces when the surfaces are used in high atmospheric pressure or underwater. 

However, the disadvantage of SLIPS is that the surfaces would lose the repelling properties 

once the lubricating layer is dried. Apart from the above mentioned situations, SLIPS can be 

applied in most cases where superoleophobic and superhydrophobic surfaces are used, such 

as self-cleaning,
128, 164

 anti-icing,
119, 165

 and anti-biofouling.
117, 166
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1.4 Summary 
In this “Introduction”, the mechanism, synthesis and applications of superhydrophobic 

surfaces, superoloephobic surfaces and SLIPS have been introduced. Although these surfaces 

show different functions, they have two things in common: (1) they are designed to repel 

liquids; (2) their functions are dependent on their surface micro/nano morphologies. However, 

these micro/nano morphologies are mechanically weak and may be easily damaged by a 

finger print, resulting in the loss of their repelling functions. This thesis will present strategies 

regarding the improvement of surface robustness of repellent surfaces. 

In the following chapter (Chapter 2), superhydrophobic coatings are treated onto steel 

surfaces (hard substrate) and some soft porous materials such as cotton, filter paper and 

scouring pad. Steel surface was chemically etched by CuCl2 solution to create surface 

roughness, and the by-products in this reaction were deposited onto soft substrates. Both the 

steel and the soft materials became superhydrophobic after low surface energy modification. 

Moreover, the steel mesh was made superhydrophobic-oloephilic for oil-water separation, 

achieving a separation rate of 96%. However, the surface robustness of steel surface was 

comparatively weak; the surface lost superhydrophobicity after 6 cycles of sandpaper 

abrasion. Therefore, the synthesis of a more durable superhydrophobic surface is presented in 

Chapter 3. 

In Chapter 3, a paint-like suspension was fabricated using dual scaled TiO2 nanoparticles and 

an ethanol-based solution containing fluorosilane. This paint can be treated onto almost any 

solid surfaces such as glass, steel, cotton and paper. The superhydrophobic coating is highly 

compatible with commercial adhesives, and the surfaces retained superhydrophobicity after 

finger print, knife cut and even 40 cycles of sandpaper abrasion. The surface repelled water 

even after oil-contamination, however, it did not repel oil, therefore, a durable surface that 

repels both water and oil is introduced in Chapter 4. 

In Chapter 4, a SLIPS coating was fabricated by lubricating a superhydrophobic paint treated 

substrate that was reported in Chapter 3. The SLIPS not only inherited most of the advantages 

from the superhydrophobic painted coatings (for example, it can be treated onto most solid 

substrates; it is highly durable etc.), but also repel various liquids such as water, coffee, red 

wine, cooking oil and hexadecane. Apart from mechanical tests, the SLIPS surfaces also 

retained omniphobicity after thermal and chemical durability tests such as low (-196 °C) and 

high temperatures (200 °C), and exposure to acid and base liquids.  
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This thesis performs facile and low cost methods to prepare robust superhydrophobic and 

SLIPS surfaces, hopefully one day this technique will benefit people’s daily life at every 

aspect. 
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2.1 Introduction 
The substrates of a coating can be divided into two types - hard and soft surfaces.

1
 A hard 

surface refers to a material that is difficult to change its shape under the conditions of room 

temperature and ordinary pressure, e.g. glass and steel surfaces etc.;
2, 3

 a soft substrate means 

that the nature of the material is flexible and deformable, which usually refers to a 

fabric/textile (e.g. cotton and cloth) or paper.
4, 5

 It is of great practical significance to make 

superhydrophobic surfaces on both hard and soft materials, for example, to protect carbon 

steel or mild steel from corrosion, to make water-proofing garments, and to separate oil and 

water.   

2.1.1 Superhydrophobic mild steel 

Mild steel, which is considered to be a hard substrate, is one of the most widely used forms of 

steel because it provides material properties that are acceptable for many applications with a 

comparatively low price. However, there is an extremely high cost to repair and replace the 

rusted mild steel every year. The corrosion of mild steel is mainly because of the contact with 

air and moisture,
6, 7

 therefore, making the steel surface superhydrophobic is a potential 

method to reduce or even stop the rusting.   

Zhang et al.
3, 8

 fabricated superhydrophobic coatings on steel substrates by immersing steel 

into a mixture of HNO3 and H2O2 solution, followed by low-surface-energy polymer 

treatments. Hess et al.
9
 used a 48–51% hydrofluoric acid solution to etch steel surface and 

make superhydrophobic surfaces. However, the use of strong acids would have an influence 

to the environment if the abovementioned methods were applied to large scale productions. 

Tesler et al.
10

 used electrochemical deposition of nanoporous tungsten oxide to create surface 

structures to make superhydrophobic and SLIPS steel surfaces, the prepared surfaces were 

robust but this method cannot be used to make a large-scale object due to the technical 

limitations. Therefore, a method that avoids strong acid and alkali, and has the potential for 

large scale applications is needed. 

2.1.2 Superhydrophobic soft porous materials 

In our daily life, soft porous materials are everywhere, such as our clothes, a piece of paper, 

and a cleaning sponge. These materials are usually considered to be hydrophilic due to the 

presence of partially hydroxylated surfaces, so that they are very easy to get wet and stained 

by rain, mud, ink, coffee etc. For water proofing and self-cleaning purposes, making 

superhydrophobic surfaces on soft porous substrates such as fabrics, textiles and paper are of 

great importance.  
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There are lots of methods to make superhydrophobic cotton fabrics,
11-13

 sponges,
14, 15

 and 

paper.
5, 16, 17

 However, a simple and general method is still needed to enable fabrics to 

become superhydrophobic. 

2.1.3 Oil-water separation 

The technique of oil-water separation is one of the most important applications of 

superhydrophobic surfaces for water purification and spilt oil collection.
18, 19

 The oil–water 

separation methods using superhydrophobic–superoleophilic mesh/membrane can be briefly 

classified as three systems: tube-membrane/mesh-container [Fig. 2.1(a) and (b)], mesh-oil 

container–water container [Fig. 2.1(c) and (d)], and membrane/mesh sealed vessel-water 

container [Fig. 2.1(e) and (f)]. Here, light oil or organic solvent refers to oil or organic 

solvent with lower density than that of water; while heavy oil or organic solvent means the oil 

or organic solvent has a larger density than that of water.  

The tube-membrane/mesh-container devices can be used to separate water and heavy oils as 

well as heavy organic solvents, for example chloroform,
20

 dichloromethane,
21

 and heavy 

crude oil.
19

 In this system, heavy oils or heavy organic solvents in an oil-water mixture stay 

on the bottom of the tube; such a condition enables heavy oils or organic solvents to get into 

contact with the separating mesh or membrane so that they can be filtered. However, this 

system might not work efficiently if the mixture is made of water and light oil. As shown in 

Fig. 2.1(a) and (b), the oil-water mixture has to be poured carefully to make sure that oil 

contacts the separating mesh first and then followed by water. When the light oil-water 

mixture was poured fast to the tube, or the mixture was not layered clearly, there would be 

some oil left to float on the water in the tube. In this case, the contact between floating oil and 

separating mesh was stopped by the water layer in the middle, resulting in a lower oil-water 

separation rate or a low oil collection rate.   

The mesh-oil container-water container system is as shown in Fig. 2.1(c). When the oil-water 

mixture was poured onto the separating mesh, oil goes through the mesh and get into the 

beaker underneath, and water rolls to the end of the mesh and get into the further beaker
22

. 

After this process, oil and water are separated into different beakers as shown in Fig. 2.1(d). 

This system can be used for both light and heavy oils, but it is subject to spills that would 

influence the oil-water separation rate. 

The system of membrane/mesh sealed vessel-water container uses a superhydrophobic-

superoleophilic mesh to cover a vessel,
23-25

 which is then positioned into a larger container as 
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shown in Fig. 2.1(e). When the oil-water mixture was poured onto the separating mesh, oil 

passes through the mesh and is then collected in the vessel, and water is stopped by the mesh 

and then goes into the container outside. After the separating process, oil and water are 

collected into the vessel and the outside container respectively as shown in Fig. 2.1(f). In this 

system, although the collected oil can be in a high purity, the spills of the mixture would 

influence the collection rate of water.  

Overall, the three oil-water separating systems described have the same drawback, that is, the 

oil-water mixture has to go very slowly and carefully onto the separating mesh. When the 

mixture goes quickly, the separation would not be complete, resulting in that some oil goes 

with water droplets and eventually get into the container for water collection. 

 

Fig. 2.1 Oil-water separation systems. (a) and (b) are the schematics of the tube-

membrane/mesh-container system; (c) to (f) are the schematics of the mesh-oil container-

water-container systems. Yellow and blue liquids are oil and water, respectively. Here light 

oil is used as an example that floats on water. The separating meshes/membranes in the 

middle are superhydrophobic-superoleophilic.  

 

In this chapter, a “green” route was created to prepare superhydrophobic surfaces on both 

hard and soft porous materials. First, mild steel was chemically etched by CuCl2 solution to 

create surface roughness; then the products such as CuCl(OH) and Cu2Cl(OH)3 were 

deposited on soft porous substrates including cotton wool, scouring pad, filter paper, sponge 

etc. to build surface structures. Finally, both hard and soft surfaces with micron roughness 
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were treated with hydrophobic agents to lower the surface energy. Here, using the products in 

the former process to contribute to the latter fabrication is an idea that reduces waste in 

reactions and minimizes the pressure on the environment – this shows the spirit of green 

chemistry according to American Chemical Society. 

The coated steel plates had a water contact angle (WCA) greater than 150° and the treated 

soft porous materials, such as scouring pad and cotton wool, were able to support the water 

droplet as a perfect sphere by their threads. The mechanical durability of the treated steel 

plates was also tested through sandpaper abrasion. 

The coated superhydrophobic steel surfaces can not only be used to protect mild steel from 

rusting, but can also be used for oil-water separations through making a superhydrophobic-

superoleophilic mesh. The separation is repeatable and oil collection rate can reach >96%.  
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2.2 Experimental 

2.2.1 Materials 

Carbon steel plates (from Goodman) and meshes (0.16 mm diameter, from Mesh UK) were 

used. Soft porous materials such as scouring pad (from a sponge), filter paper, and cotton 

wool were used for substrates and were purchased from Aldrich Chemical Co. Cupric 

chloride (98.0% CuCl2∙2H2O) was used for creating surface roughness of carbon steel. 1H, 

1H, 2H, 2H-perfluorooctyltriethoxysilane (Fluorosilane, short for FAS, 

C8F13H4Si(OCH2CH3)3) and Sylgard 184 Silicone Elastomer were used for reducing the 

surface energy, as shown in Fig. 2.2. Laboratory solvents (ethanol and chloroform) were at 

the highest possible grade. All of these chemicals were purchased from Sigma-Aldrich. 

 

Fig. 2.2 Chemical structures of FAS and Sylgard 184. 
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2.2.2 Creation of surface micro-nano morphology on hard substrates 

Carbon steel plates and meshes were immersed into a solution of CuCl2 (0.2 mol/L; this 

concentration was arbitrarily chosen, it was effective in this experiment so that alternative 

concentrations were not tested) in distilled water for 3 min, followed by a 30-min ultrasonical 

cleaning in distilled water. Then the cleaned carbon steel plates and meshes were dried at 

90 °C for 30 min. 

2.2.3 Deposition of produced powder on soft materials to make surface roughness 

Scouring pad, filter paper, and cotton wool were immersed into the solution used in the 

previous step; the products after etching steel were left for deposition of micro-nano-scale 

roughness on soft porous substrates. The solution containing these substrates was stirred at 

300 r/min for 10 min and then exposed to air for 2 days. The samples were then dried at 

90 °C for 24 hours. 

2.2.4 Low surface energy modification 

Fluorosilane (FAS) and Sylgard 184 Silicone Elastomer were used as solutions for surface 

energy reduction.  

The method of making FAS: 1.0 wt % 1H, 1H, 2H, 2H-perfluorooctyltriethoxysilane (1 g) 

was put into an absolute ethanol solvent (99 g) and then the solution was magnetically stirred 

for 2 hours.  

The method of making Sylgard 184 Silicone Elastomer: this elastomer consists of two parts, 

the first is the elastomer and the second a curing agent to encourage cross linking and 

hardening to generate a heat resistant polymer. Both polymer and cross link agent (10:1 ratio, 

here, 10 mL and 1 mL were used) were dissolved in chloroform (50 mL) by rapid stirring for 

5 min to make a solution.
26

  

The method of coating with FAS or Sylgard 184: samples were imersed into FAS or Sylgard 

184 solution for 2 hours and then were dried for 2 hours at 90 °C. 

Note: the aformentioned steel plate samples were treated with FAS and Sylgard 184, 

respectively. The steel mesh samples were treated only with Sylgard 184 while the soft 

porous samples were only treated by FAS. 
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2.2.5 Characterizations 

Scanning electron microscopy (SEM) was performed to determine surface morphology using 

a JEOL JSM-6301F Field Emission SEM. The X-ray patterns were examined using STOE 

SEIFERT (Mo source radiation, 2-40° 2θ range, 0.495°/step) in a transmission mode X-ray 

diffractometer (XRD). Surface chemical compositions were investigated using X-ray 

photoelectron spectroscopy (XPS, Thermo Scientific K-alpha photoelectron spectrometer, the 

XPS spectra were referenced to carbon and the photon source was aluminium) and attenuated 

total reflectance Fourier transform infrared spectroscopy (ATR-FTIR, BRUKER, platinum-

ATR, measurements were taken over a range of 1000 to 4000 cm
−1

). The water contact 

angles (WCAs) were measured at ambient temperature via the sessile-drop method using an 

optical contact angle meter (FTA 1000, water droplet is 5 µL). 

2.2.6 Robustness tests 

The treated steel plate was longitudinally and transversely abraded by sand paper (Grade Grit 

no. 240).
27

 Two experiments were performed on this sample: (1) Variation of weights — 

different weights (0, 20 g, 50 g, 80 g and 100 g, respectively) were positioned on the sample 

that was faced to the sand paper; the sample was then moved for 10 cm on the sand paper 

longitudinally and transversely (20 cm totally travelled per weight load); WCAs were 

measured after each weight test. (2) Cycles of mechanical abrasion tests were carried out on 

the same sample after the weight tests, here we defined one cycle for sample weighing 100 g 

was moved for 10 cm in the longitudinal and transverse paths respectively (20 cm in total); 

30 cycles were tested on the sample and WCAs were measured after each test. 

2.2.7 Oil-water separation 

The mild steel mesh was treated using the above mentioned method to make it 

superhydrophobic. The surface energy of the CuCl2 solution etched mesh was lowered by the 

Sylgard polymer. The treated mesh was bent as a “V” shape in cross section to hold the 

separating liquids. Mixed liquids containing random masses of oil and water were poured 

onto the mesh. A beaker was placed under the mesh to collect the separated oil. The 

collection rate is the ratio of mass of collected oil divided by the mass of the oil that was put 

into the original oil–water mixture. The first 10 separations were used to take images and the 

11
th

 – 25
th

 separations were used to calculate the separation rate.  
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2.3 Results and discussion 
To make a surface superhydrophobic, two factors are required – creation of surface roughness 

and reduction of the surface energy. Superhydrophobic steel surfaces were fabricated in two 

stages consisting of a CuCl2 solution etch to create surface roughness and then FAS and 

Sylgard was used respectively to lower the surface energy. Surface roughness of 

superhydrophobic soft porous materials was obtained through the deposition of the produced 

particles from the reaction of CuCl2 etching steel, and then FAS was used to reduce their 

surface energy. 

In this section, a discussion of results is given in terms of wettability, surface morphology, 

surface compositions. Robustness and oil-water separation applications are also presented.  

2.3.1 Wettability 

The wettability of a surface is characterized via water contact angles (WCAs). The untreated 

mild steel plate was partially wetted with a WCA of 102° as shown in Fig. 2.3(a). The mild 

steel surface was firstly etched by CuCl2 solution and then treated with FAS [Fig. 2.3(b)] and 

Sylgard 184 [Fig. 2.3(c)], respectively. The WCAs for the two treated samples were 156° 

[Fig. 2.3(b)] and 157° [Fig. 2.3(c)] respectively showing their superhydrophobicity. Here, 

either FAS or Sylgard was able to reduce the surface energy of the etched steel, and hence the 

FAS treated and the Sylgard treated samples had similar contact angles.  

 

Fig. 2.3 Water droplets (dyed blue) on the surfaces of (a) untreated mild steel, (b) mild steel 

etched by CuCl2 solution followed by FAS modification and (c) mild steel etched by CuCl2 

solution followed by Sylgard treatment. Inserts show the horizontal views of a water droplet 

contacted these surfaces. 
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Fig. 2.4 shows water droplets on a treated scouring pad [Fig. 2.4(a) and (b)], filter paper [Fig. 

2.4(c) and (d)], and cotton wool [Fig. 2.4(e) and (f)], respectively. These hydrophilic soft 

materials were made superhydrophobic after treatments with the products from the reaction 

of CuCl2 solution etching of mild steel followed by surface energy reduction. The treated 

scouring pad, filter paper and cotton wool supported water droplets as a perfect sphere, 

indicating their superhydrophobicity. This method can also be used to treat other textiles to 

make superhydrophobic surfaces, such as sponge and cloths, as shown in Fig. 2.5. 

 

Fig. 2.4 Water droplets on treated scouring pad [(a) and (b)], filter paper [(c) and (d)], and 

cotton wool [(e) and (f)], respectively.  

 

Fig. 2.5 Images of superhydrophobic (a) sponge, (b) cloth A and (c) cloth B. 
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2.3.2 Surface morphology 

Surface micron structures were characterized using SEM. Fig. 2.6 shows the side view SEM 

images of untreated steel plate [Fig. 2.6 (a) and (b)] and CuCl2 solution etched steel surface 

[Fig. 2.6 (c) and (d)], respectively. The etched surface is more textured than the untreated 

mild steel surface. It is seen that the chemical etching made a big difference to the mild steel 

surface. After the CuCl2 etching process, FAS and Sylgard polymers were respectively 

treated. In this thesis, surface roughness was not quantified; this is because the distribution of 

surface morphology was quite random. Occasionally, lower surface roughness data might 

lead better hydrophobicity. It is more likely to quantify the relationship between wettability 

(water contact angles) and uniform surface roughness such as micro/nano scaled arrays of 

posts, needles and re-entrant structures as shown in Fig. 1.14(c). 

 

Fig. 2.6 Side view SEM images of [(a) and (b)] untreated steel and [(c) and (d)] CuCl2 

solution etched steel surfaces. 
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Fig. 2.7 shows the top view SEM images of untreated steel [Fig. 2.7(a) and (b)], CuCl2-FAS 

treated steel [Fig. 2.7(c) and (d)] and CuCl2-Sylgard treated steel surfaces [Fig. 2.7(e) and (f)], 

respectively. Although in low magnification [x 5000, Fig. 2.7(a)], the untreated surface 

presented a rough morphology in some areas, most areas were plain and less structured; at the 

high magnification [x 30000, Fig. 2.7(b)], nano scaled structures can be observed, and this is 

why the chemical etching is necessary to make the surface rougher than the untreated one. 

Fig. 2.7(c) and (d) shows the surfaces etched by the CuCl2 solution followed by FAS 

treatment. These surfaces showed much more textured morphologies than those on the 

original steel surfaces, and also it is noted that FAS did not greatly change the surface 

morphology. The case is different if Sylgard polymer is applied to reduce the energy of a 

surface. Fig. 2.7(e) and (f) shows the CuCl2 solution etched surface followed by Sylgard 

treatment. At the magnification of x 5000, as shown in Fig. 2.7(e), the surface was textured as 

it had been chemically etched; at a higher magnification [x 30000, Fig. 2.7(f)], the surface 

presented a bamboo-like morphology. The formation of the bamboo-like morphology is 

because the Sylgard polymer was deposited on the etched surface, which shows that Sylgard 

also contributed to make a surface rougher.   
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Fig. 2.7 Top view SEM images of [(a) and (b)] untreated steel, [(c) and (d)] CuCl2-FAS 

treated steel and [(e) and (f)] CuCl2-Sylgard treated steel surfaces, respectively. 

 

The structures on steel surfaces formed due to CuCl2 solution etching. The products left in the 

solution after etching the steel surfaces were then used to create micro and nano roughness on 

soft porous materials. After the deposition, these surfaces obtained micro and nano structures; 

and further become superhydrophobic after FAS modification. Figs. 2.8 to 2.11 show the 

SEM images of scouring pad, filter paper, cotton wool, sponge and cloths, before and after 

the product-treatments. These produced particles, which were embedded into the textiles, 

presented very rough surface morphologies. This surface roughness is necessary for these soft 

porous substrates to obtain superhydrophobicity. The untreated surfaces presented smooth 

morphologies at high magnifications (x10000) indicating that they do not originally have 

nanoscale structures.  
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Fig. 2.8 SEM images of (a-c) treated and (d-f) untreated scouring pads, respectively. 

 

Fig. 2.9 SEM images of (a-c) treated and (d-f) untreated filter papers, respectively. 

 

Fig. 2.10 SEM images of (a-c) treated and (d-f) untreated cotton wool, respectively. 
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Fig. 2.11 SEM images of superhydrophobic (a) sponge, (b) cloth A and (c) cloth B; and 

untreated (d) sponge, (e) cloth A and (f) cloth B. Inserts are in 10000X magnification. 
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2.3.3 Surface compositions 

Both hard (steel) and soft (scouring pad, filter paper and cotton wool) surfaces became 

superhydrophobic according to the optical images and wettability characterizations. From 

SEM images, it is seen that either hard or soft surfaces were successfully roughened to gain 

micro and nano structures by chemical treatment. Here, characterizations regarding surface 

compositions including crystal structures and chemistry compositions are reported.   

XRD was used to probe the crystallinity of the surface. Here, XRD was only carried out on 

the soft porous samples because they were made from the products of CuCl2 etched steel, 

therefore, analysis of these surfaces could gain a better understanding of the reactions 

involved. Fig. 2.12 shows the XRD patterns of treated and untreated scouring pad, filter paper 

and cotton wool. Peaks at 7.4°, 14.8° and 18.1° 2 corresponding to paratacamite 

[Cu2Cl(OH)3] were present on the treated scouring pad, filter paper, and cotton wool (PDF 

NO. 01-070-0821 25-1427,
28

). The XRD pattern for treated cotton wool also shows 

reflections at 7.4°, 16.2°, 18.1° 2 corresponding to [CuCl(OH)] (PDF NO. 01-074-1650 23-

1063,
29

). The paratacamite was produced from the reaction of steel in a CuCl2/water solution. 

It was formed in three steps – first, a metathesis reaction occurred as shown in Equation 2.1; 

second, the produced Cu was then oxidized by the exposure of air as shown in Equation 2.2; 

finally, the produced copper hydroxide carbonate hydrolyzed in the CuCl2 solution,
30

 as 

shown in Equations 2.3 and 2.4; the pH of the solution at the end of the reaction turned to 

4.34 indicating the production of H
+
, as shown in Equation (2.4). In addition, Fe3O4

31
 and 

FeO(OH)
32

 were also detected on some of the samples, however, CuCl(OH), Fe3O4 or 

FeO(OH) were not observed on all treated superhydrophobic samples, indicating that the 

absence of these compounds does not affect the growth of micro-nano structures. The surface 

structures were then most likely to be created from paratacamite because this was observed 

on all the treated samples. Here the products of steel etching were recycled and used to create 

micro and nano roughness on soft porous substrates; this reduces the waste chemicals to the 

environment. Hence we were able to use the generated waste products to make texturing on 

soft porous materials. 
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                                               Fe + CuCl2 → FeCl2 + Cu                                       (2.1) 

                                     2Cu + O2 + CO2 + H2O → Cu2(OH)2CO3                         (2.2) 

                                        CuCl2 + H2O → CuCl(OH) + HCl                                 (2.3) 

                          Cu2(OH)2CO3 + HCl + H2O → Cu2Cl(OH)3 + 2H
+
 + HCO3

-
      (2.4) 

 

Fig. 2.12 XRD patterns of (a) treated scouring pad, (b) untreated scouring pad, (c) treated 

filter paper, (d) untreated filter paper, (e) treated cotton wool, and (f) untreated cotton wool, 

respectively. 

 

ATR-FTIR was used to characterize the chemical compounds on untreated and treated steel 

surfaces. Fig. 2.13 shows the ATR-FTIR spectra of (a) original steel, (b) mild steel etched by 

CuCl2 solution followed by FAS modification, (c) FAS in ethanol solution, (d) mild steel 

etched by CuCl2 solution and then followed by Sylgard treatment and (e) Sylgard in 

chloroform. No absorption peaks were observed on the original mild steel [Fig. 2.13(a)], 

which indicates that the untreated control sample was not coated with any detectable organic 

material. The sample coated with FAS [Fig. 2.13(b)] shows bands at 1374, 1239, 1151 

cm
−1

 that can be assigned to the C–F stretching vibration with respect of the –CF2– and –

CF3 groups in FAS. The absorption bands at 1056 and 2962 cm
−1

 correspond to Si–O and C–

H stretches, respectively. Fig. 2.13(c) shows the ATR-FTIR spectrum of FAS in ethanol 

http://pubs.rsc.org/en/content/articlehtml/2014/ta/c4ta02181a#fig4
http://pubs.rsc.org/en/content/articlehtml/2014/ta/c4ta02181a#fig4
http://pubs.rsc.org/en/content/articlehtml/2014/ta/c4ta02181a#fig4
http://pubs.rsc.org/en/content/articlehtml/2014/ta/c4ta02181a#fig4
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solution for comparison, peaks at 1378, 1330, 1271 cm
−1

 corresponding to C–F stretching 

vibration of the –CF2– and –CF3 groups, and the vibrations that were observed at 1089 and 

2972 cm
−1

 corresponding to Si–O and C–H chemical bonds, respectively can be seen. The 

peak at 3325 cm
−1

 refers to ethanol (O-H stretch). Fig. 2.13(a)–(c) show that FAS was 

successfully adhered onto the mild steel, which was etched by CuCl2 solution. Fig. 2.13(d) 

and (e) show the ATR-FTIR spectra of mild steel etched by CuCl2 solution followed by 

Sylgard treatment and Sylgard in chloroform, respectively, both of which have an absorption 

peak at 2962 cm
−1

 corresponding to C–H vibrations. Comparison of Fig. 2.13(d) with (a/e), 

shows that the Sylgard has been successfully applied to the etched mild steel.  

 

Fig. 2.13 ATR-FTIR spectra of (a) original mild steel, (b) CuCl2 solution etched mild steel, 

followed by FAS treatment, (c) FAS dissolved in ethanol, (d) CuCl2 solution etched mild 

steel, followed by Sylgard treatment and (e) Sylgard dissolved in chloroform. 

 

 

 

http://pubs.rsc.org/en/content/articlehtml/2014/ta/c4ta02181a#fig4
http://pubs.rsc.org/en/content/articlehtml/2014/ta/c4ta02181a#fig4
http://pubs.rsc.org/en/content/articlehtml/2014/ta/c4ta02181a#fig4
http://pubs.rsc.org/en/content/articlehtml/2014/ta/c4ta02181a#fig4
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XPS was used to detect surface elements on soft surfaces. Fig. 2.14 shows the XPS spectra of 

the surfaces of the scouring pad, filter paper, and cotton wool, respectively. For both treated 

and untreated samples, C 1s (between 280 and 290 eV) and O 1s (between 528 and 536 eV) 

were detected, indicating that the soft porous substrates contain C and O. Two peaks at 930 

and 960 eV correspond to Cu 2p and the peak around 200 eV agrees well with literature 

values for Cl 2p. The Cu and Cl can be found on treated samples due to the presence of 

paratacamite, while on untreated samples, neither Cu nor Cl were detected. F was only 

detected on treated samples (F 1s, peak between 680 and 690 eV) revealing the presence of 

FAS. 

 

Fig. 2.14 XPS spectra of scouring pad [(a) treated and (b) untreated], filter paper [(c) treated 

and (d) untreated], and cotton wool [(e) treated and (f) untreated], respectively. 
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2.3.4 Robustness tests 

Surface robustness of treated mild steel was tested through sandpaper abrasion. Fig. 2.15 

shows water contact angles after (a) variation of weights and (b) multi-cycles of sandpaper 

abrasion tests. Water contact angles did not significantly change during one abrasion cycle 

when the sample was loaded 0, 20, 50, 80 and 100 g, respectively, as shown in Fig. 2.15(a). 

During the multi-cycles of sandpaper abrasion tests, as shown in Fig. 2.15(b), water contact 

angles showed some fluctuations during the first 20 cycles, this is because the contact angle 

measuring points were randomly selected on the rough treated surface, some taller areas on 

the surface was preferentially damaged while the lower plateaus were protected as shown in 

Fig. 2.16. The protected parts showed comparatively greater contact angles. However, with 

increasing abrasion cycles, the contact angles noticeably reduced, indicating that the surface 

micron structures were damaged.       

 

Fig. 2.15 Sandpaper abrasion tests. (a) Water contact angles after weight load abrasion tests. 

(b) Water contact angles after circles of mechanical abrasion tests. 
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Fig. 2.16 SEM images of the steel surface after the 30-cycle mechanical abrasion tests. (a) 

Some taller parts were scratched while lower parts were protected, resulting in some areas of 

the sample still showed hydrophobicity. In 5000 X, (b) the micro structures of lower areas 

were protected by taller areas in the hydrophobic area; (c) the structures were damaged in the 

taller parts. 
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2.3.5 Oil-water separation 

Oil-water separation has many potential applications in spilt oil clean up and the food 

industry.
33

 One of the strategies for oil-water separation is to make a superhydrophobic-

superolephilic mesh or membrane to let oil go through but to stop water getting into the mesh. 

Here, mild steel mesh was used as a substrate; CuCl2 solution and Sylgard polymer was used 

to etch surface roughness and lower the surface energy (see experimental section). Fig. 2.17(a) 

shows that a water droplet (dyed blue) beaded on the treated mesh, while the oil droplet could 

easily go through the mesh as shown in Fig. 2.17(b). SEM images show that the mesh was 

highly textured after chemical etching and Sylgard polymer treatments as shown in Fig. 

2.17(c). The original mesh, however, showed smoother morphologies than those on the 

treated sample as shown in Fig. 2.17(d).  

 

Fig. 2.17 (a) A water droplet and (b) an oil droplet on superhydrophobic-superoleophilic mild 

steel mesh. (c) and (d) are SEM images of treated and untreated mild steel. 

 

The fabricated superhydrophobic-superoleophilic mild steel mesh was bent into a “V” shape 

in cross section (this mesh can also be made into baskets and vessels etc.) to enable floating 

oils on water to always be in contact with the mesh area as shown in Fig. 2.18. This mesh was 

used for oil-water separation tests as shown in Table 2.1. The first ten tests were used for 

taking pictures. The oil-water separation data was collected from the 11
th

 to 25
th

 separation. 
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The separation rate was the average value of the 15 repeat separation tests, which could 

reach > 96%. The method was facile, reusable and had a stable separation rate each time. 

 

Fig. 2.18 Yellow and blue liquids refer to oil and water, respectively. Here, light oil is used as 

an example that is floating on water. The meshes or membranes in the middle are 

superhydrophobic-superoleophilic, which can stop water and let oil pass through. 
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Table 2.1 Oil water separating tests of the treated mild steel mesh. Here we chose different 

mass compositions of oil-water mixtures. The separation rate = oil collection (g)/oil (g) x 

100%. 

Round Oil (g) Water (g) Oil collection 

(g) 

Separation rates 

11 20.64 7.95 20.31 98.4% 

12 15.99 12.54 15.5 96.9% 

13 13.27 11.6 12.69 95.6% 

14 13.6 15.35 13.37 98.3% 

15 8.94 7.39 8.53 95.4% 

16 8.46 6.42 7.97 94.2% 

17 7.76 9.18 7.53 97.1% 

18 8.42 11.62 8.11 96.3% 

19 10.34 7.32 9.86 95.4% 

20 9.14 12.06 8.74 95.6% 

21 7.27 11.59 6.86 94.4% 

22 8.2 10.48 7.72 94.2% 

23 9.42 14.5 9.06 96.2% 

24 15.05 11.24 14.63 97.2% 

25 10.83 12.78 10.71 98.9% 
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2.4 Conclusions 
In the literature, CuCl2 solution was usually used to roughen steel surfaces to make 

superhydrophobic coatings such as the work reported in Ref. 33, however, the produced Cu 

was used to create the rough surface morphology with the disposal of the produced solution. 

In this chapter, a “green” method was designed to make superhydrophobic surfaces both on 

hard and soft surfaces. CuCl2 solution was used to etch mild steel surface to build the surface 

micro-nano roughness, the produced solution after etching was used to coat the soft porous 

materials. The deposited particles from the produced solution contributed to the creation of 

the surface structures on soft substrates such as cotton wool, filter paper and scouring pad etc. 

These etched mild steel and deposited soft materials were then treated with either FAS or 

Sylgard to lower the surface energy, and they became superhydrophobic after the drying 

processes. The prepared surfaces showed remarkable water repellence, the droplets on the 

superhydrophobic scouring pad and cotton wool were supported by the threads of these 

materials and even shaped as perfect spheres (Fig. 2.4). 

The weak robustness of superhydrophobic surfaces on hard substrates is a big issue that 

hinders their industrial applications. Sandpaper abrasion was used to test the robustness of 

superhydrophobic mild steel plate. The hydrophobicity began to go down after 6 cycles of 

abrasion and the surface completely lost its function after 30 cycles of abrasion. Therefore, 

this method of superhydrophobic surface fabrication is not durable enough to be used in 

abrasive conditions. 

However, this method of making superhydrophobic surfaces can still be used in some cases 

where mechanical abrasion is not necessary, for example, oil-water separation. Mild steel 

mesh was treated with CuCl2 etching and Sylgard polymer modification. The prepared mesh 

had a separation rate over 96% from the 11
th

 to 25
th

 separation.    
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3.1 Introduction 
A comparatively “green” method to fabricate superhydrophobic surfaces was demonstrated in 

Chapter 2, however, as a solvent-based reaction, there were still some waste solvent 

discharged to the environment. In this chapter, a paint-like suspension is developed to make 

superhydrophobic surfaces. This paint was made of dual-scaled TiO2 nanoparticles and 

fluoropolymer-ethanol-based solution. Different from the chemical method, this paint was 

fabricated though physically mixing the particles and solvent, such that the particles could 

form a coating to repel water, resulting in less discharge to the environment. In addition, the 

use of the superhydrophobic paint shows some advantages to previous methods of making 

superhydrophobic surfaces, for example, the paint can be applied to most solid substrates, 

superior mechanical robustness was achieved simply by bonding the surface with commercial 

adhesives, and it would even function under oil. 

3.1.1 A general method to coat superhydrophobic surface 

Fabrication of superhydrophobic surfaces usually depends on the nature of the substrates and 

needs two steps (roughen the surface, and then lower the surface energy). For example, when 

making superhydrophobic surfaces on metallic substrates, the first step is to create the surface 

roughness. In Chapter 2, CuCl2 solutions were used to etch mild steel surfaces to create 

surface micro and nano structures.
1
 However, this method is more like a “one solution – one 

substrate” design, and would not work if given a copper substrate. Similar ideas of material-

removal are subject to the same limitation, such as chemical etching
2, 3

 and electrochemical 

etching methods.
4, 5

 However, the above mentioned methods would not work if roughening a 

non-metallic substrate (for example, on glass substrates). To make a superhydrophobic 

surface on glass substrates, aerosol-assisted chemical vapour deposition (AACVD) can be 

used to deposit hydrophobic polymers onto the substrates.
6-8

 This method enables the 

polymer aerosols to form micro and nano scaled structures on glass substrates using one 

single step to prepare superhydrophobic surfaces. However, this step usually requires high 

temperatures (350 – 400 °C), where cellulose-based substrates such as paper and cotton wool 

will carbonize. Therefore, the aforementioned methods could not be generally used to form 

superhydrophobic surfaces on a variety of substrates.  
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3.1.2 Mechanical robustness 

It is generally accepted that the preparation of superhydrophobic surfaces requires building 

surface micro and/or nano roughness.
9, 10

 However, no matter how hard and durable a 

material can be on the macro scale, they become much weaker in the micro and nano scale, 

and can be destroyed even sometimes with a slight touch from a tissue. In this case, the 

surfaces would lose superhydrophobicity once the surface morphologies got damaged. In 

Chapter 2, the fabricated superhydrophobic steel surface could tolerate several sandpaper 

abrasion tests, due to the variation in height of the surface structures of the superhydrophobic 

steel, resulting in some areas losing superhydrophobicity whereas other areas were protected 

by the taller parts. Comparatively durable superhydrophobic Si and Ti surfaces were 

previously reported with the same mechanism.
11, 12

 However, these surfaces will be 

eventually destroyed when the taller parts together with the bottom structures are worn out. 

Superhydrophobic soft materials (such as textiles, sponge etc.) are usually fabricated by 

deposition of superhydrophobic particles.
13-15

 These soft materials are more robust than the 

hard surfaces because the fabric surfaces have a larger surface area and most of the area will 

not be directly abraded, this is a form of protection.
16-18

 Hence the softness of these materials 

would absorb some of the applied force. The bonding between the threads of the soft 

substrates and the superhydrophobic particles plays an important role in their robustness. 

However, a general method to fabricate robust superhydrophobic surfaces on both hard and 

soft surfaces is still required. 

3.1.3 Oil contamination    

Although superhydrophobic surfaces have shown remarkable water-proofing and self-

cleaning properties, they lose their functions once being contaminated by liquids with a lower 

surface tension (such as oil) than that of water.
19-21

 The Lotus leaf is one of the best-known 

examples of a superhydrophobic surface,
22-24

 however the Lotus leaf surface can be readily 

wetted by hexadecane (surface tension of 27.5 mN/m, the surface tension of water is 72.1 

mN/m) with a contact angle of ~0°.
25

 Designing silanized micron re-entrant surface structures 

enables a surface to repel both water and oil,
25, 26

 and according to a recent discovery, micron 

double re-entrants structures are able to repel extremely wetting liquids such as 

perfluorohexane (surface tension of ~10 mN/m), without low surface energy treatments.
27

 

However, these surfaces are not applicable for lubricating components, for example, the gears 

and bearings of an automobile. Therefore, a surface that repels water before and after oil 

contamination is more suitable to be used for lubricating surfaces. 
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In this chapter, a superhydrophobic paint was developed aiming at overcoming the 

aforementioned three problems: the diversity of the applied substrates, mechanical robustness 

and oil contamination. The paint was simply made by dispersing TiO2 nanoparticles into a 

fluorosilane-ethanol solution to make a suspension, this suspension could be treated on 

various substrates such as glass, steel, cotton and paper to make superhydrophobic surfaces. 

The surface robustness could be greatly improved and the surfaces retained their 

superhydrophobicity even after finger-print, knife-scratch and 40 cycles of sandpaper 

abrasion when bonding the paint to substrates using commercially available adhesives. The 

coated surfaces remained water repellent when contaminated by oil and even after immersion 

in oil. 
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3.2 Experimental 

3.2.1 Materials 

To develop the superhydrophobic paint, two types of titanium dioxide nanoparticles were 

used. Titanium dioxide (anatase) nanoparticles (diameter, ~ 60 - 200 nm, which was 

estimated through scanning electron microscopy and transmission electron microscopy 

images) were purchased from Sigma-Aldrich; in the following text, these TiO2 nanoparticles 

will be called Sigma-TiO2 to distinguish with the other type of titanium oxide. TiO2 P25 

(diameter, ~ 21 nm) was purchased from Degussa. 1H, 1H, 2H, 2H-

perfluorooctyltriethoxysilane (also known as fluorosilane, or FAS, C8F13H4Si(OCH2CH3)3) 

was purchased from Sigma-Aldrich. All the laboratory solvents were purchased from Fisher 

Scientific and used as received.  

Substrates including glass slides, cotton wool and filter paper were purchased from Fisher 

Scientific, and steel was purchased from the Goodman.  

3.2.2 Making superhydrophobic paint and coating methods 

1 g of FAS was dissolved into 99 g of ethanol solvent, and the resulting solution was 

mechanically stirred for 2 hours. 6 g of Sigma-TiO2 and 6 g of TiO2 P25 nanoparticles were 

then dispersed into the resulting FAS-ethanol solution to make a suspension. Note that these 

TiO2 nanoparticles were used to create surface roughness, sole Sigma-TiO2 and sole TiO2 

P25 nanoparticles dispersed into the FAS-ethanol solution were also tried at the initial stage; 

dual scaled surface morphology that was presented in this thesis gave better hydrophobicity 

and surface durability. Within the dual scaled surface morphology system, alternative particle 

sizes ranging from 20 nm to 10 μm would achieve a similar function.  

To apply the suspension onto the substrates (glass, steel, cotton wool and filter paper), several 

coating methods were used.  

Syringe coating – the suspension was extruded from a syringe onto a surface. 

Spray coating – the suspension was sprayed onto a surface using an artist’s spray gun. 

Dip-coating – the sample was fixed on a dip-coater and inserted into the suspension, and then 

the sample was pulled out of the suspension at a rate of 120 mm/min.  

After the paint was coated onto the substrates, the samples were dried in air at room 

temperature. It takes ~ 3-6 mins to dry on the hard substrates (e.g. glass and steel surfaces), ~ 
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10-15 mins on filter paper surfaces and 30 mins or even longer on cotton wool surfaces. The 

drying time could be reduced if higher drying temperatures (60-80 °C) were applied. 

 

3.2.3 Characterization 

Surface morphologies were detected via scanning electron microscopy (SEM, JEOL JSM-

6301F Field Emission) and transmission electron microscopy (TEM, JEOL JEM 2100 

microscope at a beam acceleration of 200 kV). X-ray diffractometers (XRD) were used to 

characterize the surface crystal structures. For hard substrates (glass and steel), D4 Endeavor 

(Cu source, 10-60° 2θ range, 0.05°/step) was used in glancing angle mode (5
o
); for soft 

substrates (cotton wool and filter paper), STOE Seifert (Mo source radiation, 2-40° 2θ range, 

0.495°/step) was used in transmission mode. Surface chemical compositions were 

investigated using an X-ray photoelectron spectroscopy (XPS, Thermo Scientific K-alpha 

photoelectron spectrometer, the XPS spectra were referenced to carbon and the photon source 

was aluminium). The water contact angles were measured at room temperature via the 

sessile-drop method using an optical contact angle meter (FTA 1000, water droplet is 5 µL). 

Water droplet bouncing videos and images were taken by a Phantom V7.1 colour high speed 

camera at 2900 frame/s.  

3.2.4 Water dropping tests 

Water droplets were dropped from a 30-gauge dispensing tip that was fitted 40 mm high (tip 

to surface, Fig. 3.1), and the impact velocity (v) was ~ 0.89 m/s estimated by the law of free 

fall, v
2
 = 2gh, where g is the acceleration due to gravity (~ 9.8 m/s

2
 near the surface of the 

earth), h is the height from the syringe tip to the sample surface. The size of water droplets 

was ~ 6.3 ± 0.2 μL and they were detached under their own weight. Original and coated glass, 

steel, cotton wool and filter paper were used as substrates; here, coated samples were 

prepared via dip-coating. Water droplets were dyed blue with methylene blue to gain better 

visualization. 
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Fig. 3.1 Scheme of water dropping tests. 

 

3.2.5 Self-cleaning tests in air 

Self-cleaning of a superhydrophobic surface means two things – first, the surface repels 

“dirty” and coloured water, such as the mixture of mud and water and water-based ink. 

Second, foreign bodies such as dust can be removed easily by rolling water.    

“Dirty” water repellent test: dip-coated cotton wool (white) was put into methylene blue dyed 

water and then removed. It is to test if the treated cotton wool could be dyed blue (Fig. 3.2). 

Dirt-removal test: in this test, MnO powder was used as a mimic for dirt. 

1. Two filter papers (one was spray coated, the other was untreated) were applied in this test. 

The treated filter paper was positioned on top at ~ 30° relative to the untreated sample. Dirt 

was placed onto the upper filter paper, and then water was applied to clean the upper piece of 

paper (the treated sample) as shown in Fig. 3.2.  

2. Dirt-removal tests were also carried out on dip-coated glass and steel samples, the tests 

were to use a single water droplet to clean the dirt on the treated samples using the high speed 

camera. This is to understand how self-cleaning works among water, dirt and 

superhydrophobic surfaces. 
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Fig. 3.2 Scheme of self-cleaning tests in air. The upper panel shows “dirty” water repellent 

test on dip-coated cotton wool, and the lower panel shows the dirt-removal test on the spray-

coated filter paper.  
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3.2.6 Oil contamination tests 

Oil contamination tests include two types of tests – first, the surface was immersed into oil to 

get contaminated, and then removed to test the self-cleaning properties in air. Second, the 

surface was immersed into oil and then self-cleaning properties were tested in oil. 

Hexadecane was used in the “oil contamination tests” as oil. The self-cleaning properties 

were also tested in two ways that were similar to those in air, including “dirty” water 

repellence and dirt-removal. Then a “2 × 2” experiment was set up as follows: 

1. “Dirty” water repellence: methylene blue dyed water acted as “dirty” water. 

1a. On oil immersion: a half treated (dip-coated) glass slide was immersed into oil; “dirty” 

water was dropped onto both untreated and treated parts to compare their water repellence in 

oil [Fig. 3.3(a)]. 

1b. In-air test: the spray-coated glass slide was firstly immersed into oil and then removed to 

air; “dirty” water was then dropped onto the surface to test its water repellence [Fig. 3.3(b)]. 

2. Dirt-removal tests: methylene blue dyed water acted as “dirty” water and MnO powder 

acted as dirt. The spray-coated glass slide was firstly contaminated by oil and then partly 

inserted into oil. Dirt was then positioned onto the surface of the sample; half of the dirt was 

immersed into oil while the other half was exposed to air as shown in Fig. 3.3(c). This is to 

test the dirt-removal properties either in air or oil phase. 

2a. In-air test: “dirty” water was dropped onto the surface to remove the dirt exposed to air. 

2b. On oil immersion: “dirty” water in 2a was used to remove the dirt immersed in oil. 

In practical consideration, dirt-removal tests were carried out using cooking oil, soil (from 

Gordon Square, London) and dust (from offices, kitchens and labs) picked up and used as dirt 

in the experiment. 
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Fig. 3.3 Self-cleaning tests in oil. (a) “Dirty” water repellence – on oil immersion. A half dip-

coated glass slide was immersed into oil; “dirty” water was dropped onto both untreated and 

treated parts. (b) “Dirty” water repellence – in air test. The spray-coated glass slide was 

firstly immersed into oil and then removed to air; “dirty” water was then dropped onto the 

surface. (c) Dirt-removal tests. The spray-coated glass slide was firstly contaminated by oil 

and then partly inserted into oil. Dirt was then positioned onto the surface of the sample; half 

of dirt was immersed into oil while the other half was exposed to air. “Dirty” water was 

dropped and expected to remove dirt either in air or oil on the treated surface.  
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3.2.7 Methods to test the robustness of superhydrophobic surfaces 

The robustness of a superhydrophobic surface is one of the most important factors that 

determine if the surface is applicable in practical conditions. In our daily life, physical contact 

of a surface/coating can be hand touch (e.g. touch the wall), scratch (e.g. a car got scratched) 

or abrasion (e.g. sandpaper abrasion). To mimic practical conditions, finger-print, knife-

scratch and sandpaper abrasion tests were carried out on the superhydrophobic paint treated 

substrates. In these tests, commercial adhesives (the Niceday double sided tape or the EVO-

STIK spray adhesive) were used to bond the paint and the substrates and to aid surface 

robustness. Sample preparation and relevant robustness tests were as follows: 

1. Sample preparation 

1a. Glass substrate: the glass slide was firstly coated with adhesives (either double sided tape 

or spray adhesive) and then dip-coated into the superhydrophobic paint as shown in Fig. 

3.4(a). 

1b. Steel substrate: the steel plate was firstly bonded onto a glass slide using double sided 

tape to aid preparation and robustness tests, and then adhesives (either double sided tape or 

spray adhesive) were applied onto the steel surface, finally the steel surface was dip-coated 

into the superhydrophobic paint as shown in Fig. 3.4(b).  

1c. Cotton wool and filter paper substrates: the sample preparation processes are the same 

between cotton wool and filter paper, here those of cotton wool are described as an example. 

The piece of cotton wool was firstly bonded onto a glass slide using double sided tape to aid 

preparation and robustness tests, and then adhesives (for soft substrates, double sided tapes 

are not applicable to bond the surfaces and the superhydrophobic paint, so only spray 

adhesives were used) were sprayed onto the cotton wool and then the cotton wool was dip-

coated into the superhydrophobic paint as shown in Fig. 3.4(b). The same processes were 

used to prepare filter paper samples. 

2. Robustness tests 

2a. Finger-print: Fig. 3.4(c) shows the scheme of the finger-print tests. The surfaces were 

(from left to right) untreated, paint treated and paint + adhesive treated. Then the finger print 

was applied from left to right and it was expected that the superhydrophobic coatings would 

be removed from the substrates or adhesive bonded substrates. Water was then used to test 

the superhydrophobicity of the finger wiped surfaces. 
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2b. Knife-scratch: a knife (Sterile disposable scalpels from the Swann-Morton) was used to 

scratch the treated surfaces along the red dashed pattern as shown in Fig. 3.4(d). Water was 

then dropped onto the scratched samples to test their superhydrophobicity. 

2c. Sandpaper abrasion: three steps were applied in this test. Fig 3.4(e) shows the side view 

of the test. The sample was face down to the sandpaper (Grit No. 240) and loaded by a 100 g 

weight. The sample and the weight were then guided to travel for 10 cm along a rule as 

shown in Fig. 3.4(f), Step 1. Then the sample was kept face down and rotated for 90° in Step 

2. In Step 3, the sample was weighted with 100 g and guided to travel for 10 cm along the 

ruler. The three steps constituted one cycle of abrasion, and this is to guarantee the sample 

was abraded longitudinally and transversely.  

To quantify the robustness of the superhydrophobic coatings, multiple cycles of abrasion tests 

were performed on a paint + double sided tape + glass substrate. Water contact angles were 

measured after each cycle of abrasion; however, water contact angles do not provide 

conclusive evidence regarding the superhydrophobicity of the whole area. As it was 

discussed in Chapter 2, superhydrophobic surfaces are so rough that it is inevitable to have 

taller plateaus that protect the lower parts from abrasion. Then the points or areas responsible 

for high water contact angles might only be on the taller or lower parts. To detect the 

superhydrophobicity of the whole abraded area, a water droplet was guided by a needle tip to 

travel around the surface after every 10 abrasion cycles.   



94 
 

 

Fig. 3.4 Sample preparation and mechanical robustness tests. (a) Preparation of 

superhydrophobic paint + adhesive glass surface. Adhesives were applied onto the glass 

substrate followed by dip-coating of the superhydrophobic paint. (b) Preparation of 

superhydrophobic paint + adhesives + substrates (including steel, cotton wool and filter 

paper). Substrates were initially bonded onto glass slides using double sided tapes to aid 

further experiments, then adhesives were applied to treat the substrates followed by dip-

coating of the superhydrophobic paint. (c) Finger-print test. Finger was used to wipe the 

untreated, superhydrophobic paint treated and superhydrophobic paint + adhesive treated 

surfaces, respectively, from left to right. (d) Knife-scratch test. The superhydrophobic paint + 

adhesive treated samples were scratched by a knife along the path of the red dashed line. (e) 

Side view of sandpaper abrasion tests of superhydrophobic paint + adhesive treated samples. 

The superhydrophobic surfaces that were faced to the sandpaper were weighted with a 100 g 

weight, then the samples were guided to move along a ruler for 10 cm as shown in Step 1 (f), 

then the sample was rotated for 90° with facing to the sandpaper as Step 2, in Step 3, the 

sample was guided to move for 10 cm along the ruler, the 3 steps are defined as one cycle of 

sandpaper abrasion. In a cycle of abrasion, the sample was abraded longitudinally and 

transversely. 
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3.3 Results and discussion 
A superhydrophobic paint-like suspension was developed via dispersing dual scaled TiO2 

nanoparticles into a fluorosilane-ethanol solution. Experimental details were presented in the 

previous section including materials preparation, characterization, water dropping tests, self-

cleaning tests either in air or oil, and mechanical robustness tests. In this section, results and 

relevant discussions will be presented. 

3.3.1 Wettability on painted substrates 

The paint can be easily coated to make superhydrophobic surfaces on most solid substrates 

including both hard and soft materials as shown in Fig. 3.5. Water droplets with methylene 

blue could wet the left (untreated) parts of glass [Fig. 3.5(a)], metal [Fig. 3.5(b)], cotton wool 

[Fig. 3.5(c)] and filter paper [Fig. 3.5(d)]; while for the right (treated) areas, water droplets 

were marble-shaped on the surfaces. Here, the glass and steel were coated via spray, the 

cotton wool was coated via dip-coating, and the filter paper was merely treated by a syringe 

coating. The coating methods were flexible based on various substrates, and high water 

repellent ability can be achieved by using dip-coating, spray or even simply with a syringe 

needle. 

 

Fig. 3.5 Untreated (left) and treated (right) areas of hard (glass and steel) and soft (cotton 

wool and filter paper) materials, it is clearly seen that the treated areas have a superior 

surperhydrophobicity [Inserts are the images of untreated (left) and treated (right) materials 

taken by the water contact angle measuring machine]. 
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3.3.2 Surface morphology 

With respect to the superhydrophobic paint, two different sized TiO2 nanoparticles enabled 

the surface roughness to be increased, and the fluorosilane-ethanol solution was used to lower 

the surface energy of the TiO2 particles. SEM and TEM were used for characterization of the 

surface structures. Fig. 3.6(a) and (b) shows the SEM images of the TiO2 coating. The surface 

has a binary-texture due to two types of nanoparticles as shown in Fig. 3.6(b). Fig. 3.6(c) and 

(d) shows the TEM images of the coating, it is seen that the coating consisted of two different 

sized nanoparticles. The diameters of bigger particles varied from 60 nm to 200 nm, while the 

sizes of smaller particles were around in 21 nm. This binary texture enhances the self-

cleaning ability of surfaces. 

 

Fig. 3.6 (a) and (b) are SEM images of the coating in 5000 X and 30000 X magnifications, 

respectively. (c) and (d) are TEM images of the coating. Both bigger and smaller 

nanoparticles could be seen and measured via TEM images. 
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3.3.3 Surface crystals and chemistry 

The paint can be applied to both hard and soft substrates. Two kinds of XRDs were used to 

detect the coatings treated on hard (glass and steel) and soft (cotton wool and filter paper) 

substrates, respectively, as shown in Fig. 3.7. Compared with the XRD patterns of standard 

anatase
28

 and the untreated surfaces, glass, steel, cotton wool and filter paper surfaces were 

successfully treated with the fabricated coating. The experimental XRD patterns were 

compared with respective standard patterns for TiO2 anatase based on the radiation source 

used. 

 

Fig. 3.7 XRD patterns of standard anatase, untreated and treated substrates, which were (a) 

glass, (b) steel, (c) cotton wool and (d) filter paper, respectively (glass is amorphous and no 

peaks on untreated glass). 

 

For the paint, XPS was used to confirm the presence of Ti and F on the surface of the 

coatings as shown in Fig. 3.8. A 2p3/2 peak at binding energy 458.1 eV corresponding to Ti in 

the 4+ oxidation state was observed and matched to literature values.
29

 Two F 1s 

environments were observed at 687.1 eV and 684.6 eV in a ratio of 5 to 1 respectively. This 

suggests that the peak at 687.1 eV corresponds to F in the –CF2 groups while the 684.6 eV 

peak corresponds to F in the –CF3 groups of the perfluorooctyltriethoxysilane compound used 

in coating the TiO2 powders. 
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Fig. 3.8 XPS spectra of the self-cleaning coating. (a) and (b) show the presence of Ti and F 

on the surface, respectively. 

 

3.3.4 Water droplet bouncing 

Water dropping tests were carried out on untreated and superhydrophobic paint treated (via 

dip-coating) surfaces. When a surface shows an extremely high non-wetting property, water 

droplets tend to bounce instead of wetting the surface,
30, 31

 no matter if the substrate is hard or 

soft. Fig. 3.9 shows the water bouncing process on the treated glass, steel, cotton wool and 

filter paper surfaces. The contact moment of water droplets and the solid surfaces is defined 

as 0, so the water bouncing processes could be seen from -2.41 ms to 13.45 ms. Here water 

droplets could completely leave the surface without wetting or even contaminating the 

surfaces (dyed blue), indicating that good superhydrophobicity and self-cleaning properties of 

the treated surfaces were obtained. Compared with treated samples, the untreated surfaces of 

glass, steel, cotton wool and filter paper stayed at their original wettability. Fig. 3.10 shows 

the water dropping tests on untreated glass, steel, cotton wool and filter paper from -2.41 ms 

to 13.45 ms (the water impacting moment is 0 and the last column is for the static status after 

the water drops). 
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Fig. 3.9 Water droplets bouncing on the treated glass, steel, cotton wool and filter paper 

(droplet size: ~ 6.3 ± 0.2 μL).  

 

Fig. 3.10 Water dropping tests on untreated glass, steel, cotton wool and filter paper, 

respectively (droplet size: ~ 6.3 ± 0.2 μL). 
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3.3.5 Water proofing and dirt removal properties in air 

The paint had good self-cleaning properties when treated with various substrates, especially 

for soft porous materials, which are widely used in making clothes and paper. The coating 

shows water proofing properties by the aforementioned water bouncing tests. Further tests on 

cotton wool can be seen in Fig. 3.11, which shows that the treated cotton wool inserted into 

the methylene blue dyed water, formed a negative meniscus on the solid-liquid-air interfaces 

due to the hydrophobicity. After the experiment, the cotton wool was taken out of the water, 

and it remained fully white with no trace of contamination by the blue water. 

Dirt removal tests were carried out on the treated and original filter paper surfaces, as shown 

in Fig. 3.12. Dirt (MnO powder) was positioned onto the superhydrophobic paint treated filter 

paper, which was placed above an untreated filter paper sample. Water droplets were firstly 

applied to remove the dirt, and then water was poured continuously to remove the dirt onto 

the treated surface. After the test, the superhydrophobic sample was dry and clean while the 

untreated simple was wetted and contaminated. 

 

Fig. 3.11 “Dirty” water repellence tests on superhydrophobic paint treated cotton wool. (a) 

Before dipping into “dirty” water. (b) The cotton wool was dipped into “dirty” water. (c) The 

cotton wool was immersed into “dirty” water. (d) The cotton wool was removed from “dirty” 

water, and remained clean without any blue contaminated traces. 
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Fig. 3.12 Dirt-removal tests on superhydrophobic paint treated filter paper. The upper piece 

of filter paper was paint treated while the original filter paper was positioned under the 

treated sample. Initial water dropping tests on both samples were performed, the untreated 

filter paper was wetted and the treated sample was dry and clean. (a) Dirt was placed onto the 

treated filter paper. (b) Water droplets were applied to remove the dirt on the treated filter 

paper. (c) Water was poured continuously to remove the dirt on the treated filter paper. (d) 

After the water cleaning, the treated sample was dry and clean, while the untreated sample 

was wet and contaminated by the dirt.   

 

A single water droplet was used to remove the dirt on the superhydrophobic painted treated 

glass and steel surfaces as shown by a high speed camera (Fig. 3.13), this is to understand 

how self-cleaning works among water, dirt and superhydrophobic surfaces. When the water 

droplet rolled into the dirt area, it picked up dirt and left a dry and clean trace on the 

superhydrophobic surfaces of either glass or steel.  
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Fig. 3.13 High speed: dirt-removal tests on superhydrophobic paint treated glass and steel. (a) 

A water droplet was placed onto the treated glass surface. (b) The water droplet was half-way 

down removing the dirt on the treated glass surface. (c) The water droplet passed the dirt area, 

picked up the dirt and left a clean trace from the dirt area. (d) A water droplet was placed 

onto the treated steel surface. (e) The water droplet was half-way of removing the dirt on the 

treated steel surface. (f) The water droplet passed the dirt area, picked up the dirt and left a 

clean trace on the dirt area. 
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3.3.6 Self-cleaning tests after oil contamination and oil immersion 

The treated surfaces show remarkable “Louts effect” in air as demonstrated by the water 

bouncing and self-cleaning tests. However, few reports have shown self-cleaning tests in oil 

as most superhydrophobic surfaces easily lose their water repellent ability when polluted by 

oil. This is because the surface tensions of most oils are smaller than that of water, resulting 

in oils more easily penetrating through the micro-nano morphologies of the superhydrophobic 

surfaces. Creating surface micro re-entrant structures to prepare superamphiphobic surfaces is 

an effective way to solve this problem as such surfaces repel both water and oils.
19, 25

 

However, there are still some conditions requiring both oil treatments and self-cleaning such 

as gears and bearings, in that condition, superamphiphobic surfaces cannot be treated with oil 

due to their oil-repellent properties. Here, the functional paint can be used for self-cleaning in 

oil.  

Fig. 3.14 shows that water droplets still formed marble shapes on the coated surface when 

immersed in oil, thus it implies that the surfaces will retain their self-cleaning properties after 

oil-contamination on immersion due to the rolling motion of water droplets. For the untreated 

areas of the glass slide, water droplets spread and wet the surfaces. 

 

Fig. 3.14 Water droplets still shaped as marbles when placed on the coated surface that was 

immersed in oil (left part), and spread on the untreated areas (right part). (a) and (b) are the 

side and top views respectively. 

 

Fig. 3.15(a) shows the side view of a tilted superhydrophobic painted treated glass surface 

which was partly immersed in oil (hexadecane), a water droplet (dye blue) was dropped into 

oil and repelled by the treated surface. Fig. 3.15(b) and (c) shows that water droplets were 

dropped onto an oil-contaminated superhydrophobic painted glass surface. The test was in air, 
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and water droplets were still repelled even though these droplets were no longer marble-

shaped [insert of Fig. 3.15(b)]. Fig. 3.15(d) to (f) shows the dirt-removal tests either in air or 

oil on an oil-contaminated superhydrophobic painted treated glass surface. Dirt in either air 

and oil phases was removed by “dirty” water droplets indicating that the superhydrophobic 

coating had remarkable self-cleaning properties (including “dirty” water repellence and dirt-

removal) either in air or oil.   

 

Fig. 3.15 Self-cleaning tests after oil contamination and oil immersion. (a) “Dirty” water 

droplet was repelled by a superhydrophobic painted treated glass surface that was immersed 

in oil (hexadecane). (b) and (c) “Dirty” water repellence of the oil contaminated treated 

surface, the insert in (b) shows a water droplet stays on the oil-contaminated treated surface. 

(d) to (f) Dirt-removal of the oil contaminated treated surface either in air or oil. Dirt was 

positioned onto the oil-contaminated treated surface with partly in air and partly in oil, “dirty” 

water was then dropped and removed the dirt. 

 

The dirt-removal properties after oil-contamination were shown from the aforementioned 

tests, however, practical conditions must be taken into consideration. For example, our 

clothes might get stained by soil outside the house, or get dusty inside the house; they might 

get stained by chemicals from the lab, or from cooking oil at home. To mimic the practical 

conditions, soil (outdoor environment) and dust (indoor environment) were selected as dirt; 

hexadecane (chemical in the lab) and cooking oil (from home) were selected as oil in the dirt-

removal experiment in either air or oil, as shown in Fig. 3.16. The superhydrophobic paint 

treated samples were initially pre-contaminated by respective oils and then partly inserted 

into the respective oils. It is seen that dirt (either in air or oil) was removed by “dirty” water 

from the superhydrophobic paint treated surfaces, indicating that the surfaces are also 

applicable to practical conditions for self-cleaning purposes.  
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Fig. 3.16 Dirt-removal test on the superhydrophobic paint treated glass surface that was pre-

contaminated by respective oils. Soil and dust were used as dirt, and hexadecane and cooking 

oil were used as oil. Dirt was placed partly in air and partly in oil on the treated surface, then 

“dirty” water was applied to remove dirt.  

 

In air, water droplets were supported by the nano particles and air pockets in between, 

resulting in a high water contact angle and a low contact angle hysteresis. With the rolling 

motion, the coated surfaces achieved a self-cleaning ability. When the coated surfaces were 

immersed in hexadecane, the oil would gradually penetrate into the surface structures, and the 

oily molecules fill in air pockets and carry on supporting the water droplet; on the other hand, 

the particles (Sigma-TiO2 and TiO2 P25) forming the nano structures remained hydrophobic, 

so that they could still support the water droplet. In addition, these hydrophobic particles 

were positioned at the interface of oil-water, as shown in Fig. 3.17; in this condition, self-

assembly of the particles occurred because it minimizes the area of the interface between 

particles and solution.
32-34

 The particles then attracted each other and made water unable to 

penetrate; this is why the surface retained its water repellent ability after oil contamination. 

On oil immersion, water droplets were still marble-shaped on the coated surface [Fig. 3.14] 

and retained the rolling motion when tilted [Fig. 3.15(a)]. In this condition, the self-cleaning 

behaviour in oil is similar to that in vapour, thus it is not surprising that the coated surface 

retained its water repellency and dirt removal properties when immersed in oil [Fig. 3.15 (d) 

to (f)]. In air, the water droplet was no longer marble-shaped on the oil-contaminated treated 
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surface. Even losing the high water contact angle, a low contact angle hysteresis remained 

and still contributed to dirt removal due to the slippery motion.
35, 36

 For these reasons, the 

coated surface still kept the self-cleaning properties when being contaminated by oil and even 

immersed.   

 

Fig. 3.17 The hydrophobic particles were positioned at an interface of oil-water, here, self-

assembly of the particles occurred and then they attracted each other, making water unable to 

penetrate, this is why the surface retained water repellent ability after oil contamination. 
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3.3.7 Robust superhydrophobic surfaces 

Mechanical robustness significantly affects the longevity of a superhydrophobic surface in 

practical conditions. In this section, surface robustness tests will include the finger-print, 

knife-scratch and sandpaper abrasion tests on superhydrophobic paint and adhesives (double 

sided tape or spray adhesive) and substrates (glass, steel, cotton wool or filter paper).  

1. Finger-print: finger wiped the sample from the untreated area to superhydrophobic paint 

and then superhydrophobic paint and adhesive treated surface.  

1a. Superhydrophobic paint and double sided tape + glass/steel (Fig 3.18). The original, 

superhydrophobic paint treated, and superhydrophobic paint + double sided tape treated glass 

and steel were wiped by the finger. “Dirty” water (methylene blue dyed) was dropped onto 

these surfaces before and after the experiment to test their self-cleaning properties.  

Before finger printing, the original glass and steel got stained blue after the water dropping 

test; superhydrophobic paint treated, and superhydrophobic paint and double sided tape 

treated substrates remained dry and clean. 

After finger printing, the superhydrophobic paint, which was directly coated onto the 

substrates, were removed, while the coatings remained on the adhesive bonded samples. 

“Dirty” water was then applied, it is seen that the areas where superhydrophobic paint got 

removed were stained while the superhydrophobic paint + double sided tape treated 

substrates remained dry and clean.  

From this test, it is seen how mechanically weak a superhydrophobic surface can be, and how 

its robustness can be improved. 
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Fig. 3.18 On the glass and steel samples, surfaces from left to right are original, 

superhydrophobic paint treated, and superhydrophobic paint + double sided tape treated. 

After a finger-wipe, “dirty” water was dropped before and after the finger-print to test the 

self-cleaning properties of these surfaces. 

 

1b. Superhydrophobic paint + spray adhesive + glass/steel/cotton wool/filter paper (Fig 3.19). 

The original, superhydrophobic paint treated, and superhydrophobic paint + spray adhesive 

treated substrates (glass, steel, cotton wool and filter paper) were wiped by a finger. “Dirty” 

water (methylene blue dyed) was dropped onto these surfaces before and after the experiment 

to test their self-cleaning properties. 

Before finger printing, the original glass, steel, cotton wool and filter paper got stained blue 

after the water dropping test; superhydrophobic paint treated, and superhydrophobic paint and 

double sided tape treated substrates remained dry and clean. 

After finger printing, the superhydrophobic paint, which was directly coated onto the hard 

substrates (glass and steel) were removed, while the coatings remained on the adhesive 

bonded samples. “Dirty” water was then applied and it can be seen that the areas where 

superhydrophobic paint got removed were stained while the superhydrophobic paint + double 

sided tape treated substrates remained dry and clean. However, superhydrophobic paint 

treated soft substrates (cotton wool and filter paper) retained superhydrophobicity even after 

one finger-print. 

From this test, it is seen that superhydrophobic soft porous materials are more mechanically 

stable than the hard surfaces, this is due to the larger surface areas on porous materials, and 
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the superhydrophobic coatings in the grooves can be partly protected from applied 

mechanical impacts which are not very aggressive.  

 

Fig. 3.19 Surfaces are original, superhydrophobic paint treated, and superhydrophobic paint + 

spray adhesive treated from left to right. After a finger-wipe, “dirty” water was dropped 

before and after the finger-print to test the self-cleaning properties of these surfaces. 

 

2. Knife-scratch: a knife was used to scratch superhydrophobic paint and adhesive treated 

surfaces, “dirty” water was then dropped after scratching to test their self-cleaning properties. 

2a. Knife-scratch on the “superhydrophobic paint + double sided tape + glass” surface, “dirty” 

water was then applied to test the superhydrophobicity after the knife-scratch (Fig. 3.20). As 

double sided tapes are not applicable to all the substrates, glass was used as an example of the 

substrate. After the knife-scratch, “dirty” water was still repelled away, indicating this surface 

is able to tolerate the knife-scratch. 
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Fig. 3.20 Knife-scratch on the superhydrophobic paint + double sided tape + glass substrate, 

water was then applied to test the superhydrophobicity after the knife-scratch. 

 

2b. Superhydrophobic paint + spray adhesive + glass/steel/cotton wool/filter paper (Fig. 3.21). 

These substrates were firstly coated with spray adhesives and then dip-coated with 

superhydrophobic paint. After knife-scratch, “dirty” water was dropped onto these surfaces. 

The surfaces remained dry and clean after the tests indicating that the idea of bonding 

superhydrophobic paint and adhesives could greatly improve the robustness of 

superhydrophobic coatings. 
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Fig. 3.21 Knife-scratch tests on superhydrophobic paint + spray adhesive + glass/steel/cotton 

wool/filter paper surfaces. Water was then applied to test the superhydrophobicity after the 

knife-scratch. 

 

3. Sandpaper abrasion: coated surfaces were sandwiched between the weight and the 

sandpaper and then guided to travel with the coatings facing to the sandpaper. 

It has been shown that the robustness of superhydrophobic coatings was greatly improved by 

combining adhesives and superhydrophobic paint, through the finger-print and knife-scratch 

tests. However, it is also required to quantify how robust a superhydrophobic surface is; so 

multiple cycles of sandpaper abrasion tests were carried out on the superhydrophobic paint + 

adhesive treated samples. 

3a. Multiple cycles of sandpaper abrasion tests on superhydrophobic paint + double sided 

tape + glass substrates (Fig. 3.22). As double sided tapes are not applicable to all substrates, 

glass was used as an example of the substrate. Fig. 3.22(a) and (b) shows one cycle of 

sandpaper abrasion test, and this guarantees that the superhydrophobic surfaces got abraded 

longitudinally and transversely for 10 cm in each direction (20 cm in total) in one abrasion 
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cycle. Fig. 3.22(c) shows the plot of mechanical abrasion cycles and water contact angles 

after each cycle of the abrasion tests. The contact angle measuring points were picked up 

randomly on the abraded superhydrophobic surface, it is seen that the lowest contact angle is 

still greater than 156°, indicating that the surfaces remained superhydrophobic after abrasions 

even for 40 cycles. However, the randomly picked contact angle measuring points are not 

enough to prove that the whole area was able to tolerate multi-cycles of abrasion. Further a 

water droplet was guided to travel on the abraded surface as shown in Fig. 3.22(d). Fig. 3.23 

shows that the water droplet was guided to travel on the superhydrophobic glass surface after 

sandpaper abrasion (travel direction, to left) for the 11th, 20th, 30th and 40th cycles. The 

droplet retained its marble-shape while travelling on the abraded surface indicating that the 

whole area of the surface retained superhydrophobicity. 

 

Fig. 3.22 (a) and (b) the treated surface with a weight of 100 g was moved longitudinally and 

transversely for 10 cm, respectively. (c) The plot of mechanical abrasion cycles and water 

contact angles after each abrasion test. (d) Water droplet travelling test after 40
th

 cycle 

abrasion. 
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Fig. 3.23 A water droplet was guided to travel on the superhydrophobic glass surface after 

sandpaper abrasion (travel direction, to left).  

 

So how does double sided tape help? Fig. 3.24 shows the SEM images of bare tape, painted 

tape and the painted tape after 1 cycle abrasion in magnifications of x 1000, x 5000 and x 

30000 (rows are magnifications and columns are cycles of abrasion). Bare tape did not have 

any discernible surface roughness; after painting, the tape substrate was covered by dual 

nanoparticles; after 1 cycle of abrasion, some nanoparticles were removed and some 

scratches on the surface could be seen through SEM, however, in high magnification (x 

30000), there were still some nanoscale roughness left and the surface did not change much 

both in morphology and wettability. 
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Fig. 3.24 SEM images that compare surface morphology between bare tape, painted tape and 

the painted tape after 1 cycle of abrasion (rows are magnifications and columns are cycles of 

abrasion). 

 

There is not much difference between morphologies before and after 1 cycle of abrasion. As 

the number of cycles of abrasion increased, the difference could gradually be observed. Fig. 

3.25 shows the SEM images of the painted tape surfaces after the 10
th

, 20
th

, 30
th

 and 40
th

 

cycles of abrasion, respectively (rows are magnifications and columns are cycles of abrasion). 

Scratches were more obvious after the 10
th

 cycle than that after the 1
st
 cycle; however, in high 

magnification (x 30000), nanoparticles were embedded into the tape substrate. After the 20
th

, 

30
th

 and 40
th

 cycles of abrasion, even the tape substrate was slightly worn, the nanoparticles 

were still left in the tape, and surface roughness was kept even after the 40
th

 cycle of abrasion. 

This is the reason why the painted surface is very robust and retains superhydrophobicity 

after tens of cycles of sand paper abrasion. 
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Fig. 3.25 SEM images that compare surface morphology between the painted tape surfaces 

after 10
th

, 20
th

, 30
th

 and 40
th

 cycles of abrasion (rows are magnifications and columns are 

cycles of abrasion). 

 

3b. Sandpaper abrasion tests on superhydrophobic paint + spray adhesive + glass/steel/cotton 

wool/filter paper surfaces.  

Spray adhesives were used to bond the superhydrophobic paint to the substrates (Fig. 3.26); 

one cycle of sandpaper abrasion was tested on these surfaces, and the surfaces remained 

superhydrophobic. In particular, the spray adhesive is also applicable for soft porous 

materials, for example, cotton wool. Although the superhydrophobic paint treated cotton 

wool is able to tolerate some robustness tests such as finger-print, the nanoparticles of the 

superhydrophobic paint could be easily abraded if they are not firmly attached to the body of 
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cotton wool (Fig. 3.27). However, the bonding between the superhydrophobic paint and the 

substrates could be greatly improved by adhesives.  

 

Fig. 3.26 Sandpaper abrasion test on superhydrophobic paint + spray adhesive + 

glass/steel/cotton wool/filter paper surfaces. 

 

Fig. 3.27 In the sandpaper abrasion test, it is easy for the superhydrophobic paint to be 

abraded out if it was directly treated on soft substrates (cotton wool was used as an example). 
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3.4 Conclusions 
In this chapter, a paint-like suspension was created to make superhydrophobic surfaces 

through mixing dual scaled TiO2 nanoparticles and fluorosilane-solution. This paint could be 

easily treated onto both hard and soft substrates such as glass, steel, cotton wool and filter 

paper via dip-coating, spray-coating or simply with the extrusion of the paint from a syringe. 

The nanoparticles and fluorosilane were used to created surface roughness and lower the 

surface energy, respectively, to minimize the contact friction of water and the solid substrates. 

The coated surfaces had remarkable self-cleaning properties. The surfaces remained dry and 

clean when they were contacted with methylene blue dyed water (“dirty” water); even the 

superhydrophobic paint treated cotton wool could retain its white colour when it was 

removed from “dirty” water. Dust powder could be easily removed from treated substrates 

when water was applied, the dirt-removal property also demonstrated the self-cleaning ability 

of the treated superhydrophobic substrates. In particular, the treated surfaces retained their 

“dirty” water repellence and dirt-removal properties when contaminated by oil and even 

immersed in oil. This is because a slippery state was formed when the air pockets were 

occupied by oil, and this state was still able to repel water and retain the self-cleaning 

properties. 

The superhydrophobic paint is very compatible with commercial adhesives, which greatly 

improved the mechanical robustness of the superhydrophobic coatings on glass, steel, cotton 

wool and filter paper. The coating could be easily removed by a finger print without any 

adhesives especially on hard substrates. However, when the paint was bonded with adhesives, 

the treated surfaces remained superhydrophobic after finger-print, knife-scratch and even 40 

cycles of sandpaper abrasions. The inorganic particles get pushed into the adhesive by 

friction and the adhesive flexibility stabilises the particles to abrasion. This idea is to apply 

more sophisticated and robust adhesive techniques to overcome the weak inherent 

mechanical robustness of superhydrophobic coatings. In industrial applications, adhesives 

can be selected based on the practical conditions, double sided tapes and spray adhesives 

were only shown here as two examples. In addition, particles could also be replaced by SiO2, 

Fe2O3 etc. in consideration of cost, colour and/or some other aspects. 

The coatings can be readily applied in harsh and oily circumstances when mechanical 

robustness is applied. 
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4.1 Introduction 
Slippery liquid infused porous surface (SLIPS) is also a self-cleaning surface that repels 

liquids and stops contamination from dirty water. However, SLIPS is conceptually different 

to Lotus Leaf inspired superhydrophobic surfaces. Instead of creating air pockets between 

surface roughness, SLIPS surfaces use surface micro/nano scaled structures to lock in a 

lubricating layer, to enable foreign liquids to slide/roll off the surfaces.
1
 The design of SLIPS 

is inspired by the Nepenthes pitcher plants,
2
 the peristome of which becomes slippery when it 

is wetted by rain, then the prey slides and is trapped by the “stomach” of the carnivorous 

plant. SLIPS surfaces repel water, oil, organic solvents and blood – namely omniphobic 

surfaces – with a superior anti-fouling property compared with superhydrophobic surfaces.
3-5

 

In addition, SLIPS surfaces have shown their great potential in anti-fouling,
3, 6, 7

 corrosion-

prevention,
8, 9

 and anti-icing applications,
10, 11

 and can be used in the conditions where 

lubricating and self-cleaning are both required (such as gears and bearings) as discussed in 

Chapter 3. However, there are some issues that must be addressed before practical 

applications including the ease of fabricating and applying the SLIPS coatings, and their 

durability such as thermal stability, mechanical robustness and chemical durability. 

4.1.1 Fabrication and application of SLIPS surfaces 

The fabrication of SLIPS surfaces is usually to lubricate a hydrophobic substrate, here three 

criteria must be addressed:
1
 (1) the substrate must be wetted and stably adhered by the 

lubricating liquid; (2) the substrate must be preferentially wetted by the lubricant instead of 

the liquid that is to be repelled; (3) the lubricant and the testing liquid that is expected to be 

repelled must be immiscible. 

In Chapter 3, the superhydrophobic coatings remained water repellent after being 

contaminated by oils; this phenomenon shows a slippery state and here the oil (either 

hexadecane or cooking oil) acted as the lubricating layer. In those experiments, the impinging 

test liquid is only water that is not miscible with oil. However, to make a SLIPS omniphobic 

surface that repels various liquids, hexadecane or cooking oil are not the ideal choice 

according to the 3
rd

 criterion because they are easily dissolved in many oils and/or organic 

solvents. Therefore, Krytox perfluoro lubricating oils, silicone oils and ionic liquids etc. are 

usually selected as lubricants to make SLIPS surfaces.
5, 12-14

 

Lynn et al.
4
 fabricated SLIPS coatings by lubricating hydrophobic multilayers that were 

prepared through 35 repeated cycles of chemical bath treatments. Robust SLIPS coatings on 
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steel substrates were reported by Tesler et al.
15

 via electrodeposition of nanoporous tungstite 

films followed by lubrication with Krytox 103. Whereas Wang et al.
16

 used the method of 

anodization to make a textured surface morphology on aluminium substrates, which became 

hydrophobic after being fluorinated; the aluminium substrates were then transformed to 

SLIPS surfaces once lubricated. Zhang et al.
17

 fabricated superhydrophobic surfaces via 

deposition of fluorinated silicone nanofilaments on glass substrates, and these surfaces 

became slippery through adding lubricants. The fabricated superhydrophobic and SLIPS 

surfaces could be reversibly interconverted via addition and evaporation of the lubricating 

layer. 

Although SLIPS surfaces with certain functions were achieved, it is still challenging to use 

these methods for large scale production and applications due to limited size and the nature of 

the substrates, high cost, and complex fabrication etc. For instance, anodization is largely 

limited to coat metallic materials; chemical bath is more applied to coat smaller samples and 

so on. Therefore, a general and scalable method of coating SLIPS surfaces on different 

substrates is required. 

4.1.2 Thermal stability 

Thermal stability is a significant concern for the application of SLIPS surfaces. In contrast to 

superhydrophobic surfaces, SLIPS coatings require an additional lubricating layer that has an 

estimated useful range (a range of temperatures that are based on pour point and where 

evaporation is approximately 10%). Therefore, thermal stability should be taken into 

consideration while studying SLIPS surfaces. 

Thermal stability of SLIPS coatings are usually tested at either high or low temperature. For 

the high temperature test, two methods are employed: the first method is to test the mobility 

of liquid droplets after cooling down from a high temperature;
18

 here the mobility refers to 

whether the droplets stick on the surface or are repelled and easily slide off the surface. 

Sliding angle (SA) and/or contact angle hysteresis (CAH) are measured as a type of 

quantifiable data to describe this mobility. The second method is to test the omniphobicity of 

the SLIPS surfaces at elevated temperatures, that is, to test if the liquid droplets stick on the 

SLIPS surfaces at high temperatures (note: the environment can be approximately at room 

temperature, but the sample at a high temperature).
19

 For low temperature research, anti-icing 

tests were carried out at -4 °C,
1
 -10 °C,

20, 21
 -15 °C,

22
 -20 °C

10
 etc. with a cooling rate of ~ 

2 °C per second. Although these coatings retained slippery properties after defrosting, there 
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are few reports where the SLIPS surfaces could remain omniphobic after defrosting from a 

fast cooling down to an extremely low temperature (for instance, to put the SLIPS sample 

into liquid nitrogen). 

In addition, most of the literature only focuses on only one aspect – either at high or low 

temperature. Therefore, a SLIPS surface that can survive in both high and low temperatures 

should be addressed for practical applications. 

4.1.3 Mechanical robustness 

Mechanical weakness of liquid repellent surfaces (superhydrophobic or SLIPS surfaces) 

normally hinders their practical applications because the micro/nano surface structures can be 

easily damaged by applied forces. A SLIPS surface is usually considered to be more 

mechanically robust than the respective superhydrophobic surface because the lubricating 

layer is basically a defect-free liquid that would cover and protect some of the damages on 

the solid hydrophobic substrates. Some tests on SLIPS surfaces were reported in previous 

literatures such as knife scratch,
1
 repeated bending,

15
 and particle abrasions.

15, 23
 However, 

the mechanical durability of SLIPS surfaces was still difficult to quantify from these tests. In 

addition, damage from particle abrasion and knife scratch would be covered by the 

lubricating oil, and it is still not known if the SLIPS surfaces would retain self-cleaning 

properties when certain pressures were applied on a given area that is much larger than the 

scratches from a knife tip or particles. 

4.1.4 Chemical durability 

Chemical durability shows how stable a surface is when it contacts corrosive liquids, such as 

acids and bases.
14, 24

 To make chemically durable SLIPS surfaces, neither the lubricants nor 

the hydrophobic substrate should react with or be dissolved in acids or bases. Making 

chemically durable SLIPS surfaces has great potential for applications of anti-corrosive 

coatings in aqueous environment such as tubes, drainage, and marine devices. 

Even though there are many reported SLIPS surfaces showing that they could function at 

different temperatures, after mechanical impacts or contacting with corrosive chemicals, few 

reports have shown that their SLIPS surfaces could address thermal, mechanical and 

chemical durability under an even more rigorous condition, those that are applicable to real-

world applications. 

In this chapter, a SLIPS coating was fabricated through lubricating a superhydrophobic paint 

coated surface that was reported in the previous chapter.
25

 The SLIPS coating could be easily 
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treated on both hard and soft substrates because these substrates can be simply transformed 

into superhydrophobic surfaces using the superhydrophobic paint. The prepared SLIPS 

coatings showed their omniphobicity by repelling water, coffee, red wine and cooking oil. 

Thermal stability was studied at extremely high and low temperatures (-196 °C in liquid 

nitrogen and at 200 °C). To further understand the stability of the SLIPS at high temperatures, 

the relationship between heating time and the mobility of liquid droplets on SLIPS coatings 

was tested. Mechanical robustness was tested via knife scratch and quantified by measuring 

SA after applying different vertical pressures onto a given area on the SLIPS surfaces. 

Chemical durability was demonstrated by the repellence of water droplets with pH ranging 

from 0 to 14, and further acid-base neutralization (with pH of 0 and 14) was present on the 

SLIPS surfaces. Finally, a single SLIPS sample was used for all the extreme conditions of 

thermal, mechanical and chemical durability tests, and the sample retained omniphobicity 

even after all these tests.  

In addition, the fabricated SLIPS surfaces were shown to function even when immersed into 

either water or oils. This opens up potential applications such as marine oil transportation, 

anti-fouling under water or oil, and making pipettes that are used in water and/or oil for air 

sensitive experiments. 
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4.2 Experimental 

4.2.1 Materials 

Substrates, including glass slides and filter paper were purchased from Fisher Scientific. 

Superhydrophobic coatings were prepared using the method reported in Chapter 3, where two 

types of titanium dioxide nanoparticles were used. Titanium dioxide (anatase) nanoparticles 

(diameter, ~ 60 - 200 nm, which was estimated through scanning electron microscopy and 

transmission electron microscopy images) were purchased from Sigma-Aldrich; in the 

following texts, these TiO2 nanoparticles will be called Sigma-TiO2 to distinguish with the 

other type of titanium oxide. TiO2 P25 (diameter, ~ 21 nm) was purchased from Degussa. 1H, 

1H, 2H, 2H-perfluorooctyltriethoxysilane (also known as fluorosilane, or FAS, 

C8F13H4Si(OCH2CH3)3) was purchased from Sigma-Aldrich. All the laboratory solvents were 

purchased from Fisher Scientific and used as received. 

Lubricating oils: Fluorinert FC-70 was purchased from Sigma-Aldrich. Krytox 100B and 

Krytox 104A were kindly donated by GBR Technology Limited, UK. The datasheet of these 

lubricating oils were as shown in Table 4.1. 
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Table 4.1 The table shows the viscosities (cST, at temperatures of 20, 40 and 100 °C, 

respectively), boiling points (1 atm) or estimated useful range (UR, based on pour point and 

where evaporation is approximately 10%), and the densities (that were calculated by 

weighing the mass of a 1 ml volume of the lubricants using an analytical balance Ohaus at 

room temperature, ~ 20 °C; δ = 0.01 mg) of three lubricating oils. According to the supplier’s 

information, Krytox 100B and Krytox 104A are chemically the same, but with different 

values of “n” as shown in the row of “Chemical composition”. However, the value “n” is not 

provided in the datasheet from the supplier. 

 

Temperature (°C) Fluorinert FC-70 Krytox 100B Krytox 104A 

20 ~ 18 12.4 177 

40 ~ 5.6 5.5 60 

100 ~ 1.03 — 8.4 

Boiling 

points/UR (°C) 

215 -70 — 66 -51 — 179 

Density at room 

temperature 

(g/cm
3
) 

2.01042 1.84292 1.85270 

Chemical 

composition 
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4.2.2 Preparation of SLIPS surfaces 

The fabrication of the superhydrophobic paint is based on the method that was reported in 

Chapter 3. 1 g of FAS was dissolved into 99 g of ethanol solvent, and the resulting solution 

was mechanically stirred for 2 hours. 6 g of Sigma-TiO2 and 6 g of TiO2 P25 nanoparticles 

were then dispersed into the resulting FAS-ethanol solution to make a suspension. In this 

experiment, glass slides and filter paper were used as substrates, as representatives of hard 

and soft substrates, respectively. 

Coating process of superhydrophobic paint: 

On glass – a glass slide was fixed onto a dip-coater, and then it was partly inserted into the 

superhydrophobic paint; the sample was pulled out of the suspension by the dip-coater at a 

rate of 120 mm/min. 

On paper – the superhydrophobic paint was extruded from a syringe onto the filter paper, 

until half of the filter paper was covered with the superhydrophobic coating. 

After the paint was coated onto the substrates, the samples were dried in air at room 

temperature. It takes ~ 3-6 mins to dry on the glass substrates and ~ 10-15 mins on filter 

paper surfaces. 

Lubrication process: 

One of the lubricating oils (Fluorinert FC-70, Krytox 100B or Krytox 104A) was then 

dropped onto the superhydrophobic coating from a syringe to make a liquid infused layer. 

Note that lubricating oils could be dropped to the point of excess. Fluorinert FC-70 was used 

throughout this work unless otherwise specified. The thickness of the lubricating layer was 

calculated by measuring the weight and density of the lubricating layer at room temperature 

on a given area. 

4.2.3 Characterization 

The surface morphologies of the samples before lubricating were characterized by a scanning 

electron microscope (SEM, JEOL JSM-6700F), and after lubricating they were characterized 

by an environmental scanning electron microscope (ESEM, Philips XL30). 

X-ray diffractometer (XRD, D4 ENDEAVOR, Cu-Ka radiation) was used to characterize the 

surface crystal structures of the samples before lubricating.  

Attenuated total reflectance Fourier transform infrared spectroscopy (ATR-FTIR, BRUKER, 
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platinum-ATR) and Raman spectroscopy (633 nm laser wavelength) were used to 

characterize surface chemistry compositions before and after lubrication. 

Contact angle (CA) was measured at ambient temperature via the sessile-drop method using 

an optical CA meter (FTA 1000). Contact angle hysteresis (CAH) was calculated as the value 

that advancing CA (θadv) minus receding CA (θrec). θadv and θrec were measured using two 

methods: tilting-plate goniometry (TPG) and captive-drop 

goniometry (CDG).
26

 Here, the CAH of SLIPS and superhydrophobic surfaces were 

measured using TPG and CDG methods, respectively, according to the feasibility of the 

experiments. 

4.2.4 Liquid dropping tests 

Four liquids, water, coffee, red wine and corn oil, were dropped onto the glass slide and filter 

paper surfaces that were partially coated with SLIPS (the top-half parts of these samples were 

coated with SLIPS surfaces while the bottom-half parts were left uncoated). The glass and 

paper samples were tilted at an angle of ~ 22°. In some of these tests, ketchup and 

hexadecane were also used.  

Water: distilled, dyed with methylene blue to aid visibility and this does not change its 

behaviour.  

Coffee: Nescafe instant; 11 g of coffee powder was mixed with 300 mL of water.  

Red wine: 12.5% Vol.  

Corn oil: Mazola pure corn oil, from Waitrose, London.  

Hexadecane: purchased from Sigma-Aldrich. 

Tomato ketchup: from McDonald, London. 
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4.2.5 Thermal stability tests 

In the thermal stability tests, four experiments were performed, including recovery tests after 

exposure to an extremely cold environment, durability tests after exposure to an extremely 

hot environment, the relationship between heating time and surface slipperiness, and 

reversible transition between superhydrophobic and SLIPS states. 

1. Recovery tests after exposure to liquid nitrogen (-196 °C). A glass slide was coated with 

superhydrophobic paint followed by FC-70 lubrication to make a SLIPS surface. The SLIPS 

surface was dipped into liquid nitrogen bath for ~3 s and was then removed. Coffee, red wine, 

corn oil, and water were dropped respectively onto the surface to test the slipperiness after the 

surface was defrosted. 

2. Durability tests after exposure to an extremely hot environment. A glass slide was coated 

with superhydrophobic paint followed by Krytox 104A lubrication to make a SLIPS surface. 

This SLIPS surface was positioned onto a hot plate (200 °C) for over 1 min, and then water 

and cooking oil were dropped onto the heated SLIPS glass surface. After several seconds, the 

SLIPS surface was tilted to test its slipperiness to water and oil at high temperature. 

3. The relationship between heating time and liquid mobility on SLIPS surfaces. Three glass 

slides were coated superhydrophobic paint followed by respective lubrication of FC-70, 

Krytox 100B and Krytox 104A. These samples were positioned onto a hot plate (98 ± 2 °C) 

and then the weight and CAH (of water, coffee, red wine, and corn oil) of three samples were 

measured for every 5 mins heating until they lose their slipperiness. Note that the weight and 

CAH were measured when the samples were cooled down to room temperature. 

4. Reversible transition between superhydrophobic and SLIPS states. In this experiment, FC-

70 was used as the lubricant. The sample was placed onto a hot plate (98 ± 2 °C) for 5 mins 

and then removed to measure the weight, CA and CAH of water to characterize the thickness 

of the lubricating layer and its repellence of water. Note that all the measurements were taken 

when the sample was cooled down to room temperature. After the measurements, the sample 

was lubricated again and then the same processes of measurements were repeated before 

lubricating. The aforementioned experiments are defined as one cycle of the transition test. In 

this thesis, the transition test was performed for 11 cycles. The reversible transition test also 

reflected the temperature durability of the superhydrophobic substrates. 
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4.2.6 Mechanical robustness tests 

Mechanical robustness tests were carried out using knife cut and a Newton meter to press the 

samples. Here, all the SLIPS coatings were bonded onto the glass slides with double sided 

tapes as previously introduced in Chapter 3, to improve the robustness. The glass substrates 

were initially layered with double sided tapes, and then the superhydrophobic paint was 

applied on the upper surface of the double sided tape, followed by the lubricating process. 

1. Knife scratch. FC-70, Krytox 100B and Krytox 104A lubricated samples were respectively 

scratched by a knife; the knife-scratch process was previously introduced in Chapter 3. Corn 

oil, red wine, coffee, and water were then dropped on respective samples.   

2. Newton meter press. To quantify the slipperiness of the samples after mechanical impacts, 

the relationship between the pressures that were applied on the samples and sliding angles 

(SA) of the sample surfaces after pressure was studied. FC-70, Krytox 100B and Krytox 

104A lubricated glass samples were vertically pressed by a Newton meter (note that the 

Newton meter was set in a “push” mode, with a circle bottom area, diameter, 16.2 mm). The 

initial applied forces were 2.6 N; this is the weight of the Newton meter, to give a brief 

understanding of how big these applied forces were. The following applied forces were 25 N, 

50 N, 75 N, 100 N, 125 N, 150 N, and 175 N, respectively. In safety considerations, 175 N 

was used as the largest force in this experiment because a larger force might break the glass 

substrates. Pressures of each force could be calculated by being divided by the bottom area of 

the Newton meter (2.06 × 10
-4

 m
2
). SAs of water and oil droplets were measured on the 

pressed area of the sample surfaces before and after each press, to quantify the mechanical 

durability of the SLIPS coatings. 

4.2.7 Chemical durability tests 

In chemical durability tests, water with different pH values (pH = 0, 2, 4, 6, 8, 10, 12, 14, 

verified by a pH meter - HANNA, HI9124) were prepared using acid (H2SO4 aqueous 

solutions, dyed with crystal violet) and base (NaOH aqueous solutions, dyed with acridine 

orange). In the sample preparation, glass slides and superhydrophobic paint were bonded with 

double sided tapes, followed by the lubrication of FC-70, Krytox 100B and Krytox 104A, 

respectively. 

1. Acid and base dropping tests. FC-70, Krytox 100B and Krytox 104A lubricated samples 

were firstly scratched by a knife; this is to show the mechanical robustness of the samples and 

to increase the contacts between corrosive liquids and the sample surfaces. Liquids with pH 
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values of 0, 2, 4, 6, 8, 10, 12, 14 were then dropped onto these samples (positioned ~ 28° 

tilted). 

2. Acid-base neutralization tests. Acid (pH = 0) and base (pH = 14) droplets were placed onto 

the FC-70, Krytox 100B and Krytox 104A lubricated samples, respectively. A knife was then 

used to guide the droplets to contact with each other and neutralize. After the neutralization, 

the merged droplet was allowed to travel on these SLIPS sample surfaces and eventually slid 

off. 

4.2.8 Thermal, mechanical and chemical durability tests on one single sample 

A single SLIPS glass slide was fabricated for thermal, mechanical and chemical durability 

tests. A glass slide and superhydrophobic paint was bonded using double sided tapes, Krytox 

104A was then applied as lubricants to make a SLIPS surface. 

1. Thermal test. The sample was positioned onto a hot plate (200 °C) for over 1 min. 

2. Mechanical test. After the thermal test, the sample was cut using a knife followed by the 

Newton meter press at a force of 175 N. 

3. Chemical test. After the mechanical test, acid (pH = 0) and base (pH = 14) droplets were 

positioned onto the sample, and then guided to neutralize. 

4. Oil repellency test. After the chemical test, a droplet of corn oil was positioned onto the 

sample surface to test its slipperiness to oil. 

4.2.9 Self-cleaning under water or oil 

In these tests, SLIPS glass surfaces were lubricated with FC-70. 

1. Underwater oil transportation and self-cleaning. Oil droplets (corn oil or hexadecane) were 

put onto the SLIPS surfaces that were immersed in water, a needle was used to guide the oil 

droplets travelling on the SLIPS surfaces in water. Then the SLIPS surfaces were taken out of 

water to test if there was any water or oil (corn oil or hexadecane) stain left. 

2. Self-cleaning in oil phases. Water, coffee and red wine droplets were put onto the SLIPS 

surfaces that were immersed in corn oil, to test the liquid repellent properties. Then the 

SLIPS surfaces were taken out of corn oil to test if there was any stain left. 
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4.3 Results and discussion 
In this section, the fabrication and characterization of the SLIPS surfaces are presented. In 

addition, the aforementioned liquid repellence, durability and self-cleaning under water/oil 

for the SLIPS surfaces are also presented. 

4.3.1 Surface fabrication and characterization 

There are two steps to make a SLIPS coating as shown in Fig. 4.1(a). In Step 1, the 

superhydrophobic paint was treated on the substrates (glass or filter paper) using the method 

that was introduced in Chapter 3,
25

 the glass was dip coated and the filter paper was coated 

using a syringe with superhydrophobic paint. In Step 2, one of the lubricants (Fluorinert FC-

70, Krytox 100B or Krytox 104A) was applied on the painted superhydrophobic surface to 

make a SLIPS coating. The droplets of the lubricants spontaneously spread across the 

superhydrophobic coatings and then formed a lubricating layer to make the surface slippery. 

Fig. 4.1(b) and (c) shows the SEM images and the XRD patterns of the superhydrophobic 

surface before lubrication that was fabricated as shown in Step 1. Here, glass slides were used 

as substrates. SEM images show the micro and nano morphologies of the superhydrophobic 

paint. XRD patterns of the surfaces were indexed to the standard phase of TiO2 anatase 

(JCPDS No. 21-1272). Fig. 4.1(d) and (e) shows the FTIR and Raman spectra of the 

superhydrophobic samples before and after FC-70 lubricating, respectively. There are small 

differences in the FTIR spectroscopy for the surfaces before and after FC-70 lubrication from 

920-1420 cm
-1

. The peak at ~1240 cm
-1

 corresponded to the carbon sp
3
 bound to nitrogen and 

the peaks at ~1308, ~1206 and ~1139 cm
-1

 referred to C-F stretching of FC-70.
27, 28

 Raman 

spectra of the surfaces before and after FC-70 lubrication were similar with the same three 

main labelled peaks (at 396.4, 515.8 and 637.5 cm
-1

), as shown in Fig. 4.1(e), which are 

assigned to Ti-O stretching vibrations.
29
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Fig. 4.1 (a) SLIPS surface fabrication was in two steps. Step 1: Superhydrophobic (SH) paint 

was coated on a substrate (glass); Step 2: Lubricant (FC-70) was dropped onto the 

superhydrophobic surface. (b) SEM images of the samples after Step 1. (c) XRD patterns of 

the sample after Step 1. (d) FTIR spectra of the samples before and after lubrication. (e) 

Raman spectra of the samples before and after lubrication. 
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4.3.2 Liquid repellence of SLIPS surfaces 

The SLIPS coating can be simply treated on various substrates to make slippery omniphobic 

surfaces that repel water and oil. In this experiment, glass slides and filter papers were used 

as substrates.  

Fig. 4.2 shows liquid dropping tests on the half-coated SLIPS glass slides and filter paper 

substrates with water (dyed blue), coffee, red wine and corn oil. These four liquids easily slid 

off the treated slippery parts (the upper half) and then stained the untreated parts (the other 

half), indicating that the treated surfaces were slippery and omniphobic. In the liquid 

dropping tests, individual liquid droplets were repelled by SLIPS surfaces. To further test the 

omniphobicity, the SLIPS coatings were given more contact time with different liquids, as 

shown in Fig. 4.3. Fig. 4.3 shows that hexadecane (dyed red), red wine (light red), coffee 

(yellow) and water (dyed blue) were dropped onto a SLIPS glass substrate. After travelling 

around on the SLIPS surface, these liquid droplets eventually slid off without any stains.  

In practical conditions, common substrates can be stained by liquids in the kitchen, such as 

tomato ketchup, cooking oil and running water from taps. Fig. 4.4 shows that tomato ketchup, 

running corn oil and water from a tap were repelled by the SLIPS surfaces, indicating that the 

SLIPS surfaces have the potential to be used in practical conditions. 

 



137 
 

 

Fig. 4.2 Liquid dropping tests on (a) glass and (b) filter paper samples. The upper parts were 

coated SLIPS while the lower parts were original. 

 

 

Fig. 4.3 Four liquids contaminating tests on a SLIPS glass surface, the liquids were 

hexadecane (red), red wine (light red), coffee (yellow) and water (blue), respectively. (a) 

Liquids were staying on the surface and moving slowly. (b) Liquids got together and tended 

to slide off. (c) Liquids slid off leaving the surface clean. 
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Fig. 4.4 Contamination-repellent tests on the SLIPS surfaces using ketchup, running corn oil 

and tapped water. 
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4.3.3 Thermal stability tests 

Good durability is significant to maintain the omniphobic properties. In this section, thermal 

durability tests were carried out on SLIPS samples at both extremely low and high 

temperatures. 

In the low-temperature test, a glass slide was coated with superhydrophobic paint followed by 

FC-70 lubrication. The sample was dipped into liquid nitrogen (-196 °C) for 3s and was then 

removed, as shown in Fig. 4.5(a). Coffee, red wine and corn oil were dropped onto the SLIPS 

sample and they were readily frozen in a few seconds; water was then added to aid melting. 

Finally, all the liquids slid off without staining the sample surface when the surface was 

defrosted.  

In the high temperature test, a glass slide was coated with superhydrophobic paint followed 

by Krytox 104A lubrication. The sample was placed onto a hot plate that was at 200 °C as 

shown in Fig. 4.5(b). After 1 min, water and oil were dropped onto the surface and it can be 

seen that the oil-water mixture was “fried” to splash into smaller droplets. These droplets 

were finally repelled by the SLIPS surface at high temperature. 

To understand the relationship between omniphobicity and heating time, sample weights and 

CAHs of water, coffee, red wine and corn oil on SLIPS samples were measured. In this test, 

three glass slides were coated with superhydrophobic paint and then were lubricated by FC-

70, Krytox 100B and Krytox 104A, respectively. These samples were placed onto a hot plate 

at 100 °C and the sample weights and CAHs were measured for every 5 mins. 

Fig. 4.5(ci) shows the plot of CAHs and heating time on the SLIPS surfaces that were 

lubricated by FC-70 and Krytox 100B, respectively. At 0 min, the surfaces were not heated so 

that the four liquids could easily be repelled by either FC-70 or Krytox 100B lubricated 

SLIPS surfaces with small CAHs (below 5°). After heating the SLIPS samples for 5 mins, the 

lubricants evaporated. Water, red wine and coffee droplets still rolled off the surfaces easily 

with CAHs below 10°; and the droplet of corn oil was readily “pinned” onto the surfaces (the 

CAHs of corn oil on FC-70 and Krytox 100B lubricated surfaces were both above 30°). The 

samples after 5 mins heating only repelled water and water-based liquids such as red wine 

and coffee, but were easily stained by corn oil, indicating a typical superhydrophobic state. 

The thickness of the lubricating layer was calculated through measuring the weight difference 

of the samples before and after lubrication, and then the difference was divided by the surface 

area of the lubricating layer on the sample.  
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The transition between superhydrophobic and SLIPS states can be achieved through a process 

of “lubrication, evaporation, and re-lubrication”,
17

 however, to evaluate the thermal durability 

of a SLIPS/superhydrophobic surface, it is significant to test the transitions in multiple 

cycles. In this test, the SLIPS sample was fabricated through coating with the 

superhydrophobic paint followed FC-70 lubrication. As shown in Fig. 4.5(cii), the CA of 

water was measured before and after the evaporation of the FC-70 lubricant at 100 °C heating 

for 5 mins. The heated sample was then re-lubricated so that the surface retained its 

slipperiness. Table 4.2 shows the CA, sample weight and thickness of the lubricating layer in 

the tests of reversible transition. According to the CAs of water in this test, the sample was 

reversibly transferred between SLIPS and superhydrophobic states for over 10 cycles, and 

water was repelled by the sample in both states.  

ESEM images were used to study the surface morphology of these samples in the thermal 

durability tests. The surface morphology of the samples that were lubricated by FC-70 and 

Krytox 100B and then heated at 100 °C for 5 mins, were as shown in Fig. 4.5(ciii) and (civ). 

These samples that were dried for 5 mins showed a chapped surface structure without any 

lubricating layer via ESEM images compared with their respective SLIPS samples before 

heat tests, as shown in Fig. 4.6, indicating that the FC-70 and Krytox 100B lubricants were 

completely or almost removed from the superhydrophobic paint due to evaporation. 

Fig. 4.5(di) shows the relationship between heating time and the CAH of water, red wine, 

coffee and corn oil on the SLIPS surface, which was fabricated through coating with 

superhydrophobic paint followed by Krytox 104A lubrication. The CAHs of water, red wine, 

coffee and corn oil were below 10° during the heating experiment from 0 to 35 mins, 

indicating that the Krytox 104A lubricated SLIPS coatings retained its omniphobicity. The 

Krytox 104A lubricated sample showed superior thermal durability compared with those of 

the FC-70 and Krytox 100B lubricated samples. Krytox 104A has a higher viscosity and 

useful range of temperature than those of FC-70 and Krytox 100B, therefore, Krytox 104A as 

well as the Krytox 104A lubricated samples has better thermal durability when it is under 

high temperature. 

When the heating time reached 35 mins, the SLIPS sample was divided by two parts. One 

part appeared “dry” and the lubricant was hardly seen; on the other part, lubricant was still 

seen to cover the superhydrophobic paint and this part was considered to be the “wet” part. 

However, the CAHs of four liquids (between 2°-8°) did not significantly change from dry to 
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wet parts, indicating that there was still a very thin lubricating layer on the dry part, and even 

such a thin lubricating layer was able to achieve the surface slipperiness. In the thermal 

durability test, the mass of the SLIPS samples and the thickness of lubricating layers were as 

shown in Table 4.3. Fig. 4.5(dii) shows the ESEM image of the SLIPS sample that was 

fabricated through coating with superhydrophobic paint followed by Krytox 104A lubrication 

after heating for 5 min at 100 °C. The surface morphology of the Krytox 104A lubricated 

sample did not significantly change before (Fig. 4.6) and after 5 mins heating test – 

lubricating layers were seen on both samples, resulting in that the Krytox 104A lubricated 

sample retained its slipperiness and omniphobicity. 
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Fig. 4.5 (a) The FC-70 lubricated SLIPS sample was dipped into liquid nitrogen to test 

durability in extremely low temperature. Coffee (yellow), red wine (light red) and corn oil 

(light yellow) and water droplets were dropped onto the sample to test its slipperiness. (b) 

The Krytox 104A lubricated SLIPS glass surface was placed onto a hot plate (200 °C) for 1 

min to test its slipperiness to water and oil at high temperature. (c) FC-70 and Krytox 100B 

lubricated samples were heated at 100 °C. (i) CAHs of four liquids on respective FC-70 and 

Krytox 100B lubricated samples before and after 5 mins of heating; (ii) transition tests of an 

FC-70 lubricated sample between superhydrophobic and SLIPS states for 10 cycles; ESEM 

images of (iii) FC-70 and (iv) Krytox 100B lubricated samples after heating for 5 mins at 

100 °C. (d) Krytox 104A lubricated sample was heated at 100 °C. (i) Plot of CAHs of four 

liquids and heating time from 0 to 35 mins; (ii) ESEM images of Krytox 104A lubricated 

samples after heating for 5 mins at 100 °C. 
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Table 4.2 CA of water, weight of samples and the thickness of the FC-70 lubricating layer in 

the reversible transition tests for multiple cycles (the treated surface area was 25 mm x 28 

mm). Note that the thickness was gained through calculation and its errors were subject to the 

measured weights. 

 

Data 

Cycles 

CA 

± 1 (°) 

Weight 

± 0.01 (g) 

Thickness 

(µm) 

Data 

Cycles 

CA 

± 1 (°) 

Weight 

± 0.01 (g) 

Thickness 

(µm) 

0 157.8 4.7392 0 5.5 105.6 4.8622 88.8 

0.5 101.7 4.8686 92. 0 6 159.7 4.7385 0 

1 160.0 4.7386 0 6.5 103.1 4.8722 95.0 

1.5 101.2 4.8789 99.7 7 159.4 4.7388 0 

2 157.7 4.7387 0 7.5 105.2 4.8692 92.7 

2.5 104.3 4.8526 80.9 8 159.0 4.7389 0 

3 160.2 4.7390 0 8.5 108.0 4.8932 109.6 

3.5 105.5 4.8357 68.7 9 155.9 4.7384 0 

4 158.6 4.7383 0 9.5 108.1 4.8681 92.2 

4.5 105.0 4.8593 86.0 10 159.4 4.7387 0 

5 157.3 4.7372 0 10.5 100.3 4.8931 109.7 
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Fig. 4.6 ESEM images of FC-70, Krytox 100B and Krytox 104A lubricated SLIPS surfaces. 

It is shown that lubricants were embedded in the surface structures of the superhydrophobic 

coatings. 

 

Table 4.3 Mass (g) of the FC-70, Krytox 100B and Krytox 104A lubricated samples and the 

corresponding average thickness (µm) of the lubricating layers as the increase of the heating 

time (the treated surface area was 25 mm x 25 mm). The errors of weight were ± 0.01 g, and 

the errors of the calculated thickness were subject to the measured weight. 

 

Sample 

Time 

Fluorinert FC-70 

Weight/Thickness 

Krytox 100B 

Weight/Thickness 

Krytox 104A 

Weight/Thickness 

Before lubricants 4.5423/0 4.5575/0 4.5239/0 

After lubricants 4.6522/87.5 4.6619/90.6 4.7543/199.0 

After 5 min 4.5421/0 4.5571/0 4.6659/122.6 

After 10 min ____ ____ 4.6314/92.8 

After 15 min ____ ____ 4.5908/57.8 

After 20 min ____ ____ 4.5862/53.8 

After 25 min ____ ____ 4.5659/36.3 

After 30 min ____ ____ 4.5590/30.3 

After 35 min ____ ____ 4.5532/25.3 
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4.3.4 Mechanical robustness tests 

In consideration of practical conditions, self-cleaning surfaces must be mechanically robust. 

Here, knife cut and Newton meter press were used to test the mechanical durability of these 

SLIPS samples. 

Three glass slides were bonded with superhydrophobic paint using double sided tapes 

followed by FC-70, Krytox 100B and Krytox 104A lubrication, respectively. These samples 

were scratched by a knife, and were then tested with oil, red wine, coffee and water, as shown 

in Fig. 4.7. These samples remained clean after the liquid dropping tests, indicating that the 

surfaces retained omniphobicity after the knife cut tests. 

Fig. 4.8 shows the ESEM images of knife samples. The traces of knife scratch were filled in 

by the lubricants, so that the SLIPS surfaces retained omniphobicity. 

 

Fig. 4.7 FC 70, Krytox 100B and Krytox 104A lubricated samples were scratched by a knife, 

and then oil, red wine, coffee and water were dropped on those samples respectively to test 

their omniphobicity. 
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Fig. 4.8 ESEM images of knife scratched (a) FC-70, (b) Krytox 100B and (c) Krytox 104A 

lubricated samples. 

 

To quantify the mechanical durability of the SLIPS coatings, a Newton meter was applied to 

press the SLIPS samples that were lubricated by FC-70, Krytox 100B and Krytox 104A, 

respectively. These samples were prepared via the same process of those in the knife cut tests. 

Fig. 4.9(a)-(c) shows that an FC-70 lubricated sample was vertically pressed by the Newton 

meter at 175 N. The sample retained the repellence to both water and oil after the press. Fig. 

4.9(d)-(f) shows the plot of the pressure (kPa) and SAs of water and oil on FC-70, Krytox 

100B and Krytox 104A lubricated samples, respectively. Here, 175 N (~ 850 kPa) was used 

as the largest force in consideration of safety. For the FC-70 and Krytox 100B lubricated 

samples, SAs increased as the increase of the applied pressure, but even the SAs under the 

highest pressure were still below 2.5°, indicating that the mechanical press did not 

significantly change the surface slipperiness. For the Krytox 104A lubricated sample, SA also 

increased as the increase of the applied pressure and the SA under the highest pressure was 

still below 10°, showing that the SLIPS coatings are able to retain the repellence to water and 

oil under the impact of these forces.  

Fig. 4.10 shows the ESEM images of SLIPS surfaces after the Newton meter press tests. The 

FC-70, Krytox 100B and Krytox 104A lubricated samples were pressed to ~ 850 kPa. The 

trace of the press was seen on the FC-70 lubricated sample, and the lubricant partially filled 

in the cracks to retain the surface slipperiness. On the Krytox 100B and Krytox 104A 

samples, the surface structures were fully covered by the lubricants, so that the SLIPS 

coatings still repelled water and oil after the Newton meter press. 
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Fig. 4.9 (a) Newton meter was used to press an FC-70 lubricated sample at 175N (~850 kPa), 

(b) water and (c) oil were dropped onto the sample surface respectively to test its slipperiness. 

(d)-(f) Plot of SAs of water and oil and the pressure that was applied onto the (d) FC-70, (e) 

Krytox 100B and (f) Krytox 104A lubricated SLIPS surfaces. 

 

 

Fig. 4.10 ESEM images of FC-70, Krytox 100B and Krytox 104A lubricated samples that 

were pressed by ~850 kPa. 
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4.3.5 Chemical durability tests 

Water droplets with pH of 0, 2, 4, 6, 8, 10, 12, and 14 were used to test the surface chemical 

durability of the SLIPS samples. In this test, three SLIPS samples was fabricated through 

bonding superhydrophobic paint and the glass slides using double sided tapes, followed by 

FC-70, Krytox 100B and Krytox 104A lubrication, respectively. These samples were initially 

cut by a knife followed by the acid/base liquids dropping tests as shown in Fig. 4.11(a). The 

samples were tilted at ~28°. After the test, all the samples were still clean, indicating that 

these SLIPS coatings were chemically durable. 

To further test the chemical stability of the SLIPS samples, acid-base neutralization test was 

performed on the FC-70 lubricated SLIPS sample as shown in Fig. 4.11(b). The droplets of 

acid (pH = 0) and base (pH = 14) were placed onto the SLIPS sample, and then were guided 

to contact for neutralization as shown in Fig. 4.11(c). The combined droplet was allowed to 

travel around on the SLIPS sample and then slid off as shown in Fig. 4.11(d). The SLIPS 

surface remained clean after the acid-base neutralization test showing that the SLIPS coating 

is chemically durable. 

The acid-base neutralization test was also performed on the Krytox 100B and Krytox 104A 

lubricated SLIPS samples, both samples retained their slipperiness after this test. 

ESEM images shows the surface structures of the FC-70, Krytox 100B and Krytox 104A 

lubricated SLIPS samples that were tested through the acid-base neutralization as shown in 

Fig. 4.12. The surfaces were partially or fully covered by the lubricants and did not show 

much difference compared with untested SLIPS samples as shown in Fig. 4.6. All the 

chemical stability tests indicate that these SLIPS samples are robust to corrosive liquids such 

as strong acid and base. This is because both the lubricants and the superhydrophobic paint 

are stable upon the exposure to acid and base.   
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Fig. 4.11 (a) Acid and base dropping tests, the pH of these liquid droplets were from 0 to 14. 

(b)-(d) Neutralization of acid and base droplets on a scratched FC-70 lubricated SLIPS 

sample.  

 

Fig. 4.12 ESEM images of SLIPS samples after the acid and base neutralization test. 
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4.3.6 Thermal, mechanical and chemical tests on one single SLIPS sample 

In the above-mentioned experiments, SLIPS coatings were tested for their thermal, 

mechanical and chemical durability. However, in consideration of practical applications, a 

surface may be challenged by complex conditions. For example, the surface may suffer a 

high temperature, together with corrosive chemicals and severe mechanical impacts.  

To meet the practical requirements, one individual sample was used to undergo thermal, 

mechanical and chemical tests. This sample was prepared through bonding a glass slide and 

superhydrophobic paint using double sided tapes, followed by the lubrication of Krytox 

104A. Fig. 4.13 shows that the sample underwent 200 °C heating, knife cut, 175 N of Newton 

meter press and acid-base neutralization tests. After these tests, the corn oil droplet was still 

able to easily slide off the SLIPS sample, indicating that this sample retained omniphobicity 

after these durability tests. In the ESEM image, the sample surface was fully covered by the 

lubricant, and this is why the surface retained the slipperiness to water and oil. 

 

Fig. 4.13 Thermal, mechanical and chemical durability tests on one single sample. The 

sample was heated at 200 °C, scratched, pressed at 175 N, and then acid (the right droplet, pH 

= 0) and base (the left droplet, pH = 14) were positioned on the sample to neutralize. After 

these tests, a corn oil droplet was still able to slide off, indicating the surface retained slippery 

and omniphobic. ESEM image shows that the surface did not significantly change after these 

tests, indicating that the SLIPS surface is thermally, mechanically and chemically durable. 

 

4.3.7 Self-cleaning underwater and under oil 

The SLIPS surface can also be used under various media such as water and oil as well as in 

air. Fig. 4.14(a) shows oil droplets (corn oil and hexadecane) that were put on a SLIPS 

surface that was immersed in water. A needle could be used to guide the oil droplets attached 

to the SLIPS surface. The SLIPS surface remained clean without oil or water stains when 

they were taken out of the liquid. The behaviour of oils could be used for marine oil 

transportation, and it also shows that the SLIPS surface remained self-cleaning even in an oil-
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water mixture. Fig. 4.14(b) shows water-based liquid droplets (water, coffee and red wine) 

that were put onto SLIPS surfaces that were immersed in corn oil. The SLIPS surfaces 

repelled these droplets just like a superhydrophobic surface in air repels water; and the 

surfaces remained self-cleaning once they were released from corn oil. These tests show that 

the SLIPS surfaces retain their pristine condition even if exposed to either water or oil. 

 

Fig. 4.14 (a) Corn oil and hexadecane droplets were put on the SLIPS surface that was 

immersed in water. (b) Water, coffee and red wine droplets were put on the SLIPS surface 

that was immersed in corn oil. 
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4.4 Conclusions 
In this chapter, a durable omniphobic SLIPS coating was developed through lubricating a 

superhydrophobic paint-treated surface as introduced in Chapter 3.  Compared with the 

superhydrophobic surfaces, the SLIPS coating can also be treated onto both hard and soft 

substrates such as glass and filter paper, but the SLIPS coating has a superior anti-fouling 

property – repelling water, corn oil, coffee, red wine and even ketchup. 

Thermal, mechanical and chemical durability tests of the SLIPS surfaces were present to 

show the materials are practically applicable. Thermal stability tests were performed in 

extremely low (-196 °C in liquid nitrogen) and high temperatures (200 °C), which shows a 

larger range of temperature than that was previously reported. Through selecting the viscosity 

and estimated useful range of the lubricants, either a thermally durable SLIPS surface or a 

reversible transition between superhydrophobic and SLIPS states could be achieved. In 

particular, the transition between superhydrophobic and SLIPS surfaces were present for even 

more than ten cycles. In the tests of surface mechanical robustness, the scratch traces were 

partially or fully covered by the lubricants so that the surfaces retained their slippery 

character. The SLIPS samples were also pressed by a Newton meter at forces 2.6 N to 175 N 

(~850 kPa), the SAs of water and oil on the pressed samples did not significantly change. 

This method had effectively quantified the surface slipperiness and mechanical impacts using 

a plot of SAs and applied press, and further demonstrated that the SLIPS samples were 

mechanically robust. In the chemical stability tests, the SLIPS coatings retained 

omniphobicity after acid and base dropping and neutralization tests. Finally, one single 

sample was used for all the thermal (200 °C heating), mechanical (scratch and 850 kPa press) 

and chemical (acid and base dropping and neutralization) tests, and the surface retained 

repellence to acid, base and oil droplets. While very few reports of SLIPS coatings attempted 

to address thermal, mechanical and chemical issues in one goal.  

The fabricated SLIPS surfaces can also be used for self-cleaning even after being immersed 

in either water or oil. Furthermore oil-droplets can be easily guided to travel along pre-

scribed directions when put on SLIPS surfaces in water. This phenomenon could be used for 

marine oil transportation, anti-fouling under water or oil, and making pipettes that are used in 

water and/or oil for air sensitive experiments. 

This coating could be treated on various substrates with extreme thermal, mechanical and 

chemical durability, and it is believed to be useful for self-cleaning, anti-fouling, and anti-
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corrosion purposes in a range of large scale of industrial applications. 
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Conclusions 
Throughout the whole thesis, the most inventive step is to simply use an adhesive layer to 

achieve mechanically durable self-cleaning coatings (superhydrophobic or SLIPS coatings), 

which is the most significant concern in most cases for practical applications either in 

industry or in our daily life. The idea of improving the mechanical robustness is to “use the 

soft to beat the hard”, which is also the spirit of the Chinese Tai Chi. When the micro-scaled 

posts were directly bonded with the substrate, they are easily broken by the applied forces as 

shown in Fig. 5.1. This is because the micron structures are comparably weak to the forces in 

the macroscopic world, for example forces from a finger print. However, when the micron 

structures were bonded by flexible adhesives as shown in Fig. 5.1, they are still attached with 

the substrate by adhesives after abrasion even if they partially fall, and it is very likely for 

these micron structures to recover with or without applied forces. 

The principle of “use the soft to beat the hard” is also applicable to the particle-based 

coatings that were introduced in this thesis. Upon bonding with adhesives, the particles tend 

to be partially pushed into the adhesives or rotate on the adhesives under normal and shear 

stresses instead of being removed from the substrates, and this retains the functional 

properties (superhydrophobicity or slipperiness) of the particle-based self-cleaning coatings. 

The idea was further proved with mechanical tests through using a Newton meter to press a 

SLIPS coating (normal stress) and using sandpaper to abrade a superhydrophobic coating 

(shear stress); both coatings retained liquid repellence after mechanical tests. 

By simply applying an adhesive layer between the substrate and the rough functional coatings, 

the self-cleaning (superhydrophobic/SLIPS) surface becomes very abrasive. A further aim 

was to transfer this technique to practical conditions; hopefully in the near future, there would 

be innovative products available in the market based on this technique. 
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Fig. 5.1 Schemes that compare micro-scaled structures with and without adhesives after being 

exposed to applied forces. 

 

Texts and schemes below show a small summary of the work in this thesis. 

In Chapter 2 (Fig. 5.2), a chemical etching method was reported using CuCl2 solution to 

roughen mild steel surfaces, the etched surfaces were made superhydrophobic after low 

surface energy modification. In order to reduce the pressure on the environment, the powder-

like by-products from the reactions of Fe and CuCl2 solution were deposited onto soft porous 

substrates such as cotton wool, filter paper and scouring pad. These soft materials became 

superhydrophobic after low surface energy modification. This chapter has shown that both 

hard and soft substrates could obtain superhydrophobicity through simple chemical reactions. 

However, the prepared superhydrophobic steel surface is mechanically weak, which is also a 

drawback of most superhydrophobic surfaces; the surface lost superhydrophobicity after six 

cycles of sandpaper abrasion. In addition, this technique does not apply to other substrates, 

such as copper and glass, which are not reactive to CuCl2 solution. Therefore, two points 

needs to be addressed in the following work: 1) a general technique of making 

superhydrophobic surfaces that applies to a wide range of substrates, either hard or soft; 2) 

the prepared superhydrophobic surface needs to be mechanically durable. 
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To address the two aforementioned points, a paint-like suspension was developed in Chapter 

3 (Fig. 5.3). The paint can be applied to almost all solid substrates, such as glass, metal, 

cotton and paper to make superhydrophobic surfaces. This paint is highly compatible with 

commercial adhesives; the strategy of “superhydrophobic paint + adhesives” greatly 

improved the surface robustness. The treated substrates (glass, steel, cotton and paper) 

retained superhydrophobicity after finger wipe, knife scratch and multiple cycles of 

sandpaper abrasion (even for 40 cycles). Moreover, the treated superhydrophobic surfaces 

retained self-cleaning (including water stain-resistance and dirt-removal) when they were 

contaminated by oils in air or even immersed into oil. However, these superhydrophobic 

surfaces still did not repel oil although they behaved in a self-cleaning manner after oil 

contamination. 

In Chapter 4 (Fig. 5.4), the slippery liquid infused porous surfaces (SLIPS) were developed 

based on the superhydrophobic paint through adding a liquid lubricating layer onto the 

superhydrophobic surfaces. The SLIPS not only inherited most of the advantages from the 

superhydrophobic painted coatings (for example, it can be treated onto most solid substrates; 

it is mechanically robust etc.), but also repelled various liquids such as water, coffee, red 

wine, cooking oil and hexadecane. However, the liquid lubricating layer may be subjected to 

low/high temperatures or corrosive chemicals. To further test the thermal, mechanical and 

chemical durability, various experiments were performed on the SLIPS samples as shown in 

Fig. 5.4. The SLIPS samples retained omniphobicity after these tests, even when thermal, 

mechanical and chemical tests were performed on one single sample. The major idea of 

designing a robust self-cleaning coating is to use more sophisticated adhesive techniques to 

overcome the weakness of superhydrophobic/SLIPS coatings. The flexibility of adhesives 

stabilises the coatings to severe circumstances.  

The final version is a SLIPS coating that can be applied to various substrates and repel a 

range of liquids. The reported SLIPS surfaces are expected to be practically applied due to 

their remarkable thermal, mechanical and chemical durability.  
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Fig. 5.2 Summary of Chapter 2. 
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Fig. 5.3 Summary of Chapter 3. 
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Fig. 5.4 Summary of Chapter 4. 
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