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ABBREVIATIONS  

ACA Apparent contact angle 

AFM   Atomic force microscopy 

APTES   Aminopropyltriethoxysilane 

ATR  Attenuated total reflectance 

CA Contact angle 

cmc Critical micellar concentration 

CPB Cetylpiridinium Bromide 

CTAB Cetyltrimethylammonium bromide 

DCDMS Dichlorodimethylsilane 

DLS  Dynamic light scattering 

IR Infrared 

JWSP Janus Wrinkled Silica-gel Particle 

Mn  number average molecular weight 

Mw weight average molecular weight 

O/W  oil in water 

PDMS Polydimethylsiloxane 

PPgMA Maleic anhydride-graft-polypropylene 

PS Polystyrene 
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ὶӶ 

rpm 

Average radius 

Revolutions per minute 

SEM  Scanning electron microscopy 

TEM  Transmission electron microscopy 

TEOS Tetraethoxysilane 

XPS X-ray photoelectron spectroscopy 

Z-pot Zeta potential 
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ABSTRACT  

In nature, superhydrophobicity is associated with a number of possible evolutionary benefits 

that may be bestowed upon an organism, ranging from the prevention of encumbrance by water 

droplets, self-cleaning and removal of particulates and potential pathogens, and even to 

antimicrobial activity. Superhydrophobicity is a surface related property, where droplets of 

water easily roll-off without stickicking or wetting the surface and can be achieved through 

hierarchical textured and low surface tension materials.  

The interest in this kind of behaviour comes from the possibility of exploiting superhydrophobic 

surfaces for many applications in different field (medical devices, infrastructures, fabrics, 

transports, etc.). In this PhD project (granted by Procter & Gamble), superhydrophobic surfaces 

were chosen as possible solution of a companyôs problem related to the difficulty in emptying 

of plastic dispensers containing viscous liquid products. Therefore, a possible solution was to 

render the plastic surface superhydrophobic to reduce the drag and help the easy-emptying of 

the dispensers. We developed a new type of particles that can impart a superhydrophobic 

behaviour to the applied substrate. Janus wrinkled silica-gel particles combine all the aspects 

that are necessary to achieve superhydrophobic surfaces: enabling formation of hierarchical 

roughness and low surface tension (without using any fluorinated molecule, not allowed in the 

dispensers manufacturing). Such particles were applied to substrates by drop-casting and dip-

coating methods, and through a camera we monitored the behaviour of different water solutions 

on particles coatings. Superhydrophobic surfaces have been obtained possessing high values of 

water contact angle and very low values of contact angle hysteresis (2°) and roll-off angle 

values (1.8°), which are close to zero. These results have been interpreted based on the multiple 

scales of hierarchical roughness that has been constructed by deposition of the particles. 

This thesis is divided in five chapters. In chapter 1, superhydrophobicity and how nature and 

man exploit this surface property are described so as methods to achieve such behaviour. Then, 
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the easy-emptying issue is discussed and the use of Janus wrinkled silica-gel particles as 

possible solution is motivated.  

Chapter 2 collects the theoretical backgrounds of this multidisciplinary project. Indeed, 

production of Janus wrinkled silica-gel particles involve different techniques and methods from 

different branches of science. Superhydrophobicity is described from a theoretical point of 

view: models and parameters that characterize the wettability of surfaces with regards to liquids 

are reported. Sol-gel method is briefly described, paying attention to the mesoporous particles 

formation mechanism. In the end, Pickering emulsion formation, necessary for Janus particles 

production, is described.  

In chapter 3, all the synthetic procedures are reported. The chapter is divided in paragraphs that 

reflects the multi-step synthetic procedure. First the synthesis of wrinkled silica-gel particles, 

then the formation of colloidosomes by Pickering emulsification of wrinkled particles, wax and 

water. Subsequently, the surface functionalization for obtaining Janus wrinkled particles. The 

characterization techniques are described in chapter 4, together with the apparatus used in this 

work and the sample preparations related to such characterization techniques. We used 

microscopic techniques as SEM, TEM and AFM for monitoring the structures of particles 

(SEM, TEM), the hierarchical roughness of the coatings (SEM, AFM) and the Janus nature of 

the particles (TEM). DLS and Zeta potential measurements were used for monitoring particles 

size and stability, especially in surfactant dispersions, necessary for Pickering emulsion 

preparation. ATR and XPS allowed  evaluating the presence of functional groups (ATR, XPS) 

after each functionalization. 

Chapter 5 collects all the results of Janus wrinkled silica-gel particles: from the particles 

synthesis, to colloidosomes formation through Pickering emulsion, their functionalization and 

the particles application as coating on different substrates. In the end, the wettability properties 

results are reported to verify the excellence of this approach achieving superhydrophobic 

behaviour by Janus wrinkled silica-gel particles coatings. 
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1. SUPERHYDROPHOBIC SURFACES 

 

1.1 INTRODUCTION  

In this chapter, definition and properties of superhydrophobic surfaces are defined. Then the 

state of the art regards the processes needed to obtain high slippery behaviour, characterizing 

superhydrophobicity, and related applications are elucidated.  

Successively, we propose a new type of process realizing superhydrophobic surfaces that 

should solve an everyday common problem: the easy empty of plastic dispensers. Indeed, 

cosmetic products or liquid soaps contained in plastic bottles are quite viscous and sticky. When 

the container is almost empty a quite amount of the product sticks onto the internal plastic 

surface, remaining inside the dispenser, which is thrown away together with the products. 

 

1.2 SUPERHYDROPHOBICITY 

In this Section, definition and properties of superhydrophobic surfaces are briefly defined. For 

further details about describing models, that correlate the surfaces parameters (surface tension 

and morphology) with liquid wettability parameters (contact angle, contact angle hysteresis and 

roll-off angle), see Section 2.2. 

1.2.1 DEFINITIONS AND PARAMETERS DEFINING WETTABILITY  

When a droplets of liquid is laid on a surface, the profile of the droplets forms with the surface 

plane an angle between the liquid-surface interface plane and the tangent plane of the droplets 

at the solid-liquid-gas point, called contact angle (Figure 1.1). 
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Fig. 1.1. Picture of a liquid droplet on a solid surface. In red, contact angle is underlined. 

 

When water has a good affinity with the surface, the contact angle value is less than 90°. In this 

case, the surface is considered hydrophilic. If the wettability or the affinity of the liquid with 

the surface lows, the liquid dislikes the surface and the contact area reduces and consequently 

the contact angle increases. When water forms contact angle more than 90° the surface is 

considered hydrophobic. At first glance, contact angle can be used as a directly measurable 

parameter for evaluating the wettability or the affinity of liquids to the surfaces. 

 

 

Fig. 1.2. Picture of a droplet moving onto an inclined surface (left) and the same picture 

showing the advancing and receding contact angles in red (right). 

 

Achieving high slippery behaviour is possible only realizing surfaces that exhibit with liquid 

high contact angle values. An example of high repellence against water is showed by 
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superhydrophobic surfaces. Superhydrophobicity is a surface related behaviour that manifests 

particular effects on water droplets in contact with the surface. Indeed, the droplets very easily 

roll-off from the superhydrophobic surfaces even at small inclination of the surface and very 

unlikely stick on such surfaces.  

This behaviour depends both on the contact angle, that is usually more than 150°, and on the 

hysteresis of the contact angle. The latter parameter depends on the surface-liquid adhesion 

energy, and is defined as the difference of the contact angle measured during sliding or rolling 

off from the surface, or rather, the difference between downhill or advancing contact angle and 

the uphill or receding contact angle (figure 1.2). Superhydrophobic surfaces exhibit with water 

low hysteresis contact angle value, usually less than 5°, that together with high contact angle 

values cause an easy rolling off from the surface. 

1.2.2 SUPERHYDROPHOBICITY IN NATURE  

In nature, surfaces possessing high repellence to the water have something in common: 

hierarchical roughness; i.e. a surface with more than one length scale of texture, consisting of a 

finer length scale texture on an underlying coarser length scale of texture. 

In figure 1.3 is reported some pictures of lotus leafs with microscopic details of the surface. 

The leaves are covered by ten microns bumps (convex cell papilla) completely covered by 

hundreds nanometers pillars (epicuticular wax crystals). The bumps at microns scale and the 

finer roughness made of the pillars, together with the low surface tension of the wax covering 

the surface, achieve superhydrophobicity. The outcome of the hierarchical texture enables the 

leaf to obtain self-cleaning properties. Or rather, dust particles on the surface are entrapped in 

the droplets of water during rolling off, carrying away the dust and perfectly cleaning the 

surface. The cleaning mechanism is illustrated in figure 1.4. 
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Fig. 1.3. Lotus leaf picture (a), and self-cleaning behaviour shown during raining (b) that 

completely clean the leaf surface (c). Micrographs of surface morphological details at 

different magnifications are depicted (d,e,f), showing the cell papilla (e) and epicuticular 

wax crystal (f). [1]. 

 

 

Fig. 1.4. Liquid droplet passing onto dust particles (green cross, blue circle and red 

triangle) on a normal surface (left) and a superhydrophobic surface (right). In the latter, 

Particles adhere at the droplet surface during rolling off and carrying them away. 
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Nature takes advantage of hierarchical low surface texture achieving superhydrophobicity in 

many situation: anti-bacterial properties of the bugôs wings [2], slide abilities of some insects 

on water (water strider etc.) [3,4], water-repellent of feathers [5], anti-adhesion properties of 

some skin-breathing arthropods [6,7]. 

Researches about bio-inspired superhydrophobic surfaces are spread in the past decades, to 

mimic the interesting properties that nature achieved in hundreds of years.  

1.2.3 PROCESSESS: SURFACE PATTERNING AND MODIFICATION  

Herewith, the common processes involving formation of superhydrophobic and superolephobic 

surfaces (high slippery behaviour of apolar liquids) are discussed. 

In past few decades, an increasing interest in the hierarchical surfaces manufacturing to achieve 

superhydrophobic and superomniphobic surface is raised. The possible processes can be 

divided in different categories. 

If the formation of hierarchical texture is realized by adding material on the surface the 

processes involve techniques that spread materials that organize themselves in a hierarchical 

textured layer. Usually these techniques are: spraying [8,9], dip-coating [10ï12], spin-coating 

[13,14], plasma spraying [15], gas aggregation cluster technique [16], thermal oxidation [17], 

electrohydrodynamics [18ï22], etc. Usually such materials added on top of the substrate are 

not sufficient to achieve superhydrophobicity because sometimes the surface tension is not low 

enough. Therefore, a further step as a chemical modification is needed. 

A different approach is removing material from the surface. During the removing process the 

technique creates the hierarchical demanded structures, i.e., lithography [23ï25], solvent 

extraction [26], chemical etching [27]; in other cases, like plasma etching [28ï30], material 

removing and surface chemistry modification happen simultaneously to build the hierarchical 

texture and reduce the solid-gas surface tension. 
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Usually formation of superhydrophobic surfaces is a multi-step procedure that involves more 

than one approach listed above. For instance, lithography and etching can be used together to 

produce masks for creating template for feature replication of omniphobic polymer membranes 

[31]. Xu et al. produced a transparent superhydrophobic coating by spreading polystyrene and 

silica sol onto a glass substrate by sol-gel dip-coating, then, after annealing of the polymer part 

a volcano-like structure is formed on top of the glass substrate[32]. 

1.2.4 MECHANICAL  RESISTENT AND SELF-HEALING SURFACES  

The main concern about superhydrophobic is the lack of mechanical resistance of the rough 

structure. Indeed, because of the structure full of pores and re-entrants, superhydrophobic 

surfaces are usually fragile. Therefore, in the past years an important objective during 

production of high slippery surfaces is the durability in term of mechanical resistance. The 

difficulty in achieving this goal depends on the performance of the slippery surface: the higher 

the amount of pores and re-entrants the higher the contact angle but the weaker is the surface 

resistance to mechanical stresses. 

Recently, many researchers tried to obtain surfaces with higher mechanical resistance. Zhang 

et al. obtained superhydrophobic behaviour on an elastic polydimethylsiloxane support, that 

can tolerate continuous impact of water droplets and knife scratches without modifying its 

superhydrophobicity [33]. Chen et al. produced a mechanical resistant superhydrophobic 

surface on paper, glass, metallic and polymeric supports by spraying an adhesive layer and then 

a nanoparticles dispersion on the substrates. Mechanical abrasion cycles and knife scratches 

tests on the supports do not change the superhydrophobic properties [34]. Golovin et al. 

produced an abrasion resistant (1 km of cycle) coating made of a polymer binder and 

1H,1H,2H,2H-heptadecafluorodecyl polyhedral oligomeric silsesquioxane (F-POSS) as 

hydrophobic filler by spraying blends of the two compounds [9]. Sheng et al produced a 
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electrospun waterproof membrane made of polyacrylonitrile and hydrophobic nanoparticles 

that resist to abrasion tests [22]. 

Another approach to improve durability of superhydrophobic surfaces is to introduce within the 

surface material low surface tension molecules in order to impart self-healing properties. In 

fact, any surface, no matter how durable, is susceptible to physical (and chemical) damages. 

During the damage, the low surface energy molecules preferentially migrate to the solid-air 

interface, restoring superhydrophobic behaviour. 

Wu et al prepared an abrasion durable and self-healable superhydrophobic cotton fabric. The 

slippery behaviour can survive after thousands of abrasion cycles, and superhydrophobicity can 

be restored by simply stream ironing [35]. Liu et al used polydopamine nanocapsules containing 

octadecylamine molecules to impart superhydrophobicity to fabrics. When the surface fabric is 

destroyed by physical damages and lose its liquid repellency, octadecylamine migrates to the 

surface and restore superhydrophobicity [36]. 

1.2.5 APPLICATIONS 

Anti-sticking, water slippery behaviour and self-cleaning property are features that nature 

exploited in different situations, as we saw in the subsection 1.2.2. Researchers all around the 

world are finding a way to exploit the interesting features of superhydrophobic surfaces for 

different applications.  

A straightforward application for superhydrophobic surfaces is the production of self-cleaning 

glass [10] (automobile and aircrafts windshields, camera lenses, touch screens, solar panels, 

etc.) [37] and fabrics [36].  

Very interesting is the application of superhydrophobic coatings in the infrastructures field, 

such as building material, marbles and sandstone: they can provide protection from 

environmental pollution and acid rain [38]. The coatings can be used for anti-icing purpose for 

roads and power lines in cold countries, providing economic and safety benefits [39]. 
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As these surfaces are water resistant, hence they also resist the anchoring and growth of 

microorganisms on them. Thus their anti-fouling and anti-bacterial properties [40] are also 

expected to be remarkable. For instance, if applied to medical devices they can reduce infections 

and contaminations risks[41]. They can be applied as protective coatings on surfaces exposed 

to sea water, because otherwise they get easily covered by algae and other marine organisms 

[42]. Superhydrophobic surfaces can be used in microreactors and microfluidic devices [43] 

and for drag reduction [44], and in many other fields: high-density integrated circuit production 

[45], oil water separation [34], water collection[46], waterproof-breathable membranes [22], 

and so on. 

 

1.3 EMPTYING PLASTIC DISPENSER ISSUE 

In this section we present an everyday life problem faced to everyone: the emptying of dispenser 

from liquid products. Therefore, we are interested to form a layer that impart to the dispensers 

plastic surface superhydrophobic properties that help the liquid to flow without sticking to the 

surface and hence, helping the emptying of the dispenser. 

1.3.1 WHERE IS THE PROBLEM? 

Products such as cosmetics, body lotions, shower gels, shampoos and detergents are sold 

commonly in plastic bottles and dispensers to the customers. Once the bottles containing the 

liquid is almost run out, the product inside it flow out the bottle neck more hardly compared to 

that in case of a full bottle. In an almost-empty dispenser, the product should flow from the 

bottom until the neck of the bottle, and because of the viscosity of the products (shampoo is 

usually three thousand times more viscous than water), the liquid takes some time to flow out 

the bottle. Moreover, the adhesion to the plastic surface of the bottle extremely increases the 

time needed to completely empty the dispenser.  



20 

 

The customer needs to wait some time before the right amount of products comes out, leaving 

the bottle upside down and wait for the gravity action that brings the liquid from the bottom to 

the tap at the neck. Waiting some time is quite annoying, fortunately there are some solution 

that can speed up this emptying process. For instance, the customer can energetically shake the 

bottle like maracas helping the motion of the liquid. Another solution is to add water to reduce 

the viscosity and facilitate the emptying. Nevertheless, the concentration of the species in the 

product changes once the water is added, because of the dilution effect. Moreover, if the 

products is oil-based, the addition of water is not always a suitable solution. The last chance to 

get the whole product ñtrappedò inside the bottle at the plastic surface (usually solar creams, 

toothpaste and other very viscous products), is cutting the dispenser with a pair of scissors and 

manually take out the product from the inside. 

All these tricks to fully empty a dispenser and completely use the product paid by the customer 

are quite annoying and sometimes the customer is lazy enough to just throw the dispenser away 

together with a non-negligible amount of product. Such consumer goods are commonly harmful 

for the environment. 

A possible solution to this problem that does not involve the action of the customer (as shaking 

or dilution with water) is modifying the internal plastic surface of the dispenser to help the 

liquid easy-emptying only by the action of gravity force. 

1.3.2 SOLUTION: IMPART SUPERHYDROPHOBIC PROPERTIES  

The idea proposed in this PhD work to solve this company problem, related to the easy-

emptying of liquids products contained in plastic dispensers, was a surface modification of 

plastic substrates imparting superhydrophobic behaviour to enhance the slippery behaviour of 

water solutions. As shown in the subsection 1.2.2 and better explained from a theoretical point 

of view in the Section 2.2, in order to impart superhydrophobic properties to the surface we 

need to form a hierarchical low surface tension texture.  
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Janus Wrinkled Silica-gel Particles (JWSP) have been chosen as surface modifier to impart 

superhydrophobic properties to the plastic surface. 

1.3.3 JANUS WRINKLED SILICA -GEL PARTICLES  

The choice of this type of particle comes from the need to build a hierarchical structure on the 

plastic surface. 

 

Fig. 1.5. TEM (left) and SEM (right) micrographs of wrinkled silica-gel particles. 

 

Wrinkled silica-gel particles (figure 1.5) are synthesized for two reasons: 

1. Wrinkled structure enables to achieve a nanometer level roughness, necessary for the 

hierarchical architecture. 

2. Silica-gel particles are easily synthesizable, and surface modifications can be done by 

using different type of silanes that enable grafting of several type of functional groups. 

Janus particles were named after the Roman god Janus, the double-face god of beginning and 

ending, doors and gates. One of the first persons to realize the potential of such particles was 

de Gennes who addressed this class of particles in his Nobel lecture in 1991 [47]. Janus particles 

are characterized by two ñfaceò with different physical-chemical properties (figure 1.6). Janus 

particles possess the tendency to self-assembly [48]. In this PhD project, after the synthesis of 

wrinkled silica-gel particles, we partially functionalized the particles in a Janus way for 

producing particles with one hydrophilic part and the other side hydrophobic. The tendency to 
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form aggregates has the advantage to increase the roughness of the surface, in a hierarchical 

manner, once the particles are applied on it. In figure 1.7 an example of hierarchical structure 

obtained by JWSPs is reported.  

 

 

Fig. 1.6. Janus god image, and on the left some Janus particles architectures: (a) spheres, 

(b and c) cylinders and (e and d) disks. 

 

1.3.4 JANUS WRINKLED SILICA -GEL PARTICLES SYNTHETIC PROCEDURE  

Wrinkled silica-gel particles are synthesized by following the procedure of Moon et al [49].  

Then to asymmetrical functionalize the particles we need to protect one face of the wrinkled 

particles, while the other one is exposed to the reaction agent. For the reason, wrinkled particles 

were locked at the surface of wax micrometer spheres by exploiting the behaviour of Pickering 

emulsions [13,48,50,51]. So as better explained in the paragraph 2.4, Pickering emulsion are 

characterized by a dispersed phase stabilize by particles staying at the oil-water interface. Once 

the emulsion is cooled down, the particles are semi-buried into the solidified wax. In this way 

wax protects one face of wrinkle particles, and subsequently, according to the Jiang et al 

procedure [13] a vapour silane agent can be used to asymmetrically modify the non-protected 

face of the particles while the buried part remains unaltered. The silane agent makes the exposed 

face hydrophobic while the other stays hydrophilic. Such hydrophilic-hydrophobic JWSPs were 

spread onto a glass surface to test their wettability properties. Subsequently, a further 
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functionalization of the hydrophilic side of the JWSPs was explored. Polymer-grafted JWSPs 

were synthesized to increase the adhesion of the applied particles layer onto a polypropylene 

substrate. In the figure 1.8 a scheme of preparation steps for the particles production is depicted. 

 

 

Fig. 1.7. Hierarchical structure formed by deposition of cluster of JWSPs, blue and green 

zones are characterized by different chemical physical behaviour. the multilevel hierarchy 

is on micron level for clusters, hundreds of nanomter for particles size and nanometers 

for the wrinkles of the silica-gel particles. 

 

1.4 CONCLUSION 

In this chapter, superhydrophobic behaviour was discussed, appearing to hold the solution to 

several problems related to different field: from construction to medical devices, from research 

issues to company related problems.  

Applying superhydrophobic coating to plastic surfaces can solve the annoying issue of easy-

emptying of plastic container, that is the aim of this PhD project. In order to help to facilitate 

the emptying, we thought to synthetize and apply Janus wrinkled silica-gel particles onto plastic 

substrate. 

The synthetic procedure was briefly described and is discussed in detail in chapter 3. 
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Fig. 1.8. Pathway for the production of JWSPs. The first step involves the surface 

functionalization on wax for production of hydrophilic -hydrophobic JWSPs (blue and 

yellow particles). The grafting of the polymer chains involves the last step of the process, 

forming polymer grafted JWSPs (red and yellow particles). 

  


