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Chapter 1 

 

1. Introduction and overview 

1.1. Introduction 

Novel multifunctional surfaces, which would be able to alter their wetting behavior all the 

way from superhydrophilic to superhydrophobic and water repellent in response to changes in 

single or multiple external stimuli, have gained the focus of considerable research, due to 

their emerging applications.1 Although biomimetics has emerged in the 1960s,2 numerous 

micro/mechanical applications require novel surfaces with new properties. 

Wettability on rough surfaces 

The wettability of a solid material, first introduced in 1805,3 is controlled by its surface 

energy: when a liquid is in contact with an ideal, homogeneous solid surface in static 

equilibrium with its vapor, the liquid may form a contact angle θ with the surface (partial 

wetting) when the various surface tensions obey Young’s equation:4  

γLV cos θ = γSV – γSL 

where γSV is the surface tension of the solid, γLV that of the liquid, and γSL the solid-liquid 

interfacial tension. The surface energy is defined as:  

dE = (γSL – γSV) dx + γLV dx cosθ 
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However, surfaces are not ideal and chemically heterogeneous. This modifies the Young’s 

model, as it affects the value of the apparent contact angle, (first reported from Wenzel5,6 and 

Cassie7,8).3 According to the Wenzel model, the surface area of a material increases in the 

case of a roughened surface. As a result, the liquid has the tendency to spread more on a 

rough hydrophilic surface, in order to enhance the solid-liquid contact. Conversely, on a 

rough hydrophobic material, the contact is unfavorable. Thus, the roughness factor was 

introduced, as the ratio of the actual surface area (taking into account the asperities of the 

solid) over its apparent one.3  The surface energy is calculated from the following equation:  

dE = r (γSL – γSV) dx + γLV dx cosθ* 

where r is the roughness factor and θ* is the apparent contact angle. For r = 1 (flat solid) the 

equation is the same with Young’s model.  

For r > 1, the Wenzel’s equation is: cosθ* = r cosθ.  

So, according to the Wenzel model, the rougher the hydrophobic material, the higher the 

contact angle. However, this is not true: Contact angles generally spread in quite a large 

interval, which often referred as contact angle hysteresis. This phenomenon is responsible for 

the sticking of drops, an effect in contradiction with water repellency. Furthermore, for very 

rough hydrophobic materials, the energy stored for following the solid surface is much larger 

than the energy associated with the air pockets, which makes it impossible to reach high 

values of θ*.9 

According to the Cassie-Baxter model,3,10 the liquid may not penetrate fully into the surface 

texture, but rather ‘bead-up’ to form a composite (solid–liquid–air) interface. In this scenario, 

air remains trapped inside the asperities, so that the drop can sit on the top of them on a 

fraction ϕs. This phenomenon is also known as fakir droplet.3 The smaller the ϕs, the higher 
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the hydrophobicity. So, the contact angle θ* and the surface energy are calculated by the 

following equations:3,9 

cosθ* = - 1 +  ϕs (cosθ + 1) 

dE = ϕs (γSL – γSV) dx + (1- ϕs) γLV dx +  γLV dx cosθ* 

However, there are cases that the two models, Wenzel and Cassie-Baxter, can coexist. This 

can be observed in the case that the density of the defects is large enough to sustain the fakir 

drop, which means that each defect leads to a capillary force that opposes penetration of the 

asperities. The metastable fakir state was first introduced from Lafuma and Quere.3,11 

Superhydrophobic surfaces 

Super-hydrophobic materials are widely used in outdoor weather-proof paints, easy-clean 

textiles, microfluidics, lab-on-chip devices, low friction coatings (e.g. for ships) and solar 

panels.9,12–15 The inspiration for designing and developing self-cleaning materials comes from 

nature;1 the Lotus effect, which results in super-hydrophobicity and very high water 

repellence, as exhibited by the leaves of sacred Lotus (Nelumbo nucifera), was first reported 

by Barthlott and Neinhuis.16,17 The water repellency and the self-cleaning properties of these 

biological species has been attributed to both chemical composition and surface geometry.1 

The research efforts have been focused on the fabrication of surfaces to replicate the Lotus 

leaf.1,18–20 The most common way to generate effective super-hydrophobic surfaces is to build 

multiscale hierarchical roughness. One way this can be achieved is by micro/nano-structuring 

a surface utilizing ultrafast lasers, which creates dual scale roughness in an one-step 

process.13,21 The first conical microstructures with multiscale roughness were reported by Her 

and Mazur22 in 1998. Since then, femtosecond laser has proved to be a promising method for 

fabricating hierarchical structures with multiscale roughness.23 So far, a vast number of 
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superhydrophobic and water-repellent  surfaces have been fabricated, owing to their great 

applications in self-cleaning, anti-icing, inkjet printing, agriculture and spray cooling.1,13,18,24–

31 

However the study of the plants surface wettability revealed another interesting phenomenon, 

the rose petal effect.20 Unlike Lotus leaf, rose petals, scallions and garlic, exhibit 

superhydrophobic behavior with high adhesion.32,33  Besides the “sticky” superhydrophobic 

species, another remarkable category of plans are the so-called “parahydrophobic” plants, 

which exhibit high contact angles, but not above 150°, with high adhesion. An important 

family among this kind of species are most of the thermogenic plants, which can raise their 

temperature above the ambient.32 Other plants that belong to this category are the banana leaf, 

the red-veined prayer plant34, the oak leaves35, the ceratonia siliqua36, the majority of hairy 

leaves37 and many others.38–40 Adhesive hydrophobic materials can find applications as 

barrier materials, micromanipulators and oil-water separators.41 

Responsive surfaces 

Multifunctionality, however, has been identified as another main research task in the field of 

surface technology. This can be achieved by using “smart” coatings, which can respond to 

external stimuli, such as light,26,42–45 temperature,42,46–48 electric filed,42,48–50 pH42,51,52 or 

solvent selectivity.42,53 The uniqueness of these materials lies not only on the fast changes 

occurring, but also on the fact that these transitions are reversible. Until now several smart 

materials have been reported which can switch between superhydrophobicity and 

superhydrophylicity, with promising applications in switchable valves54, biosensors55, 

selective separation56, tunable microlenses57 and “lab-on chip” devices52. Among the “smart” 

coatings found in the literature, the wetting properties of ZnO have been widely studied, since 

it can reversibly switch from super-hydrophilic to super-hydrophobic in response to UV 
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irradiation and heating or dark storage, respectively.58–61 ZnO, with probably the largest 

variety of different nanostructures, has attracted much attention within the scientific 

community as a "future material."  

Apart from ZnO, the wetting properties of smart polymers have been widely studied.19 

Stimuli-sensitive polymers can be sensitive to a number of factors, such as pH, humidity, 

temperature, light, magnetic field or electric field.1,52,61 Depending on the type of stimulus, 

smart polymer surfaces can be applied in drug delivery, tissue-engineering, sensors, bio-

separations, protein purification, gene therapy and in microfluidics.1,62–66   

Among, the smart polymers, microgels have been widely utilized. Their small size, extended 

circulating time, biocompatibility as well as their ability to incorporate drug molecules within 

the polymer network make them attractive for use in drug delivery.67–71 Furthermore, 

microgels can find numerous applications in energy, medicine, nanobiotechnology, light 

emitting devices, photovoltaics, detectors and biolabels,67,72 in the fabrication of microlenses, 

in biosensors, in cosmetics73 as well as in cell immobilization.67,70,74–80 Moreover, pH-

responsive microgels have gained attention in the field of catalysis, as they can be utilized as 

microreactors.80–88 

Anisotropic surfaces  

Besides the isotropic textures in nature, there are also directional structures, exhibiting both 

superhydrophobicity and anisotropic wetting.66,89 Such examples are the butterfly wings,66,89–

92 the water striders,66,89 the rice leaf,66,91 the cicada wings26 and the fish scale.66 In each case, 

such surfaces comprise directional dependent geometrical structures, that produce anisotropic 

wetting.90 Another interesting phenomenon, revealed from the study of nature, is the gecko’s 

feet. The special wetting properties of gecko’s feet, arise from the keratinous hairs, called 
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setae, in its structure.93 Such surfaces, have many applications, such as in liquid 

transportation without loss and in the analysis of very small volumes of liquid samples.66,93–95 

1.2. Contents of this thesis 

This thesis is organized as follows: 

In the present Chapter 1, the general introduction and the overview of the contents of the 

thesis are presented.  

Chapter 2, reviews the work on the functional ZnO surfaces with photocatalytic behavior 

and reversible wettability. The development of ZnO coatings exhibiting reversible wettability 

and photocatalytic activity was reported, following an environmentally friendly approach. 

The as-grown samples are prepared following a two-step fabrication process. First, silicon 

(Si) wafers were irradiated with femtosecond (fs) laser pulses in order to produce Si surfaces 

with dual scale roughness (Si spikes).13,27,96  Then, the rough Si samples were coated with a 

ZnO film prepared by a simple sol-gel process.97–99 The artificial surfaces exhibit reversible 

wettability from super-hydrophilic (upon UV irradiation) to super-hydrophobic (upon 

heating), while the as-grown samples revealed high photocatalytic activity investigated by 

means of the decolorization of methylene blue as a model system.100–102 Moreover, the 

reproducibility and sustainability of the system were thoroughly studied.   

In parallel, ZnO nanowires were developed with enhanced stability and high photocatalytic 

behavior, using polymeric stabilizers. First, ZnO nanowires were grown on ZnO pre-coated 

glass substrates via aqueous solution growth.97 Afterwards, the samples were coated with 

polymers with the spin casting method. Poly(methylmethacrylate), PMMA, and Poly(2-vinyl 

pyridine), P2VP were utilized for this purpose. Samples were characterized with Scanning 

Electron Microscopy (SEM) and were tested for their photocatalytic behavior using Fourier 
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Transform Infrared Spectroscopy (FTIR). Stearic acid was utilized as a test organic pollutant. 

Samples were also tested for their wettability. ZnO nanowires were also coated with 

dichlorodimethylsilane for comparison reasons.  

In Chapter 3, the development of responsive surfaces with “parahydrophobic” behavior is 

presented. “Parahydrophobic” behavior was achieved with high contact angles in the 

hydrophobic state (~120°), however, with high adhesion (~30° contact angle hysteresis). 

Initially silicon wafers were treated with femtosecond (fs) laser pulses in order to produce the 

dual scale roughness, Si spikes.13,52,58  Afterwards, organic coatings, Poly(2-vinyl pyridine), 

P2VP or PNIPAm, were introduced by anchoring end-functionalized polymer chains utilizing 

the "grafting-to" method. The responsiveness of the mixed end-anchored polymers, P2VP 

and Poly(N-isopropylacrylamide), PNIPAm onto one surface was also investigated.  

Finally, the Si surfaces produced using fs laser (Si spikes) with different wetting properties, 

and the Si spikes coated with P2VP and PNIPAm were seeded with 3T3 fibroblasts in order 

to examine the cell response on these substrates. Thus, cell attachment and proliferation were 

examined for different surface wetting properties, roughness and chemistry for 7 days of cell 

culture. 

In Chapter 4, three types of anisotropic surfaces were developed. Initially, superhydrophobic 

non-adhesive surfaces with unidirectional droplet roll-off behavior were successfully 

fabricated. For this reason, Si wafers were treated with femto-second laser, not in a 

conventional way, but in a tilt angle. The substrate was tilted and as a result, the laser beam 

was not pointed perpendicular to the surface. This procedure led to the formation of tilted 

periodic spikes. Such surfaces after a silanization process exhibit anisotropic wettability, with 

a droplet motion on the direction of the spikes. It was observed that the velocity of the droplet 
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motion was different, depending on the chosen tilt angle. To the best of our knowledge, this 

is the first work, referring to tilted spikes, treated with fs-laser.  

Afterwards, a third level of macro-structuring was introduced by patterning the inorganic 

surfaces using photolithography in order to enhance the anisotropic wetting behavior. Si 

substrates, patterned with grooves, were irradiated with fs Laser at a tilt angle. The effect of 

the depth and the diameter of the grooves on the final contact angle were investigated. These 

surfaces exhibit a superhydrophilic directionality, after thermal oxidation, or 

superhydrophobic directionality after silanization. 

Finally, superhydrophobic surfaces with high unidirectional hysteresis were developed. For 

this purpose, the irradiation of Si wafers was performed at a tilt angle. In order to achieve the 

high hysteresis, central wavelength of 800 nm was utilized and the different parameters of 

laser irradiation were investigated. This procedure led to the formation of tilted periodic 

spikes. Such surfaces after a silanization process exhibit anisotropic wettability, with a 

droplet motion on the direction of the spikes and a superhydrophilic directionality after 

thermal oxidation. 

In Chapter 5, the covalent immobilization of metal nanoparticle containing microgels onto 

solid substrates is illustrated. The immobilization of the microgels was initially performed by 

conventional dip or drop casting as well as with the Pickering emulsion and Vortical surface 

method.83 However, these methods led to low homogeneity and multi-layer structures. For 

this purpose,  microgels were immobilized onto glass substrates using the amine coupling 

chemistry.75 The immobilized microgels were subjected to environmental changes (heating 

temperature, heating time, flow rate and pH) in order to examine their stability under 

microfluidic flow conditions for their efficient implementation in mild industrial catalytic 

processes. The surfaces after the immobilization of the microgel nanoparticles were studied 
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by Scanning Electron Microscopy (SEM). Afterwards, the catalytic behavior of the 

synthesized metal containing microgels was studied through a model hydrogenation reaction.  

Chapter 6 summarizes the conclusions and lists the future outlook experiments, which can 

be done for the projects described in the previous chapters. 
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Chapter 2 

 

2.  Functional ZnO surfaces with photocatalytic 

behavior and reversible wettability 

2.1. Introduction 

Self-cleaning surfaces have gained the focus of considerable research due to their strong 

potential for exploitation in a number of industrial applications.1 Super-hydrophobic 

materials are widely used in outdoor weather-proof paints, easy-clean textiles, microfluidics, 

lab-on-chip devices, low friction coatings (e.g. for ships) and solar panels.2–6 On the other 

hand, super-hydrophilicity, the flip side of the coin, is used in the cleaning of roof tiles and 

windows, in mist-free mirrors and in photochemical degradation, to name but a few.7 The 

inspiration for designing and developing new self-cleaning materials comes from nature;1 the 

Lotus effect, which results in super-hydrophobicity and very high water repellence, as 

exhibited by the leaves of sacred Lotus (Nelumbo nucifera), was first reported by Barthlott 

and Neinhuis.8,9 Apart from this, there is a wide variety of biological species exhibiting 

amazing wettability properties, like rice leaves, rose petals, the strider’s legs, gecko feet, 

shark skin, mosquito compound eye, spider silks, cicada and butterfly wings, etc.10  

The most common way to generate effective super-hydrophobic surfaces is to build 

multiscale hierarchical roughness. One way this can be achieved is by micro/nano-structuring 

a surface utilizing ultrafast lasers, which creates dual scale roughness in an one-step 
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process.3,11 The first conical microstructures with multiscale roughness were reported by Her 

and Mazur12 in 1998. Since then, femtosecond laser has proved to be a promising method for 

fabricating hierarchical structures with multiscale roughness.13 For example, Zorba et al. 

produced artificially structured surfaces possessing controlled dual-scale roughness, which 

exhibited the water repellent characteristics of the natural Lotus leaf.3,14,15  

Moreover, there is a continuously increasing demand for multifunctional surfaces with 

reversible characteristics. This can be achieved by using “smart” coatings, which can respond 

to external stimuli, such as light,16–20 temperature,16,21–23 electric filed,16,23–25 pH16,26,27 or 

solvent selectivity.16,28 Among the “smart” coatings found in the literature, the wetting 

properties of ZnO have been widely studied, since it can reversibly switch from super-

hydrophilic to super-hydrophobic in response to UV irradiation and heating or dark storage, 

respectively.29–31 For example, Papadopoulou et al., reported the preparation of 

photoreversible ZnO hierarchical surfaces prepared by irradiating Si substrates with 

femtosecond laser and decorating them with ZnO nanoprotrusions using pulsed laser 

deposition.30  

ZnO, besides its well-known reversible self-cleaning properties, has been extensively studied 

for its photocatalytic behavior.  In order to enhance its photocatalytic activity, research efforts 

have focused on the development of ZnO surfaces with a high surface to volume ratio.  ZnO, 

with probably the largest variety of different nanostructures, has attracted much attention 

within the scientific community as a "material of the future." Its range includes one- (1D), 

two- (2D), and three-dimensional (3D) structures. One-dimensional structures include 

nanowires, -needles, -helixes, -springs, -rings, -ribbons, -tubes, -belts, and -combs.32,33 

Examples of ZnO 2D structures are the nanoplates and the nanopellets.33,34 3D ZnO 

structures, reported in literature, are flowers, dandelion, snowflakes, coniferous urchin-

like.33,35–37  
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Nanostructured ZnO materials have received broad attention due to their distinguished 

performance in electronics, optics and photonics. For example, ZnO nanoparticles have been 

utilized for the development of ultraviolet (UV) photodetectors, for commercial, military, and 

space applications.38–40 Moreover, they are widely used in sunscreens and cosmetics.39,41 On 

the other hand, ZnO nanoflowers were used for Li-ion batteries.39,42 Nanocombs and 

nanosaws have been also fabricated from Hashimoto et al.43,44 ZnO nanorings, nanohelixes 

and nanospirals have been reported for micro- and nano-electromechanical systems and 

biomedical sensing.43,45,46 Other ZnO nanostructures, like nanocages could be of interest for 

drug delivery.43,47 ZnO nanowires and nanotubes have been used to detect biological 

molecules in aqueous solutions. Popular ones include pH sensors, glucose biosensors, and 

cholesterol biosensors.48 Apart from ZnO nanowires, nanofibers, flower-like and nanoflakes 

have also been utilized as enzyme biosensors.49 Additionally, ZnO nanoribbons and 

nanowires are popular for optoelectronics applications.48,50 In general, ZnO nanostructures, 

are of interest for biomedical applications as well as gas, optical and electrical sensors. 

Alternative applications reported are for photocatalysis and dye degradations.39,51–57 New 

applications of ZnO nanostrucutres in energy storage and hydrogen storage have also 

attended growing interest.48 

However, most of the work cited above suffers from the disadvantage of producing low 

stability specimens, which cannot be easily adopted for large scale synthesis and, thus, for 

industrial applications. 

Thus, a critical issue related to ZnO nanostructures is the achievement of reproducible, fast 

and inexpensive patterning techniques. Moreover for all applications, controlling the shape of 

the semiconductor nanostructures is still a significant technological challenge. Several 

research groups have been working with ZnO nanostructures along with polymers in order to 

either control their properties and/or make them functionable to several applications. 
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Panigrahy and his co-workers prepared a variation of ZnO nanostructures by using polymers 

like Poly(ethylene glycol), PEG and Poly(vinyl pyrrolidinone), PVP in order to control the 

magnetic and optical properties.58 Polymers with pyridine units have been widely studied due 

to their reactive nitrogen heteroatom.59 Kumar et al. took advantage of the pH-response of 

Poly(4-vinyl pyridine), P4VP, which was utilized as a template for polymer / ZnO 

nanocomposites.59 The combination of ZnO nanostructures and polymers could be 

advantageous for sensing applications.60 For example Poly(methylmethacrylate), PMMA, 

microfibers, coated with Al-doped ZnO nanostructures have been fabricating for the detection 

of uric acid.61 Polymers have been used for the development of highly oriented, aligned ZnO 

nanorods, for advanced optical devices.62 Furthermore Polystyrene-block-poly(2-vinyl-

pyridine)-gold nanoparticles hybrid nanotubes, with pH-responsive properties, found 

applications in microfluidic systems.63 

In this work, ZnO nanowires were developed with enhanced stability and high photocatalytic 

behavior using polymeric stabilizers. First, ZnO nanowires were grown on ZnO pre-coated 

glass substrates via aqueous solution growth.64 Afterwards, the samples were coated with 

polymers with the spin coating method. Poly(methylmethacrylate), PMMA and Poly(2-vinyl 

pyridine), P2VP were utilized for this purpose. Samples were characterized with Scanning 

Electron Microscopy and were tested for their photocatalytic behavior using Fourier 

Transform Infrared Spectroscopy (FTIR). Stearic acid was utilized as a test organic pollutant. 

Samples were also tested for their wettability. ZnO nanowires were also coated with 

dichlorodimethylsilane for comparison reasons.  

In parallel, ZnO coatings exhibiting reversible wettability and photocatalytic activity were 

developed, following an environmental friendly approach. The as-grown samples are 

prepared following a two-step fabrication process. First, silicon (Si) wafers are irradiated with 

femtosecond (fs) laser pulses in order to produce Si surfaces with dual scale roughness (Si 
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spikes).3,14,15  Then, the rough Si samples are coated with a ZnO film prepared by a simple 

sol-gel process.51,64,65 The artificial surfaces exhibit reversible wettability from super-

hydrophilic (upon UV irradiation) to super-hydrophobic (upon heating), while the as-grown 

samples revealed high photocatalytic activity investigated by means of the decolorization of 

methylene blue as a model.66–68 Moreover, the reproducibility and sustainability of the system 

is thoroughly studied.   

2.1.1. Basic properties and applications of ZnO 

Zinc oxide has been widely studied since 193569 due to the attractive applications and it has 

been characterized from the researchers as the “material of the future”.70,71 ZnO, with a wide 

bandgap of 3.4eV, is quite important for blue and ultraviolet optical devices, including light-

emitting diodes, laser diodes and photodetectors.43,71 ZnO has several advantages with the 

most important being its large exciton binding energy43 (60meV at room temperature) and the 

ability to grow single crystal substrates.43,71 Other favorable aspects of ZnO include its broad 

chemistry leading to many opportunities for wet chemical etching, low power threshold for 

optical pumping, radiation hardness and biocompatibility.70 The unique properties of ZnO 

mentioned above make it an ideal candidate for a variety of devices ranging from sensors to 

ultra-violet laser diodes and nanotechnology-based devices such as displays.71 

ZnO crystallizes in the wurtzite (B4 type) structure, at ambient pressure and temperature. 

This tetrahedral coordination gives rise to polar symmetry along the hexagonal axis, which is 

responsible for a number of the properties of ZnO, including its piezoelectricity and 

spontaneous polarization, and is also a key factor in crystal growth, etching and defect 

generation.71 The epitaxy of ZnO films on native substrates can result in ZnO layers with 

reduced concentration of extended defects and, consequently, better performance in 
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electronic and photonic devices.70,72 One can see the hexagonal wurtzite crystal structure of 

ZnO in Figure 2.1.73  

 

Figure 2.1. Hexagonal wurtzite crystal structure of ZnO. 

Due to a strong luminescence in the green-white region of the spectrum, ZnO can exhibit 

enhanced properties including luminescence and phosphorescence compared to bulk 

materials making them ideal for solid state lighting and optical,43,71,73 providing an emission 

spectrum with a peak at 495nm and a very broad half-width of 0.4eV. 

Furthermore, the n-type conductivity of ZnO makes it appropriate for applications in vacuum 

fluorescent displays and field emission displays.70 The origin of the luminescence center and 

the luminescence mechanism are frequently attributed to oxygen vacancies or zinc 

interstitials, without any clear evidence.70  

In addition, the high thermal conductivity of ZnO, makes it useful as an additive.70 For 

example, ZnO is added to rubber in order to increase the thermal conductivity of tires. High 

thermal conductivity translates into high efficiency of heat removal during device operation.70 

The unique properties of ZnO make it dominant in many industrial manufacturing processes 

including paints, cosmetics, pharmaceuticals, plastics, batteries, electrical equipment, rubber, 

soap, textiles, floor coverings to name just a few. With improvements in growth technology 
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of ZnO nanostructures, epitaxial layers, single crystals and nanoparticles, we are now moving 

into an era where ZnO devices will become increasingly functional and exotic.71  

Thus, ZnO, whilst already possessing a wide application base, has enormous opportunities for 

society and industry due to its unique properties. The future in which, ZnO devices become 

part of our everyday lives, is already on approaching reality.71 

The basic material properties of ZnO are being summarized in the Table 2.1.74 

Table 2.1. Key properties of ZnO.  

Property Value 

Lattice parameters at 300 K:  

a0 

c0 

a0/c0 

u 

 

0.32495 nm 

0.52069 nm 

1.602 (1.633 for ideal hexagonal structure) 

0.345 

Density  5.606 g/cm3 

Stable phase at 300 K Wurtzite  

Melting point  1975°C  

Thermal conductivity  0.6, 1-1.2 

Linear expansion coefficient (/°C) a0 : 6.5 × 10-6, c0 : 3.0 ×10-6  

Static dielectric constant  8.656 

Refractive index  2.008, 2.029 

Energy gap  3.4 eV (direct) 

Intrinsic carrier concentration  < 106/cm3 

Exciting binding energy  60 meV 

Electron effective mass 0.24 

Electron Hall mobility at 300 K for low n-
type conductivity 

200 cm2/V⋅ s 

Hole effective mass  0.59 
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2.1.2. ZnO mediated heterogeneous photocatalysis  

Heterogeneous photocatalysis can be described as the acceleration of photoreaction in the 

presence of a catalyst. In the context of history and research, interest in heterogeneous 

photocatalysis can be traced back to many decades when Fujishima and Honda discovered 

the photochemical splitting of water into hydrogen and oxygen in the presence of TiO2 back 

in 1972. From that time, extensive research, much of it published, has been carried out to 

produce hydrogen from water in oxidation reduction reactions using a variety of 

semiconductor catalyst materials.75,76 Some notable examples of semiconductor solids used in 

environmental heterogeneous photocatalysis include TiO2, ZnO, CdS, WO3, SnO2, ZnS, 

CdTe, CdTe, α-Fe2O3, AgNbO3 and SrTiO3, to name but a few.76 

The overall process of heterogeneous photocatalysis can be decomposed into four 

independent steps.77,78 ZnO absorbs light with less than 388 nm in wavelength and promotes 

the valence band electrons up to the conduction band, leaving holes in valence band as in 

Equation (1). The holes produced could subsequently react with hydroxide ions (OH−) or 

water molecules in aqueous solution to form powerful oxidants such as hydroxyl radicals 

(•OH) in Equation (2). The electrons on conduction band transform the dissolved oxygen to 

superoxide in Equation (3) and further to hydrogen peroxide in Equation (4). These strong 

oxidants could be used to remove organic pollutants from wastewater.78 

ZnO + hv → ZnO (e− + h+) (1) 

h+ + OH− → •OH (2) 

e− + O2 → O2
•− (3) 

O2
•− + 2H+ + e− → H2O2 (4) 
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The general mechanism of the photocatalysis with ZnO is described schematically in Figure 

2.2.79  

 

Figure 2.2. Schematic mechanism of ZnO, acting as photocatalyst. 

Photocatalytic degradation of stearic acid 

Stearic acid (C18H36O2) is a saturated fatty acid with an 18-carbon chain and has the IUPAC 

name octadecanoic acid. The chemical structure of the stearic acid is depicted in Figure 2.3.  

 

Figure 2.3. Chemical structure of stearic acid. 

Among fatty acids, stearic acid, has desirable characteristics including negligible super 

cooling through a phase change, thermal and chemical stability, outstanding phase transition 

performance and non-toxicity.80 Furthermore, the melting point of stearic acid is above room 

temperature, 69.3oC, and it forms solid films when deposited on surfaces,81,82 while SA is 

very easily laid down from chloroform or methanol solutions.81   
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Taking advantage of this property, a thin layer of stearic acid is commonly employed as test 

organic pollutant in the characterization of semiconductor films for photocatalysis.51,53,80–83 

This happens because, such solid compounds can simulate the type of solid organic film that 

deposits on indoor glass and ceramic surfaces.81,82 Another property of stearic acid that makes 

it appropriate for photocatalytic measurements is that it is very stable under UV illumination, 

in the absence of a semiconductor. In addition, the degradation of stearic acid is usually 

simple and zero-order, and as a result, the SA film thickness does not affect the 

photocatalytic activity.81 The photocatalytic degradation of the stearic acid can be described 

as follows83:  

CH3(CH2)16COOH + 26 O2    hv≥ band gap energy, semiconductor         18CO2 + 18H2O  

The most common way for studying the above reaction is by calculating the decomposition of 

stearic acid using infrared absorption spectroscopy, since it absorbs strongly in the region 

2700-3000 cm-1.51,53,81–83 Specifically, the characteristic absorption peaks of the stearic acid, 

are the asymmetric C–H stretching mode of the CH3 group at 2958cm−1 and the asymmetric 

and symmetric C–H stretching modes of the CH2 group at 2923cm−1 and 2853cm−1, 

respectively.53,81 

Photocatalytic degradation of methylene blue 

Colour is the first contaminant to be recognized in water and has to be removed from 

wastewater before discharging it into water bodies. Most of the industries, textile, paper, 

printing, leather, food, cosmetics, etc. use dyes to colour their final product. Colour impedes 

light penetration, decelerates photosynthetic activity, inhibits the growth of biota and also has 

a tendency to form metal ions which produce micro-toxicity to fish and other organisms.66,84  

The application of semiconductors in water treatment via photocatalysis of various pollutants 
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has attracted much attention from researchers. In this work, photocatalytic degradation of 

methylene blue was studied experimentally using ZnO via ultraviolet-visible spectroscopy 

(UV-Vis) in absorbance mode.  

Methylene blue (MB), also known as methylthioninium chloride, is a cationic dye (Figure 

2.4), with a chemical formula C16H18ClN3S, which forms face-to-face dimers in dilute 

aqueous solutions and higher aggregates at increasing dye concentration.85  

 

Figure 2.4. Structural formula of methylene blue. 

The dye is sensitive to changes in the polarity of its surroundings. A summary of its spectral 

properties is given in Table 2.2. The maximum absorption of light is around 670 nm. The 

specifics of absorption depend on a number of factors, including protonation, adsorption to 

other materials, and metachromasy - the formation of dimers and higher-order aggregates 

depending on concentration and other interactions.85 
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Table 2.2. Band positions (λ) and extinction coefficients (ε) of methylene blue. 

Species Absorption peak Extinction coefficient (dm3/mole·cm) 

MB+ (solution) 664 95000 

MBH2
+ (solution) 741 76000 

(MB+)2 (solution) 605 132000 

(MB+)3 (solution) 580 110000 

MB+ (adsorbed on clay) 673 116000 

MBH2
+ (adsorbed on clay) 763 86000 

(MB+)2 (adsorbed on clay) 596 80000 

(MB+)3 (adsorbed on clay) 570 114000 

 

As described above, during photocatalysis by ZnO, strong oxidants like hydrogen peroxide 

are produced. The stoichiometric equation describing the degradation of methylene blue is 

shown below.67 

C16H18N3SCl + 52H2O2    catalyst    16CO2 + 0.5O2 + 58H2O + 3HNO3 + H2SO4 + HCl 

2.1.3. The mechanism of ZnO reversible wettability 

It is well known that surface roughness and crystallinity are two main factors governing the 

surface wettability of ZnO. XRD patterns show that the crystallinity does not change 

appreciably among the thin films with different annealing temperature. Therefore, variation 

of the initial contact angle of the thin films should be primarily attributed to the difference in 

their surface roughness.86  
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The mechanism of light-induced wettability of ZnO nanostructure has been investigated by 

many researchers.29,30,86,87 It has been reported that UV illumination will generate electron–

hole pairs in the ZnO surface. Some of the holes can react with lattice oxygen to form surface 

oxygen vacancies, while some of the electrons react with lattice metal ions (Zn2+) to form Zn+ 

defective sites (surface trapped electrons). Meanwhile, water and oxygen may compete to 

dissociatively adsorb on these defective sites. The defective sites are kinetically more 

favorable for hydroxyl adsorption than oxygen adsorption. As a result, the surface 

hydrophilicity is improved, and the water contact angle is significantly reduced.86,88 After the 

hydroxyl adsorption, the surface becomes energetically unstable. Because oxygen adsorption 

is thermodynamically favored, it is more strongly bonded on the defect sites than on the 

hydroxyl groups. Consequently, the hydroxyl groups adsorbed on the defective sites can be 

replaced gradually by oxygen atoms when the UV-irradiated films were placed in the dark. 

Heat treatment can accelerate the elimination of surface hydroxyl groups.86,89 As a result, the 

surface reverts back to its original state (before UV irradiation) by means of dark storage (or 

heat treatment), and the wettability is reconverted from hydrophilicity to hydrophobicity. The 

magnitude of the reversible change between hydrophobic and hydrophilic states is connected 

with both surface chemical composition and roughness.86,90  

2.1.4. ZnO nanowires: growth and applications 

ZnO nanowires have attracted the interest of the research community, since they can be 

prepared by a variety of physical or chemical methods.39 Their growth can be achieved by 

physical vapor deposition, chemical vapor deposition, metal-organic chemical vapor 

deposition and by hydrothermal chemical approach91. The advantages and drawbacks of these 

methods have been discussed by Gomez et al.48 Photolithography has been utilized by Tak 

and his co-workers for the development of ZnO nanowires. 39,92 Atomic force 

 49 



Chapter 2 Functional ZnO surfaces with photocatalytic behavior and reversible wettability 

 

microscopy39,93, electron beam lithography39,94,95 and laser interference patterning 

techniques39,62,95 are also among ZnO nanowires grown methods.  

ZnO nanowires find applications in solar cells96, such as dye-sensitized solar cells (DSSCs)97 

or polymer-based solar cells39 , while they are possible candidates for ultraviolet (UV) 

photodetectors.38,39 Moreover, ZnO nanowires have been used to detect biological molecules 

in aqueous solutions,48 while several applications include pH sensors, glucose biosensors, and 

cholesterol biosensors.48 The photoluminescence properties of ZnO nanowires have been 

widely studied by Li et al.98 

Finally, ZnO nanowires have been mainly studied for the photocatalytic decomposition of 

volatile organic compunds.51,53,99 Shao et al. fabricated flexible ZnO carbon nanowires for 

efficient photocatalytic applications.100,101 Baruah and his co-workers presented ZnO 

nanowires, grown on paper prepared from wood pulp, whose behavior was studied by the 

photodegradation of methylene blue,102  while the photocatalytic behavior of ZnO nanowires 

have been also investigated by Wang et al.103 Furthermore, photocatalytic spinning disc 

reactors enriched with ZnO nanorods, were also designed for large scale water treatment.104  

2.1.5. Properties of Poly(methyl methacrylate), PMMA  

Poly (methyl methacrylate), PMMA, having the IUPAC name of poly [1-(methoxy car- 

bonyl)-1-methyl ethylene] from the hydrocarbon standpoint and poly (methyl 2-methyl- 

propenoate) from the ester standpoint, is a synthetic polymer from the methyl methacrylate 

monomer.  PMMA was discovered in the early 1930s by British chemists, Rowland Hill and 

John Crawford, followed by its first application by a German chemist, Otto Rohm, in 1934.105  

The chemical structure of the carboxy Terminated Poly(methyl methacrylate) is depicted in 

Figure 2.5.  
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Figure 2.5. Chemical structure of carboxy terminated Poly(methyl methacrylate). 

PMMA is an amorphous transparent thermoplastic with promising applications in optical 

fibers, optical disks and lenses.106 Moreover it has been recognized as an excellent candidate 

for sensors and conductive devices.105,107,108 PMMA has also been used in molecular 

separation, in the area of biomedical applications, as a gel polymer electrolyte for lithium and 

magnesium batteries, in the preparation of bone cements for drug delivery/release and 

cranioplasty.105,108  

The diverse applications of PMMA originate from its outstanding properties. Among them, 

are that it is non-toxic, lightweight, it has high impact strength and weather, fracture and 

scratch resistance.105 Other interesting properties attributed to PMMA are low cost, 

compatibility, ease of modification and processability. Physical and mechanical properties of 

PMMA are summarized in Table 2.3.105  
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Table 2.3. Physical and mechanical properties of PMMA.  

Property PMMA 

Color Courless 

Density (g/cm3) 1.18 

Melting point (°C) 220-240 

Surface Hardness (Rockwell) M92, M90-M100 

Glass Transition Temperature (Tg) 110-120 

Linear Thermal Expansion (× 10-5 mm/mm.k) 6.3 

Thermal Expansion Coefficient 20oC (× 10-4 K-1) 1.8 

Thermal Expansion Coefficient 40°C (× 10-4 K-1) 2.2 

Thermal Expansion Coefficient 20°C (× 10-5 bar-1) 2.7 

Thermal Expansion Coefficient 40°C (× 10-5 bar-1) 2.9 

Mold shrinkage (%) 0.3-0.6 

Water Absorption (%) 0.3 

Oxygen Index (%) 19, 17, 19 

Thermal conductivity at 20oC (k(W/mK) 0.12, 0.17 

Tensile Strength (MPa) 72 

Tensile Modulus (GPa) 3.10 

Elongation at Break (%) 5 

 

2.1.6. Properties of Poly(2-vinylpyridine), P2VP  

Poly(2-vinyl pyridine), P2VP is a non-toxic and water soluble polymer. The chemical 

structure of the carboxyl terminated P2VP is shown in Figure 2.6.  

 

Figure 2.6. Chemical structure of carboxy terminated Poly(2-vinyl pyridine). 
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P2VP, a weak cationic polyelectrolyte with pH-dependent swelling properties, undergoes a 

phase transition under pH 5 owing to protonation of pyridine groups.109,110 

P2VP has been utilized for the fabrication of microporous polymer membranes, which find 

applications in industry and medicine for separation and concentration of particles, colloids, 

proteins and cells.109 Moreover, P2VP has been used as an electrolyte additive in lithium-ion 

batteries for improving their performances111 and for the fabrication of photonic gels.112,113 

Photonic crystals with tunability in the visible or near-infrared region are of interest for 

controlling and processing light for active components of display, sensory or 

telecommunication devices.113 

A) Development of Si spikes covered with 
ZnO coating, exhibiting both 
photocatalytic behavior and reversible 
wettability                                                                    
 

2.1. Introduction 

In this work, the development of ZnO coatings exhibiting reversible wettability and 

photocatalytic activity is reported, following an environmental friendly approach. The as-

grown samples are prepared following a two-step fabrication process. First, silicon (Si) 

wafers are irradiated with femtosecond (fs) laser pulses in order to produce Si surfaces with 

dual scale roughness (Si spikes).3,14,15  Then, the rough Si samples are coated with a ZnO film 

prepared by a simple sol-gel process.51,64,65 The artificial surfaces exhibit reversible 

wettability from super-hydrophilic (upon UV irradiation) to super-hydrophobic (upon 

heating), while the as-grown samples revealed high photocatalytic activity investigated by 
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means of the decolorization of methylene blue as a model.66–68 Moreover, the reproducibility 

and sustainability of the system is thoroughly studied.90   

2.2.  Experimental Part 

2.2.1. Surface manufacturing with fs laser  

For the microstructuring of Si wafers, a Yb:KGW laser with a pulse duration of 170 fs at a 

wavelength of 1026 nm, was utilized. First, single crystal n-type Si (100) wafers with a 

resistivity of ρ = 2-8 L・cm were placed in a vacuum chamber evacuated down to a residual 

pressure 10-2 mbar by means of a rotary pump. A micro valve system attached to the chamber 

enabled a precise backfilling of reactive gas (SF6) atmosphere. The parameters, like laser 

pulse, laser fluence, gas pressure, repetition rate and irradiation step, were investigated for the 

optimization of the system. The laser fluence was varied by using filters or attenuators. The 

laser beam was focused with a quartz lens on the sample, mounted to a sample holder inside 

the vacuum processing chamber. The laser beam entered the chamber through a quartz 

entrance window, while the irradiation process could be monitored through a Plexiglas 

window, which was laterally mounted on the vacuum chamber. The chamber was mounted 

on a high precision X-Y translational stage and the sample surface was kept perpendicular to 

the incident laser beam. The stage motion was synchronized with a mechanical shutter in 

order to provide a uniform exposure of a 100 mm2 area to an average of 500 laser pulses per 

spot. After that, the samples were cleaned with a 10% HF aqueous solution in order to 

remove the silicon oxide grown on the surface.3,20,90 The experimental set up for the 

fabrication of Si spikes is shown in Figure 2.7. The surfaces were characterized by field 

emission Scanning Electron Microscopy (FE-SEM).  
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Figure 2.7. Experimental set up of fs laser. 

2.2.2. Deposition of ZnO films on Si spikes  

After rinsing several times with ethanol and bi-distilled water in order to remove any 

remains, the surfaces were coated by a ZnO film using a simple sol-gel process.114,115 For this 

purpose, Zinc acetate dihydrate [(Zn(CH2COO)2・2H2O), Sigma-Aldrich, 99.99%] was 

dissolved in 2- methoxy ethanol [(CH3OCH2CH2OH), Sigma-Aldrich, ≥99.55%] at a 

concentration of 0.75 mol/L. Monoethanolamine [(HOCH2CH2NH2), Sigma-Aldrich, 

≥99.0%] was also added as a stabilizer and the molar ratio of zinc acetate to ethanolamine 

was kept at 1:1. The resultant solution was stirred for 1h at 60°C in order to become clear and 

homogeneous. Subsequently, 30 μL of the solution were dropped on the laser irradiated Si 

samples, which were rotated at 3000 rpm for 20 sec. After coating, the samples were heated 

at 350°C for 10 min to evaporate the solvent and remove any organic residuals. This 

procedure was repeated for four (4×) times. Finally, the samples were annealed in air at 

500°C for 1h. In parallel with the deposition of the ZnO coatings on Si spikes, ZnO films on 

flat silicon wafers were grown as well. This way, reference specimens of ZnO on flat silicon 

were created for reference and comparison reasons.90  
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The surface morphology of flat Si substrates coated with ZnO films was investigated using an 

atomic force microscope (AFM) in tapping mode (Digital instruments- Nanoscope IIIa). The 

grain size and the roughness (rms) of the ZnO films on flat Si wafers were determined using 

the scanning probe image processing software (SPIP, v. 3.3.5.0, Image Metrology) for nano- 

and micro-scale microscopy, while the thickness of the ZnO film was measured with a stylus 

profilometer (alpha-step 100, Tencor). The morphology of laser irradiated Si surfaces, with 

and without the ZnO coating, was studied using a field emission scanning electron 

microscope (FE-SEM, JEOL JSM-7000F), while the crystalline structure of all samples was 

determined by X-ray diffraction (XRD) utilizing a Rigaku (RINT 2000) diffractometer with 

Cu Kα radiation with a wavelength λ=1.54 Å. The schematic presentation of the overall 

procedure of the deposition of ZnO deposition on Si spikes, is depicted in Figure 2.8.  

 

Figure 2.8. Schematic presentation of ZnO deposition on Si spikes. 
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2.2.3. Photocatalytic behavior of the developed surfaces 

The photocatalytic activity of the samples was quantified by means of the decolorization of 

methylene blue (MB) in aqueous solution at an initial concentration of 5.4×10-7 mol/L (20 

ppm), which is a typical potent cationic dye that has been widely used as a model organic 

probe to test the photocatalytic performance of photocatalysts.81,90,114,116,117 The studied 

samples (both ZnO coated and bare Si spikes) were placed in a custom made quartz cell, and 

the whole setup was illuminated for up to 60 min using a UV lamp centered at 365 nm 

(Philips HPK 125 W) with a light intensity of ~10 mW/cm2.  The general set up is depicted in 

Figure 2.9. 

 

Figure 2.9. Custom made set up for the UV illumination of the studied samples. 

The MB concentration was monitored during decolorization by UV-Vis spectroscopy in 

absorption mode, using a Perkin-Elmer (Lambda 950) spectrophotometer over the 

wavelength range of 250-1100 nm.  

In addition, an apparent rate constant (k) has been calculated as the basic kinetic parameter 

for the comparison of the photocatalytic activities. The rate constant k was obtained by fitting 

the concentration data to an equation ln(Ct / C0) = -k t, where k is apparent rate constant, Ct is 

the actual concentration at time t and C0 the initial concentration of MB. Since methylene 

blue has a strong absorption peak at λmax = 665 nm, a series of MB aqueous solutions of 
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known concentration were prepared first in order to build a calibration curve. Photolysis 

experiments were also performed using bare Si substrates and bare Si spikes, under exactly 

the same conditions applied for the ZnO coated surfaces.90 

2.3. Wettability of the prepared samples  

Wettability tests were performed using a surface tensiometer (OCA-35, Dataphysics) 

utilizing the sessile drop method.118 A drop of 5 μL was deposited on the surface of each 

substrate after exposure to the UV lamp or heating at 200°C and the contact angle was 

measured in each case. Digital images of the water droplets were taken and the water contact 

angle was calculated by the Laplace-Young fitting.  

2.4. Results and Discussion  

2.4.1. Surface characterization 

An AFM image of a 4× layered ZnO film on a flat Si wafer is shown in Figure 2.10 a, with a 

scanned surface area of 1×1 μm2. The thickness of the film was ~80 nm estimated with the 

stylus profilometer. The determined rms roughness of the film is ~9.5 nm while the grain size 

is estimated as ~36.5 ± 2 nm. Figure 2.10 b depicts a typical X-ray diffraction pattern of the 

ZnO thin films deposited on Silicon by the sol-gel/spin-coating technique after 4 spinning 

cycles and annealing at 500°C. XRD pattern reveals a strong (002) peak at a diffraction angle 

of 2θ = 34.42° and two more at 31.78° and 16.20°, which correspond to the (100) and (101) 

planes, respectively, in good agreement with the JCPDS card (No. 36-1451) for a typical 

hexagonal wurtzite type ZnO crystal.64 No other characteristic peaks corresponding to 

possible impurities, such as zinc nitrate or zinc hydroxide, are observed in the XRD patterns. 
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Figure 2.10. AFM image (scan size 1μm×1μm; z-range~62nm), (a), and X-ray diffractogram, 

(b), of a ~80nm thick ZnO film on a flat Silicon substrate. 

The fabrication of Si spikes with a ZnO coating was achieved following a two-step process: 

Si wafers were placed in a vacuum chamber under a pressure of 10-2 mbar (which is drained 

with a reactive gas (SF6) atmosphere at a pressure of 500 Torr) and irradiated using a 

Yb:KGW laser with a repetition rate of 1 KHz and a pulse duration of 170 fs at a wavelength 

of 1026 nm, while the laser pulse fluence was maintained at 0.65 J/cm2. Afterwards, the 

samples were coated with ZnO, according to the procedure described in the experimental 

part. Figure 2.11 shows the SEM micrographs of the laser irradiated Si substrates before and 

after the ZnO coating. Careful examination of Figure 2.11 a and Figure 2.11 b makes clear 

that the ZnO coating did not affect the hierarchical micro- and nano-structure of the artificial 

surface; in both images, silicon spikes are clearly visible and distinct. This is reasonable since 

the roughness introduced by the ZnO layer is on the order of a few tens of nanometers while 

the spike dimensions are in the order of tens of microns (the peak of the spikes alone is close 

to 1 µm wide) and their nano-roughness is in order of 100nm. Therefore, the used quantity of 

ZnO is sufficient to create a very thin film on the surface of each spike but not in excess that 

would submerge them and make the roughness inefficient. 

 59 



Chapter 2 Functional ZnO surfaces with photocatalytic behavior and reversible wettability 

 

  

Figure 2.11. FE-SEM micrographs of bare Si spikes prepared by fs Laser irradiation on 

Silicon (a) and coated with ZnO by the sol-gel/spin-coating process (b). 

In an attempt to correlate the structural and morphological properties of the ZnO coated 

samples with their photocatalytic activity, different structures of spikes were developed, by 

utilizing different laser conditions. Figure 2.12 shows the SEM micrographs of the laser 

irradiated Si substrates after ZnO coating. The parameters at which these surfaces, were 

developed, are shown in Table 2.4.  

Table 2.4. Parameters of the fs laser used for the fabrication of ZnO coated Si spikes.  

Sample Power (mW) Gas pressure (bar) Irradiation step (μm) 

A 10 0.65 16 

B 50 No gas 16 

C 50 0.65 16 

D 100 0.65 16 
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Figure 2.12. SEM micrographs of the Laser irradiated Si substrates after ZnO coating. 

 

Comparing the SEM images of Figure 2.12, it can be observed that there are differences in 

the shape, size and density of the spikes. In sample A, the spikes are shorter but they are more 

close-packed. The sample B has taller spikes, but comparing to the C, they are wider and 
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bare, without the nano-roughness. This is due to the absence of the SF6 gas. Comparing the 

samples C and D, it seems that in the latter case, the density of the spikes is lower and the 

spikes seem to have broader shape. All these parameters should influence both the 

photocatalytic activity and the wettability of the surfaces.  

2.4.2. Photocatalytic activity 

The photocatalytic mechanism of ZnO has been reported in previous works.31,64,115 UV-Vis 

spectroscopy was utilized to evaluate the photocatalytic behavior of the rough surfaces with 

the ZnO film coating as well as of the various controls. A custom made cuvette was used that 

brought in contact the aqueous solution of methylene blue and the coated or non-coated 

surfaces during UV illumination. The absorbance as a function of wavelength for various UV 

illumination time intervals was monitored for each specimen; Figure 2.13 shows the 

absorption spectra for the specimen with the ZnO coating on top of the silicon spikes.   

400 450 500 550 600 650 700 750 800
60 min

45 min
30 min

20 min
15 min

10 min
5 min

   0 min
  05 min
  10 min
  15 min
  20 min
  30 min
  45 min
  60 min

(a)

Wavelength (nm)

Ab
so

rb
an

ce
 (a

.u
.)

0 min

 

Figure 2.13. UV-Vis absorption spectra of aqueous solution of methylene blue in contact 

with a surface with a ZnO coating on top of silicon spikes following UV irradiation for 

various times. 

The normalized integrated areas were calculated below such absorbance curves at the peak 

wavelength and the data are shown in Figure 2.14 as a function of the UV illumination time.   
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Figure 2.14. Normalized absorption of aqueous solutions of methylene blue at λmax=665nm 

under UV light irradiation, for Samples A, B, C and D. 

Figure 2.14 shows that all the samples exhibit high photocatalytic activity with more than 

60% of degradation of the organic dye. The highest decolorization of methylene blue was 

observed for the Sample C (more than 90% of methylene blue decolorization), which was 

attributed to the high surface to volume ratio.  

In parallel, the photocatalytic behavior of flat Si substrates, both bare and with a ZnO coating, 

along with the hierarchical surfaces (silicon spikes) both bare and with a ZnO coating, were 

examined. The results are depicted in Figure 2.15.  
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Figure 2.15. Normalized absorption of aqueous solutions of methylene blue at λmax=665nm 

under UV light irradiation for flat Si substrate (triangles), Si spikes (circles), 4×ZnO coating 

on flat silicon (squares) and 4×ZnO coating on silicon spikes (left) and plot of –ln(C/Co) vs 

irradiation time for photodegradation for Sample C (right). 

The ZnO coated silicon spikes exhibit high photocatalytic activity when compared to a ZnO 

film on flat silicon. For the ZnO on the spikes, the degradation of MB reaches about 90% in 

only 60 min (even ~70% degradation in only 30 min), while for a ZnO on flat silicon the 

degradation is only ~30% after 60 min. This can be attributed to the high surface-to-volume-

ratio of the ZnO coated on the silicon spikes, in agreement with research results reported in 

the literature.64,116,119 The integrated area is proportional to the MB concentration; thus, 

analysis of the data of Figure 2.15 with the equation ln(It / I0) = ln(Ct / C0) = - k t (see 

Experimental section) can be used to extract an apparent rate constant. The data in Figure 

2.15 (especially for the ZnO film on silicon spikes) give a good linear fit, thus confirming 

that the photodegradation of MB over the studied photocatalysts follows first-order kinetics. 

The calculated apparent rate constant for the ZnO coated silicon spikes was 0.016 min- 1, 

which is close to the values recorded in the literature.51,81 Reference samples (flat Si substrate 

and Si spikes) without ZnO coatings were also characterized in terms of MB decolorization 

by means of UV-Vis absorption and showed that their photocatalytic activity was negligible. 
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2.4.3. Wettability 

Figure 2.16 shows representative water drop images for the specimen with a ZnO coating 

onto a flat silicon surface (Fig. 16 a) and onto Sample C, micro/nano-structured surface of 

silicon spikes, (Fig. 16 b) following a cycle of UV irradiation and of subsequent heating. It 

can be clearly seen that, as the samples are exposed to UV illumination, they both become 

hydrophilic, while when the same samples are heated at 200°C for 3h, an increase in their 

contact angle is recorded.  It should be noted that the hydrophobic behavior of the specimens 

can also be achieved by storing them in dark, although this process requires time of the order 

of days.29,30 The contact angle of water on the ZnO coated flat silicon surfaces is measured at 

~70° after heating while that on the ZnO coated silicon spikes give values of ~157°, 

illustrating super-hydrophobic behavior. The difference in the contact angle measurements 

between these two ZnO surfaces is due to the enhanced hierarchical roughness in the latter 

case. 

 

Figure 2.16. Photographs of representative water drops and the respective equilibrium 

contact angles on specimens with (a) ZnO coating onto a flat Si substrate and (b) ZnO coating 

onto a surface with silicon spikes. Drops are shown for the specimens following UV 

irradiation (on the right) and after thermal treatment at 200°C (on the left). 
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Figure 2.17 shows the water contact angles as a function of time of UV illumination (Fig. 

2.17 a) and heating (Fig. 2.17 b), respectively, for a specimen with a ZnO coating onto a 

micro/nano-structired surface of silicon spikes. When the surface is illuminated with UV 

lamp (centered at 365 nm with a light intensity of ~10 mW / cm2), the contact angle decreases 

slowly with time, until it reaches the superhydrophilic regime after about 50 min. On the 

other hand, when the same surface is heated at 200°C, an apparently two-stage process is 

observed. The contact angle increases at a faster rate for early times reaching ~120° after ~50 

minutes whereas it, then, increases with a slower rate until it reaches a superhydrophobic 

state after ~160 min of exposure to heat. Other temperatures were also tested. Lower 

temperatures caused a rapid decrease in efficiency while higher temperatures did not make 

the process much faster or more efficient. This makes the whole process affordable in energy 

cost and convenient since it does not require any sophisticated equipment for heating.  
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Figure 2.17. Dependence of the water contact angle on a surface with a ZnO coating on top 

of the silicon spikes following (a) UV irradiation and (b) heating at 200°C for varius times. 

2.4.4. Stability test 

In order to study the reproducibility and the stability of the system, specimens have been 

subjected to at least five cycles of UV irradiation and thermal heating and their wettability is 

investigated (Figure 2.18). The water contact angle data are shown for the specimens with a 
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ZnO coating onto a surface with silicon spikes and the one with a ZnO coating onto a flat 

silicon substrate for five cycles of UV illumination and heating. A responsive behavior is 

observed for the case of the ZnO coated flat specimen with contact angle values fluctuating 

within a narrow region between 40° and 70°.  On the contrary, the ZnO coated hierarchically 

roughened specimen exhibits a very wide range in responsiveness ranging from around 20° to 

a region very close to 150°. Both reversibility and reproducibility prove the efficiency and 

endurance of the surfaces, which is very important for practical applications. 
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Figure 2.18. Average contact angle values of water droplets situated on specimens with ZnO 

coating onto a flat Si substrate (squares) and ZnO coating onto a surface with silicon spikes 

(diamonds) for five irradiation cycles of UV irradiation (UV lamp centered at 365 nm with a 

light intensity of ~10 mW / cm2) for 50 min and 3h thermal heating at 200°C. 

It has been reported that there is a possibility for photocorrosion under UV irradiation of the 

ZnO catalyst;115 this is more prone to happen for ultrathin (20-70 nm) films of ZnO.  Thus, 

we have performed tests of the present system for the stability and reproducibility of the 

photocatalytic behavior.  For that, cycles of both wettability and photocatalysis measurements 

were performed and the performance is illustrated in Table 2.5.  
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Table 2.5. Repeatability of the specimen performance. 

 Wettability Photocatalysis 

After 

heating in 

200°C 

After UV 

irradiation 

% Degradation of methylene blue Reaction 

constant 

(k) 

After 20min 

irradiation 

After 60min 

irradiation 

1st cycle 157° 10°  22  86 0.016 s-1 
2nd cycle 151° 20° 21 84 0.016 s-1 

 

According to the results the surface maintains the reversible wettability behavior after 

photocatalysis as well as its superhydrophobic features. Furthermore, the second cycle of 

photocatalysis proved to be as efficient as the first one, without any reduction of the reaction 

rate constant. Therefore, the system maintained its efficiency after repeated wettability-

photocatalysis cycles proving its reproducibility and stability. Such a bi-responsive structure 

could be the basis for a variety of applications in the future. 

2.5. Conclusions 

A multi-functional surface with a ZnO coating deposited onto a hierarchically roughened 

surface has been fabricated with a two-step process. The wettability and the photocatalytic 

activity of the surfaces have been investigated in detail as a function of time. High 

photocatalytic activity is achieved with a ~90% decolorization of a model dye in ~60 min. 

The systems exhibit a reversible wettability behavior from superhydrophilic (upon UV 

irradiation) to superhydrophobic (upon heating).  The stability of the behavior is investigated 

extensively and the system proves to be quite stable. To the best of our knowledge, this is the 

first work on the development of surfaces with both high photocatalytic activity and 

reversible wettability behavior from superhydrophobic to superhydrophilic. The combination 
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of photocatalysis with reversible wettability with a single coating makes the system 

appropriate for a variety of applications, such as self-cleaning surfaces, air purification, 

marine coatings or fog-proofing. 

 

B) Development of polymer brush ZnO 
nanowires exhibiting high photocatalytic 
behavior 

 
2.6.  Introduction 

In this work, ZnO nanowires with enhanced stability and high photocatalytic behavior were 

developed using polymeric stabilizers. First, ZnO nanowires were grown on ZnO pre-coated 

glass substrates via aqueous solution growth.64 Afterwards, the samples were coated with 

polymers with the spin coating method. Poly(methyl methacrylate), PMMA and Poly(2-vinyl  

pyridine), P2VP were utilized for this purpose. Samples were characterized with Scanning 

Electron Microscopy and were tested for their photocatalytic behavior using Fourier 

Transform Infrared Spectroscopy (FTIR). Stearic acid was utilized as a test organic pollutant. 

Samples were also tested for their wettability. In parallel, ZnO nanowires were coated with 

dichlorodimethylsilane for comparison.  

2.7.  Experimental Part 

2.7.1.  Deposition of ZnO seed layers and nanowires 

The development of ZnO nanowires consisted of two steps. Initially ZnO seed layers were 

prepared by a sol-gel / spin coating method on glass substrates (Corning Eagle 2000 
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Borosilicate Glass, Specialty Glass Products). Prior to ZnO deposition, all substrates used 

were cleaned using a Piranha solution (H2SO4/H2O2 : 3/1), rinsed with MilliQ water and dried 

under N2 gas flow. Initially, Zinc acetate dihydrate [(Zn(CH2COO)2・2H2O), Sigma-Aldrich, 

99.99%] was dissolved in 2- methoxy ethanol [(CH3OCH2CH2OH), Sigma-Aldrich, 

≥99.55%] at a concentration of 0.75 mol/L. Monoethanolamine [(HOCH2CH2NH2), Sigma-

Aldrich, ≥99.0%] was also added as a stabilizer and the molar ratio of zinc acetate to 

ethanolamine was kept at 1:1. The resultant solution was stirred for 1 h at 60°C to yield a 

homogeneous, clear, and transparent solution using a magnetic stirrer. The resultant solution 

was stirred for 1h at 60°C in order to become homogeneous. Subsequently, 30 μL of the 

solution were dropped on the glass substrates, which were rotated at 3000 rpm for 20 sec. 

After coating, the samples were heated at 350°C for 10min to evaporate the solvent and 

remove any organic residuals. This procedure was repeated for four (4×) times.51,53,64,90,120,121 

The films were then annealed in air at 500°C for 60min. 

Afterwards, ZnO nanowires were grown on Corning glass substrates from an equimolar 

(0.01M) aqueous solution of zinc nitrate hexahydrate (Zn(NO3)2 ・6H2O) and methanamine 

(C6H12N4). For this purpose, laboratory Pyrex glass bottles with polypropylene autoclavable 

screw caps were filled with the above solution. Then, the glass substrates, coated with ZnO 

seed layers, were placed in the bottles facing downwards and heated at a constant temperature 

of 95°C for 2h in a regular laboratory oven (EV 018 Vacuum Oven, NÜVE). Finally, the 

samples were dipped into MilliQ (18.2 MΩ·cm) water to eliminate residual salts or amino 

complexes, and dried in air at the same temperature.120–122  

2.7.2. Deposition of polymer films on ZnO nanorods 

As already stated the main drawback of the ZnO nanorods is their instability, which limits 

their practical applications. In order to protect them, ZnO nanowires were covered with a thin 
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polymer film. Specifically, carboxy terminated PMMA (Polymer Source, Mn = 31000 g⋅mol-

1) and carboxy terminated P2VP (Polymer Source, Mn = 53000 g⋅mol-1) were utilized. 

Initially, glass substrates with ZnO nanowires were exposed to UV irradiation in order to 

become hydrophilic. Afterwards, the samples were covered with either PMMA or P2VP with 

the spin coating method. Spin coating is a procedure used to deposit homogeneous thin films 

to substrates. A small amount of coating material is applied on the center of the sample, 

which is being rotated at low or high speed.123 Polymer films were spun from chloroform or 

toluene solutions (0.01 wt % and 0.001 wt %, respectively) onto 1-cm diameter glass 

substrates, deposited with ZnO nanowires. In order to optimize the system, samples were 

prepared with different quantities of polymer drop; 10, 20, 30, 50 and 70 μL. Spinning speeds 

ranged from 500 to 3000 rpm. Acceleration times were less than 2 s and total spin times were 

20 s.  

Then, the samples were annealed at average sample temperatures, above the glass transition 

temperature in the laboratory oven under vacuum, in order for the carboxy end-groups to find 

the ZnO surface and react with the –OH groups forming end-anchored polymer chains. The 

effect of heating time was also studied from 4 to 12h. Finally, the samples were dipped into 

chloroform to remove the un-grafted polymer.  

2.7.3. Silane-modified ZnO nanorods 

Alternatively, the surfaces with the ZnO nanostructures were silanized with 

dichlorodimethylsilane ((CH3)2SiCl2, DMDCS, Sigma-Aldrich) which can assemble into high 

quality coatings, resulting in a material with a low surface energy. The silanized samples 

exhibit hydrophobic properties, which can be maintained for long periods of time over a wide 

temperature range.3,124  
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The samples were deposited in a custom designed holder, which was then placed in 

laboratory Pyrex glass bottles, containing 0.5 mL of the silane. The sample was facing 

downwards without being in contact with the silane reagent. The vapor-phase reaction was 

carried out for approximately 18h at room temperature. The silanized samples were dipped 

into toluene (two aliquots), water (two aliquots), ethanol (two aliquots), and then water (three 

aliquots) and were then dried in a clean oven at 120°C for about 45min.3,125 

2.7.4. Photocatalytic behavior of the developed surfaces 

For all photocatalytic performance measurements, stearic acid was used as the organic 

material. It has been suggested that stearic acid is an appropriate model pollutant for the 

organic solid films that deposit on (exterior) window glass surfaces.120  

The samples were spin coated using a droplet of 30 μL of a 0.1M stearic acid solution in 

chloroform, for 30 s with a rotation speed of 500 rpm. The surfaces were illuminated in a box 

reactor with a UV lamp, centered at 365nm (Philips HPK 125W, 10mW/cm2) at certain time 

intervals. The degradation of the stearic acid was calculated by Fourier Transform Infrared 

Spectroscopy (FT-IR, IRPrestige-21, Shimadzu) through the monitoring of the asymmetric 

C–H stretching mode of the CH3 group at 2958cm−1 and the asymmetric and symmetric C–H 

stretching modes of the CH2 group at 2923cm−1 and 2853cm−1, respectively. The integrated 

area of the C–H stretching peaks (2800–3000cm−1) measured at each irradiation time interval 

was normalized to the initial integrated area (prior to the irradiation) in order to calculate the 

percentage of stearic acid remaining as a function of irradiation time. The decomposition of 

stearic acid (mol/min) and the formal quantum efficiency (FQE) for all samples were 

calculated according to the methodology of Mills and Wang.51,53,81,99,120 
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The photocatalytic activity experiments on the samples for the degradation of stearic acid, 

were performed at ambient temperature. Blank experiments (photolysis) were also performed 

using bare substrates under exactly the same conditions as used for the ZnO samples. 

2.7.5. Wettability of the prepared samples  

Wettability tests were performed using a surface tensiometer (OCA-35, Dataphysics) 

utilizing the sessile drop method.118 A drop of 5 μL was deposited on the surface of each 

substrate and the contact angle was measured in each case. Contact angle was measured 

before and after immersing in different pH solutions and subsequently drying in the case of 

P2VP coated ZnO nanowires, before and after silanization of the ZnO nanostructures. Digital 

images of the water droplets were taken and the water contact angle was calculated by 

Laplace-Young Fitting. 

2.8. Results and Discussion  

2.8.1.  Surface characterization  

The surface morphology was studied by means of a field emission scanning electron 

microscope (FE-SEM, JEOL JSM-7000F). Figure 2.19 illustrates SEM images of ZnO 

nanowires deposited on Corning glass substrates, pre-coated with 4× ZnO seed layer, for 2h. 

As it can be observed, the substrates were covered with quite dense and uniform ZnO 

nanostructures. The ZnO nanorods are growing perpendicular to the surface with a very good 

alignment. This has been attributed to the polar nature of the ZnO surface and the matching 

lattice structure.64,99,126 The detailed surface characterization of the bare ZnO nanowires, 

developed with aqueous solution growth procedure, has been reported in previous 

works.31,99,120,121  
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Figure 2.19. FE-SEM micrographs of ZnO nanowires grown on Corning glasses, top view 

(left) and side view (right). 

As it has been noted in the introduction, the main drawback of these structures is the lack of 

stability. Thus, in this work, the ZnO nanowires were initially covered with Poly(methyl 

methacrylate), PMMA brushes, as a way to protect them and to enhance their robustness.  

The high photocatalytic activity of the ZnO nanowires has been attributed to their particularly 

high surface-to-volume ratio. As a result, the thickness of the polymer film should not affect 

the roughness of the ZnO nanostructures. For this purpose, the effect of polymer 

concentration, the heating temperature and the time of annealing were studied. PMMA films 

were spun from toluene solution (0.01 wt % and 0.001 wt %, respectively) onto 1-cm 

diameter glass substrates, contained the ZnO nanowires. 30 μL of the above solutions, were 

dropped in the glass substrate, containing the ZnO nanowires, and the sample was spin coated 

for 20s with a rotation speed of 3000 rpm.  Samples prepared are summarized in Table 2.6.  
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Table 2.6. Parameters of the PMMA film coating on ZnO nanowires. 

Sample 
PMMA in toluene 

(wt %) 

Annealing 

temperature (°C) 

under vacuum 

Annealing time (h) 

A 0.01 130 4 

B 0.01 130 12 

C 0.01 180 4 

D 0.01 180 12 

E 0.001 130 4 

F 0.001 130 12 

G 0.001 180 4 

H 0.001 180 12 

The surface characterization of the samples described above, was performed with scanning 

electron microscope. The FE-SEM images of the samples in different magnifications are 

depicted in Figure 2.20. 

Sample FE-SEM micrographs of ZnO nanowires coated with PMMA film 

A 
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Figure 2.20. FE-SEM micrographs of ZnO nanowires coated with PMMA film. 

 

Comparing samples A-D with E-H, one cannot really observe any specific difference due to 

the concentration of the polymer solution. However, there is a noticeable change upon 

increasing the annealing temperature from 130°C to 180°C. By comparing samples A with C, 

B with D, E with G and F with H, it can be concluded that at higher temperatures, the 

samples are more homogeneous. The polymer chains have penetrated the ZnO nanorods and 
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there are less chains on the tip of them. This happens because, through thermal annealing the 

chain mobility increases, allowing movement for the chains to orient in such a way for the 

maximum amount of contact with the surface. In the case that the heating time is examined, it 

can be observed by comparing the samples C and D or G and H, that by increasing the 

heating time a more uniform polymer film is developed. With longer periods of annealing 

time the polymer chains are able to move around and bind to the surface; however, at shorter 

time periods the chains don’t have enough time to attach to the maximum amount of 

locations. Based on these results it can be concluded that annealing at higher temperatures for 

longer annealing times will let the PMMA film have the best chance of binding to the 

surface, since there will be better chain mobility at longer periods of time allowing optimum 

chain movement. 

Taking into account the above observations, it can be concluded that at higher concentrations, 

lower temperatures and shorter time periods, the polymer film is too thick and the ZnO 

nanostructures have been covered. However, at lower concentrations and longer time periods 

(samples G and H), polymer brushes are formed and the thin film that does not affect the 

features of the ZnO nanostructures.  

In parallel, carboxy-terminated P2VP was grafted to the ZnO nanorods. In order to optimize 

the grafting procedure, for the reasons mentioned before, the effect of polymer solution, 

annealing time and annealing temperature were studied in this case as well. P2VP films were 

spin coated from toluene solution (0.01 wt % and 0.001 wt %) onto 1-cm-diameter glass 

substrates, contained the ZnO nanowires. 30 μL of the above solutions, were dropped in the 

glass substrate, containing the ZnO nanowires, and the sample was spin coated for 20 s with a 

rotation speed of 3000 rpm.  Samples prepared are summarized in Table 2.7.  
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Table 2.7. Parameters of the P2VP film coating on ZnO nanowires. 

Sample 
P2VP in chloroform 

(wt %) 

Annealing 

temperature (°C) 

under vacuum 

Annealing time (h) 

A 0.01 130 4 

B 0.01 130 12 

C 0.01 180 4 

D 0.01 180 12 

E 0.001 130 4 

F 0.001 130 12 

G 0.001 180 4 

H 0.001 180 12 

 

The surface characterization of the samples described above, was performed with scanning 

electron microscope. The FE-SEM images of the samples in different magnifications are 

depicted in Figure 2.21.  

Sample FE-SEM micrographs of ZnO nanowires coated with P2VP film 

A 
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Figure 2.21. FE-SEM micrographs of ZnO nanowires coated with P2VP film. 

 

According to the above images, P2VP grafted ZnO nanowires did not presented obvious 

differences, referring to the concentration of the polymer solution. This is not the same by 

increasing the annealing temperature from 130°C to 180°C. By comparing the samples A 

with C, B with D, E with G and F with H, it can be concluded that in higher temperatures, the 

samples are more uniform. Upon thermal annealing the polymer chains gained mobility to 
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move between nanostructures. Not only the annealing temperature, but also the annealing 

time of the polymer chains, can lead to better distribution of polymer chains. By comparing 

the samples C and D or G and H, it can be noticed, that by increasing the heating time a more 

uniform polymer film is developed. Based on these results, it can be concluded, that both 

heating temperature and heating time, affect the grafting of the P2VP film. 

Specifically, it can be concluded that at higher concentrations, lower temperatures and shorter 

time periods, the polymer film is too thick and the ZnO nanostructures have been covered. 

However, at lower concentrations and longer time periods (samples G and H), polymer 

brushes are formed and the thin film that does not affect the features of the ZnO 

nanostructures. 

For the photocatalytic measurements, the samples, before and after the polymer grafting, 

were covered with stearic acid. Figure 2.22 depicts the FE-SEM images of the ZnO nanorods, 

with P2VP (sample G), covered with stearic acid.  

  

Figure 2.22. FE-SEM images of ZnO nanowires grafted with P2VP (sample G) and covered 

with stearic acid. 

Figure 2.23 depicts the ZnO nanowires after the silanization process. 
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Figure 2.23. FE-SEM micrograph of silanized ZnO nanowires. 

Careful examination of Figure 2.19 and Figure 2.23 makes clear that the 

dichlorodimethylsilane did not affect the nano-structures of the artificial surface. This is 

reasonable since the quantity of the silane reagent is sufficient to create a very thin film on 

the surface of each nanorod, but not in excess that would submerge them and make the 

roughness inefficient. 

2.8.2. Photocatalytic activity 

The photocatalytic mechanism of ZnO has been reported in previous works.31,64,115 FT-IR 

spectroscopy was utilized to evaluate the photocatalytic behavior of the surfaces with the 

ZnO nanorods, coating with polymers, as well as of the various controls. For this purpose, the 

samples were coated with a thin layer of the model compound stearic acid and its 

photocatalytic degradation was monitored as a function of time. 
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Figure 2.24. FT-IR transmittance versus wavenumber spectra demonstrating the degradation 

of stearic acid vs. irradiation time: (left) on the ZnO nanowires covered with PMMA (0.1 wt 

% in toluene) and (right) on the ZnO nanowires covered with PMMA (0.01 wt % in toluene). 

The normalized integrated areas were calculated from such absorbance curves at the peak 

wavelength and the data are shown in Figure 2.25 as a function of the UV illumination time.   
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Figure 2.25. Normalized absorption of chloroform solutions of stearic acid under UV light 

irradiation for PMMA coated ZnO nanowires in concentrations 0.01(circles) and 0.1 wt % 

(squares). 

Figure 2.25 shows that, both samples, ZnO nanowires covered with PMMA in concentrations 

0.01 and 0.1 wt %, exhibited photocatalytic activity being able to catalyze the degradation of 

the model compound down to 67.2 and 58 % respectively, within 60 min. According to 
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literature, the photocatalytic behavior of bare ZnO nanowires is up to 90 % of degradation of 

stearic acid.64,99,120 The difference can be attributed to the fact, that the surface-to-volume 

ratio is lower in the case of the covered ZnO nanowires.  

In parallel, P2VP coated ZnO nanowires were measured for their photocatalytic behavior. For 

this purpose, samples with ZnO nanowires were spin coated with toluene solutions of P2VP, 

0.001, 0.01 and 0.1 wt %. The results are summarized in the Figure 2.26.  
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Figure 2.26. Normalized absorption of chloroform solutions of stearic acid under UV light 

irradiation for P2VP coated, 0.001 wt % (diamonds), 0.01 (circles) wt % and 0.1 wt % 

(squares), ZnO nanowires. 

According to the results, all three samples found to be photocatalytically active. This 

behavior, however, was enhanced by decreasing the polymer concentration. This result was 

expected, as the active surface-to-volume ratio was decreased in the case of a thick polymer 

film.  

Comparing the results from PMMA and P2VP coated surfaces for the representative 

concentration, there are no significant differences. In the case of the 0.1 wt % coated ZnO 

nanowires, the photocatalytic degradation of stearic acid, was found 58% for the PMMA and 

62% for the P2VP coated surfaces after 60 min. In the case of 0.01 wt % coated ZnO 
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nanowires, the respective results were 67% and 69%. It is noticeable, however, that in the 

case of the 0.001 wt % P2VP coated ZnO nanowires, the photocatalytic degradation of stearic 

acid, was found to be 85.5% after 60 min. According to the literature, the bare ZnO 

nanowires exhibit better photocatalytic activity, with up to 93% degradation of stearic acid 

after 30 min.53 This can be explained by the fact the active surface area of ZnO in the latter 

case, is higher. 

2.8.3. Wettability of the developed surfaces 

Wettability of the P2VP coated ZnO nanowires 

The P2VP coated ZnO nanorods were tested for their wettability by the sessile drop method. 

In order to examine how the parameters of the spin coating affect the wettability of the 

surfaces different samples were prepared. The effect of rotation speed, the concentration and  

drop size of the polymer solution were tested. 

In order to study the effect of the surface chemistry in the wettability, samples were prepared, 

with ZnO nanowires covered with P2VP (1 and 0.01 wt % in toluene). Table 2.8 and table 2.9 

are summarizing the results for both concentrations. 
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Table 2.8. Average contact angle values of P2VP (0.01 wt % in toluene) coated nanorods on 

glass surfaces.  

Rotation speed 

(rpm) 

Drop of P2VP (0.01 wt % in toluene) applied to ZnO nanorods on 

glass surfaces (μL) 

30 50 70 

500 

63° 

 

89° 

 

66° 

 

1000 

68° 

 

66° 

 

83° 

 

2000 

71° 

 

72° 

 

71° 

 

 

The contact angle value in the case of ZnO nanowires, covered with P2VP (0.01 wt % in 

toluene), was fluctuating from 63° to 89°, which are slightly higher to the contact angle of the 

bare ZnO nanostructures. By changing the rotation speed or the quantity of the polymer 

applied, no systematic change of the contact angle can be observed. 
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Table 2.9. Average contact angle values of P2VP (1 wt % in toluene) coated ZnO nanorods 

on glass surfaces. 

Rotation speed (rpm) 

Drop of P2VP (1 wt % in toluene) applied to ZnO nanorods on 

glass surfaces (μL) 

30 50 70 

500 

115° 

 

125° 

 

125° 

 

1000 

137° 

 

112° 

 

112° 

 

2000 

124° 

 

106° 

 

125° 

 

 

By increasing the concentration of the polymer in the toluene solution, there is a clear 

increment in the hydrophobicity of the surfaces. The contact angle value in this case, is 

varying from 106° to 137°. The outcome of the above results, is that the thickness of the 

polymer film grafted to the ZnO nanowires, depends mainly on the polymer solution and not 

on the parameters of the spin coating. It seems that, when 0.01 wt % P2VP solution in toluene 
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was applied, the polymer grafted was inadequate to affect the wettability of the surfaces. 

However, this was not the same in the case that a solution with higher concentration in P2VP 

was utilized.  

P2VP coated ZnO nanowires, were tested also for their pH responsiveness. P2VP is a pH-

responsive polymer, exhibiting hydrophyllic behavior at pH < pKa and hydrophobic at pH > 

pKa.127 So, the stability and the wettability of the samples in different pH environment was 

studied. For this purpose, P2VP coated ZnO nanowires, were immersed in basic (pH 12) and 

acidic (pH 2) aqueous solutions for approximately 20 s. Subsequently, the contact angle was 

measured in each case. Figure 2.27 depicts representative water drops on glass substrates 

with ZnO nanorods covered with P2VP (0.01 wt % in toluene) after immersion in pH 2 and 

pH 12.  

 

Figure 2.27. Photographs of representative water drops and the respective equilibrium 

contact angles on glass substrates with ZnO nanorods covered with P2VP (0.01 wt % in 

toluene) after immersion in pH 2 (left) and pH 12 (right). 

Figure 2.27 shows the switchable wetting behavior of the samples from 72° (at pH 2) to 109° 

(at pH 12). The surfaces are not switching from superhydrophilicity to superhydrophobicity 

and there is a slight increase in the hydrophobicity upon immersion in high pH solution.  
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In order to study the reproducibility and stability of the system, samples were subjected to at 

least five cycles of immersion in high and low pH successively and the wettability was 

investigated (Figure 2.28). 
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Figure 2.28. Average contact angle values of water droplets onto ZnO nanorods coated with 

P2VP brushes, for 6 cycles of pH environment changes. 

Figure 2.28 shows that the samples maintained their responsiveness for 3 cycles. That 

happens because the ZnO nanorods are being removed with the repetitive immersion in acidic 

conditions.128 

Wettability of the silane-modified ZnO nanorods 

In Figure 2.29, there are the images of the representative water drops and the respective 

equilibrium contact angles on glass substrates with ZnO nanorods, before (left) and after the 

silanization process (right).  
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Figure 2.29. Photographs of the representative water drops and the respective equilibrium 

contact angles on glass substrates with ZnO nanowires, before (left) and after the silanization 

process (right). 

The coating of the ZnO nanowires with dichlorodimethylsilane, resulted in samples with a 

low surface energy. Thus, the silanized samples exhibit hydrophobic properties, with a 

contact angle to be 114°, which can be maintained for long periods of time and for a wide 

temperature range. 

2.9.  Conclusions 

In this work, ZnO nanowires with enhanced stability and high photocatalytic behavior were 

developed. In order to achieve this, initially ZnO nanowires were grown on ZnO pre-coated 

glass substrates via aqueous solution growth. Afterwards the samples were coated with 

polymers with the spin coating method. Poly(methylmethacrylate), PMMA and Poly(2-vinyl  

pyridine), P2VP were utilized for this purpose. The parameters of the spin coating technique 

were studied further. Samples were successfully characterized with Scanning Electron 

Microscopy and were tested for their photocatalytic behavior with Fourier Transform Infrared 

Spectroscopy (FTIR). Stearic acid was utilized as a test organic pollutant. Samples were also 

tested for their wettability. In parallel ZnO nanowires were coated with 

dichlorodimethylsilane for comparison reasons.  
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All samples exhibited photocatalytic activity, with this behavior depending on the thickness 

of the polymer film. The highest photocatalytic degradation of the model dye achieved was 

found to be ~85%, for the thinnest polymer film. This was attributed to the higher surface-to-

volume ratio, i.e. to the fact that the polymer did not cover the nanowires fully.  

Taking into consideration the wettability results, it should be noted that the contact angle of 

ZnO nanowires covered with P2VP, was higher compared to the bare ZnO nanostructures. 

This behavior was enhanced by increasing the concentration of the polymer in the toluene 

solution. The contact angle value was varied from 63° to 137°, depending on the coating 

conditions.  

P2VP coated ZnO nanowires were also tested for their pH responsiveness and the samples 

maintained their reversible behavior for 3 cycles (switching from 72° at pH 2 to 109° at pH 

12). That happened because the ZnO nanorods are being removed with the repetitive 

immersion in acidic conditions. 

To conclude, ZnO nanostructures covered with polymers, exhibited photocatalytic activity 

with enhanced hydrophobicity. Depending on the application, the parameters of the system 

have to be selected, because by increasing the thickness of the polymer film, the nanowires 

are more stable but the photocatalytic activity is being decreased. So the optimum conditions 

have to be chosen in every case.    
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Chapter 3 

3. Dual pH- thermo responsive surfaces  

3.1. Introduction 

Nowadays the main focus of the research community is on the fabrication of responsive 

surfaces with controllable wettability. Such surfaces can alter their wetting properties in 

response to external stimuli, like pH, light, solvent quality, electric field, heating, magnetic 

field, etc.
1–7

 A number of smart material surfaces have been reported, which can switch 

between superhydrophobicity and superhydrophilicity in response to an appropriate external 

stimulus, with promising applications as switchable valves,
8
 biosensors,

2
 selective 

separation,
4
 tunable microlenses

9
 and “lab-on-a chip” devices

10
. Among them, the wetting 

properties of responsive polymers have been widely studied.
11

 Polymer functionalized pH-

responsive surfaces based on poly(2-(diisopropyl- amino)ethyl methacrylate), PDPAEMA, 

brushes synthesized onto hierarchically roughened inorganic surfaces, have been reviously 

developed, which can reversibly switch between superhydrophilicity at low pH and 

superhydrophobicity and water repellency at pH>8.
10

 A dual-responsive material with tunable 

wettability and ability to respond to both temperature and pH, based on poly(N-isopropyl 

acrylamide)-co-poly(acrylic acid), P(NIPAAm-co-AAc), films, was investigated by Xia, et 

al.
5
  Despite the wide range of works reported, the fabrication of stimuli-responsive surfaces 

is still a challenging issue. 

The investigation of the wettability of plant surfaces revealed another interesting 
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phenomenon, the so-called rose-petal effect.
12

 Unlike the lotus leaf, where 

superhydrophobicity is accompanied by water repellency, i.e., by very low adhesion, rose 

petals, scallions and garlic exhibit superhydrophobic behavior with high adhesion.
13,14

 

Although the origin of high contact angle hysteresis has not been fully understood, it appears 

that the main factors affecting the surface adhesion are the height and density of the 

protrusions as well as the chemical defects.
13–15

 In the literature, there are numerous works 

attempting to imitate the “adhesive” superhydrophobic behavior of these species.
16–19

 

Besides the “sticky” superhydrophobic species, another remarkable category of plants are the 

so-called “parahydrophobic” plants, which exhibit high contact angles, but not above 150°, 

with high adhesion. An important family among this kind of species are most of the 

thermogenic plants, which can raise their temperature above the ambient.
13

 Although the role 

of thermogenesis is still controversial, the most accepted theory is that heat attracts insect 

pollinators to the plants. Skunk cabbage is one of the most studied thermogenic plant, known 

for its ability to melt its way through frozen ground, while there is still snow and ice on the 

ground. The abaxial surface of the leaf has hierarchical roughness with an advancing angle of 

110° and a contact angle hysteresis of 27°. The high adhesion in this case is attributed to 

hydrophobic defects, due to diallyl disulfide.
13

 Leaf wettability is a determining factor for 

pollutant deposition, like acid rain, for plant disease and photosynthesis.
20

 Plants with 

“adhesive” hydrophobicity, usually exist in regions with dry conditions as a way to minimize 

the water losses.
21

 Other plants that belong to this category are the banana leaf, the red-veined 

prayer plant
22

, the oak leaves
23

, the ceratonia siliqua
21

, the majority of hairy leaves
24

 and 

many others.
25–27

 Adhesive hydrophobic materials can find applications as barrier materials, 

micromanipulators and oil-water separators.
28

 

In this work, responsive surfaces with “parahydrophobic” behavior were developed, inspired 

by nature. For this reason poly(2-vinylpyridine), P2VP, and poly(N-isopropylacrylamide), 
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PNIPAm, were selected for the development of responsive surfaces. P2VP is pH responsive 

polymer with an effective pKa of the protonated P2VP ~5,
29

 while PNIPAm is a 

thermoresponsive one with a lower critical solution temperature (LCST) of approximately 

32°C.
4,30,31

 Silicon wafers were initially treated with femtosecond (fs) laser pulses in order to 

produce the hierarchically micro/nano-structured surfaces, the so-called Si spikes.
10,32,33

  

Organic coatings, P2VP or PNIPAm, were subsequently introduced by anchoring end-

functionalized polymer chains utilizing the "grafting-to" method. The main drawback of this 

method is that the anchoring density of the polymer chains, which is determined by the 

polymer molecular weight and the strength of the end-group – surface interaction, cannot be 

very high as the attached polymer chains prevent the anchoring of more chains.
34

 However, in 

this work this apparent disadvantage turns into an advantage as the low density lead to 

chemical nano-defects, which resulted to high adhesion. Moreover, the responsive behavior 

of the two polymers, P2VP and PNIPAm, end-anchored onto the same surface was achieved. 

So, a dual pH- and thermo-responsive surface, with high adhesion was developed, utilizing a 

mixed P2VP / PNIPAm brush. To the best of our knowledge this is the first work referring to 

pH/thermo responsive surfaces with “adhesive” hydrophobicity on hierarchically rough 

surfaces.  

Finally, the Si surfaces produced using fs laser (Si spikes) with different wetting properties, 

and the Si spikes coated with P2VP and PNIPAm were seeded with 3T3 fibroblasts in order 

to examine the cell response on these substrates. Thus cell attachment and proliferation were 

examined for different surface wetting properties, roughness and chemistry for 7 days of cell 

culture. 
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3.1.1. Applications of smart polymers with reversible wettability 

Stimuli-responsive polymers, also known as smart systems, are polymers which are 

responsive to one or more external stimuli, physical or chemical. Ionic species, pH, 

metabolites have been reported as chemical stimulus, while temperature, light, pressure, 

electricity belong to the physical signals.
35

  

Smart polymers can be utilized for drug delivery, bio-separation, protein purification, 

industrial coatings, oil exploration, surface modification, microfluidic devices and water 

remediation.
36

 Photoresponsive polymers, which exhibit conformation changes in response to 

light, have been widely studied for applications referring to photo-optical media, photo-

switches, micropattering, photo-mechanical systems, sensing, actuating and non-linear optical 

media.
35,37–41

 Thermosensitive polymers have attracted the interest of the research 

community, due to their applications in many fields, such as functional materials
42,43

, drug 

delivery and release
42

, chromatography, artificial muscles
44

, nanotechnology,
35,45

 tissue 

engineering
46,47

 and surface modifiers.
35,48

 Another category of smart polymers that have 

gained the attention are pH-sensitive polymers. These polymers have been applied for the 

controllable release of model compounds, drugs and proteins.
41,49,50

 Almeida and his co-

workers have reported how the temperature and pH responsive polymers can be applied in 

anticancer therapy.
51

 On the other hand, electro-responsive polymeric systems have been 

widely studied in medicine, mechanical engineering, drug delivery, contact lenses, artificial 

muscles, mechanical grippers and sensors.
41,52,53

  

Multi-responsive surfaces have also been reported in the literature. These can be achieved by 

synthesizing either polymers with more than one responsive functional groups or diblock 

copolymers, or by modifying the surfaces with more than one polymer. Kulawardana et al. 

synthesized thermo-responsive PNIPAm hydrogels, mofidied with pendent groups sensitive 
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to UV-light.
54

 Temperature- and light- sensitive polymers have also been reported by 

synthesizing a thermo-responsive polymer with azobenzene
55,56

 or spirobenzopyran
57

 as a 

functional group. Furthermore dual pH and thermo sensitive polymeric systems have been 

developed based on PNIPAm and chitosan.
58,59

 Guo and his co-workers fabricated a dual 

responsive system by the covalent attachment of poly-L-lysine on surfaces.
4
 Tunable 

reversible wettability with responsivity to both temperature and pH was also achieved by 

grafting poly(N-isopropyl acrylamide-co-acrylic acid) [(P(NIPAAm-co-PAAc)] on both flat 

and rough surfaces.
5
  

3.1.2. Covalent bonding of polymers on surfaces   

Generally, polymer films can be deposited on solid surfaces by spin coating, precipitation, 

Langmuir-Blodget, physisorption and covalent attachment (chemical grafting)
60

. The simplest 

way to immobilize polymers on surfaces is through physisorption. In this case, the one block 

of a block copolymer interacts strongly with the surface and the other weakly.
61

 However 

such adsorbed polymer brushes can be unstable under certain conditions.
34

 Covalently 

attached polymer chains can be prepared by either the “grafting to” or the ‘grafting from” 

method.
34,61,62

 By utilizing the “grafting to” method, the functionalized polymers are reacting 

with functional groups located on the surfaces. Although it is a simple method, it faces the 

drawback of leading to low grafting densities. It has been reported that by the “grafting to” 

method, the previously attached chains impede the attachment of the new ones, leading to 

low density of polymer brushes.
34

 In cases where high grafting density is required, the 

“grafting from” method can be utilized. This procedure involves the in situ polymerization of 

the monomer on an initiator functionalized surface.
34

 

The schematic presentation of the methods for polymer chains immobilization onto solid 

surfaces, are depicted in Figure 3.1.  
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Figure 3.1. Schematic presentation of methods for polymer chains immobilization. 

3.1.3. Properties of poly(N-isopropylacrylamide) ,PNIPAM 

Poly(N-isopropylacrylamide) is a thermo-responsive polymer, which was first appeared in 

the literature in 1956.
63

 The chemical structure of the carboxy terminated PNIPAm is 

depicted in Figure 3.2.  

 

 

Figure 3.2. Chemical structure of carboxy terminated PNIPAm. 
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PNIPAm is probably the most popular polymer with reversible solubility upon heating, as it 

undergoes a sharp phase transition close to physiological temperature. The lower critical 

solution temperature (LCST) of PNIPAm has been determined experimentally at 30-35
o
C, 

depending on the structure of the macromolecule.
63

 Below the LCST, enthalpic gain from 

intermolecular hydrogen bonding between PNIPAM and water molecules dominates the 

solvation; above the LCST, entropic effects resulting from the intramolecular hydrogen 

bonding between the carboxyl and amide groups of PNIPAM lead to water expulsion.
31

 This 

phenomenon can be explained as follows.  

The liquid water forms a three-dimensional, hydrogen-bonded network. The molecules which 

cannot participate in hydrogen bonding with water perturb the local structure of water around 

them and this leads to a decrease in entropy. As a result, the water is locally more ordered by 

the presence of foreign molecules and this leads to an increase in the free energy.  

Gibbs equation: ΔG = ΔH – TΔS (G: Gibbs free energy, H: enthalpy and S: entropy) 

In case that two foreign molecules are brought closer together, the extra ordering is reduced, 

leading to an effective attractive interaction. This interaction is known as hydrophobic 

interaction. 
63–65

 

Thermosensitive polymers have been widely studied due to their applications in many fields, 

such as functional materials
42,43

, drug delivery and release
42

, chromatography, artificial 

muscles
44

, nanotechnology
35,45

 and surface modifiers
35,48

. As the LCST of PNIPAm is around 

the body temperature, it can be applied for controlled release of anti-cancer drugs
66

.  
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3.1.4. Effect of surface characteristics on cell attachment and proliferation  

Cell – materials interaction is very important for materials that will be used for biomedical 

applications since biological integration is required.
67

 Cells are inherently sensitive to surface 

characteristics; thus, the surface properties of a material play a very important role on cell 

attachment, proliferation and differentiation.
68

 Cell-surface interactions are crucial in order to 

promote a new tissue formation since surface properties influence the initial cellular events at 

the cell – material interface.
69,70

 These initial events between a solid material surface and a 

biological environment include oriented adsorption of a variety of biomolecules, since all 

organized biological systems have the ability to recognize foreign objects at molecular 

dimensions.
71

 The nature of the adsorbed biomolecules affects cell recruitment, growth and 

differentiation.
72

 

Cell adhesion on a surface is a very complicated process. When a material comes in contact 

with a biological environment, almost immediately, proteins are absorbed on its surface. The 

sequence of events occurring after the protein absorption is strongly dependent on the type, 

composition and amount of these proteins. When proteins are successfully absorbed they 

recruit the cells which attach, spread, migrate, proliferate and differentiate on the substrate.
73

 

On the other hand, when cells are placed in an external environment, the receptors on the cell 

membrane are covered with extracellular matrix (ECM) proteins which interact with the 

proteins that have already been absorbed on the substrate using specific ligands. Since both 

cell membrane and materials surface are covered by biomolecules they can exchange many 

different substances and form a complex and dynamic interface.
71

 

As mentioned before, the surface of a material determines the cellular response; however, 

often the surface properties do not meet the requirements for specific biomedical applications 

and , thus, surface modification is required. The most important surface characteristics that 
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influence cell behavior are the surface chemistry,
74,75

 topography and wettability. Such 

properties can be tailored alone or in combination to satisfy the needs for the new tissue 

formation.
76

 

Several studies have shown that the surface chemistry of a material influences the binding of 

proteins such as immunoglobulins, vitronectin, fibrinogen and fibronectin and thus the 

binding of cells onto the surface.
77

 Keselowsky et al. have studied the influence of well-

defined chemistries such as -CH3, -OH, -COOH and -NH2 and they showed that the 

hydrophilic -OH functionality supports highest level protein recruitment, NH2 and COOH 

intermediate levels and CH3 lowest levels.
78

 Lee et al. functionalized polyethylene sheets 

with different functional groups (-COOH, - CH2OH, - CONH2, and -CH2NH2) groups and 

investigated their effect on cell adhesion. They concluded that the surfaces with amine groups 

were the best for cell attachment.
79

   

Surface topography, independently of surface chemistry significantly affects cellular 

behavior.
80

 Cells are very sensitive to substrates with specific nano- and micro-scale 

topography, for example cellular interactions with nano-micro-scale features result in 

alteration of cell adhesion, morphology, orientation and phagocytotic activity.
81,82

 Cliffs, 

groves, ridges, hills, pits, tubes and tunnels, fibres, spikes or even random roughness are 

some of the most known surface structures that have been proved to influence the behavior of 

a variety of cells type such as fibroblasts, macrophages, osteocytes, endothelial and muscle 

cells.
83–85

 In the literature, it has been reported that topographical features when inserted on a 

surface they enhance cell proliferation. For example osteoblasts attachment and growth has 

been favored when the surface they attach is textured with 100μm cavities,
86

 epithelial cells 

spreading has been proved to increase with the increase of protrusions on silicon wafers,
87

 

osteoprogenitor cells proliferation has be shown to increase on electrospun polymeric fibers 
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compared to smooth surfaces, etc.
88

  Several methods have been used to create micro – or 

nano-structured surfaces such as photolithography, microstamping, microfluidic patterning, 

laser irradiation, etc.
89,90

  

Finally, surface wettability is another parameter that has been proved to affect cells fate since 

protein absorption is strongly dependent on surface hydrophilicity. Generally, it is believed 

that cells do prefer to adhere on surfaces which present moderate wettability with water 

contact angles between 40-70
o
.
91

 Lee et al. have shown that surface wettability affects the 

growth of neurites from PC-12 cells, since the neuronal phenotype is mostly expressed at 

water contact angle of about 55
o
.
92

 Altankov et al. have seeded with cells materials with 

different contact angles varying form 25
o
-111

o
 and they concluded that fibronectin focal 

adhesions and actin fibers are formed mostly on hydrophilic surfaces.
93

 However, surface 

wettability cannot be considered independently to surface chemistry and roughness since it is 

correlated to both.
94,95

 

3.2. Experimental Part 

3.2.1. Surface Modification with fs laser 

Single crystal n-type Si(100) wafers with a resistivity of  = 2-8 Ω·cm were utilized as 

substrates for the fabrication of silicon spikes. Micro/nano-structuring of Si surfaces was 

performed by femtosecond (fs) laser (Yb:KGW) irradiation under a reactive gas (SF6) 

atmosphere at a pressure 500 Torr. The irradiation source with wavelength of 1026 nm and 

pulse duration of 170 fs was adjusted at a repetition rate of 1 kHz. The laser pulse fluences 

tested were 0.53, 1.4 and 2.1 Jcm
-2

, and the fluence 1.4 Jcm
-2 

was selected as the optimum 

for this work. The samples were kept in a chamber, mounted on a high precision X-Y 

translational stage, perpendicular to the incident laser beam.
50,96
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3.2.2. Silanization and thermal oxide growth process on Silicon 

In order to develop superhydrophobic surfaces, the irradiated silicon surfaces were silanized 

with dichlorodimethylsilane ((CH3)2SiCl2, DMDCS, Sigma-Aldrich) which can assemble into 

high quality coatings, resulting in a material with a low surface energy. The silanized samples 

exhibit hydrophobic properties, which can be maintained for long periods of time and for a 

wide temperature range.
33,97

  

The samples were deposited in a custom designed holder, which was then placed in 

laboratory Pyrex glass bottles, containing 0.5 mL of the silane. The sample was facing 

downwards without being in contact with the silane reagent. The vapor-phase reaction was 

carried out for approximately 18h at room temperature. The silanized samples were dipped 

into toluene (two aliquots), water (two aliquots), ethanol (two aliquots), and then water (three 

aliquots) and were then dried in a clean oven at 120°C for about 45min.
33,98

 

In cases that superhydrophylicity was required, the irradiated silicon samples were placed in a 

box furnace and heated at 1000 ᵒC for 45 min in air, resulting in a thick oxide layer. 

3.2.3. End-Grafted PNIPAm and P2VP Thin Films 

The laser irradiated Si substrates were initially cleaned with chloroform in a ultrasonic bath 

for 30 min and then placed in piranha solution (sulfuric acid and hydrogen peroxide, 3:1) for 

1h. Following that, the samples were rinsed with MilliQ water and dried with a nitrogen 

flow.
7,99,100

 Subsequently, the samples were heated at 1000°C for 1h at a heating rate of 

25°C/min in order to achieve the formation of native oxide on the surface. After cooling, a 

0.002% w/v solution of Poly(glycidyl methacrylate) (PGMA) with an average molecular 

weight of Mn ~20,000 gmol
-1

 in chloroform, was spin coated onto the substrates and the 

samples were heated for 10 min at 120°C. The thin film of PGMA was utilized to enable the 
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formation of robust chemical bonds between the oxidized silicon substrate and the  carboxy 

or hydroxy end-functionalized polymer chains, due to the very active epoxy groups.
101–103

 

Carboxy terminated poly(2-vinyl pyridine), P2VP (Mn = 10,000 gmol
-1

, PDI = 1.08  and 

53,000 gmol
-1

, PDI = 1.06), hydroxy terminated P2VP (Mn = 80,500 gmol
-1

, PDI = 1.17 and 

172,000 gmol
-1

, PDI = 2.3) and carboxy terminated poly(N-isopropylacrylamide), PNIPAm 

(Mn = 30,000, 43,000 (PDI = 1.25), 80,000 (PDI = 1.2) and 130,000 gmol
-1

 (PDI = 1.3)), 

disolved in chloroform solutions (2% w/v), were spin coated onto the samples and the coated 

surfaces were annealed under vacuum at 150°C for 24 h in order to form the layer of grafted 

polymer chains. To remove the ungrafted polymer chains, the samples were ultrasonicated in 

chloroform for 30 min. Furthermore flat Si wafers were also coated with polymers to be used 

as reference materials.  

In order to combine the pH- and thermo-responsiveness of P2VP and PNIPAm, respectively, 

on one surface, a 50/50 solution of carboxy-terminated P2VP and carboxy-terminated 

PNIPAM in chloroform was prepared. The solution of mixed polymers was subsequently 

spin coated onto laser micro/nano-structured silicon samples, cleaned and functionalized with 

PGMA. The same procedure was repeated with 30/70 and 70/30 solutions of carboxy-

terminated P2VP/PNIPAm for comparison reasons.  

3.2.4. Surface characterization 

Silicon substrates, irradiated at a laser fluence of 1.4 Jcm
-2

, before and after the polymer 

anchoring, were characterized by Field Emission Scanning Electron Microscopy (FE-SEM, 

JEOL JSM-7000F). The thickness of the polymer films prepared on flat silicon substrates was 

measured by ellipsometry. Attenuated total reflection Fourier Tansform Infrared (ATR-FTIR) 

spectra were recorded to investigate the interaction of the flat silicon surfaces with the 

polymer chains. A Bruker Vertex 70v FTIR spectrometer equipped with an A225/Q Platinum 
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attenuated total reflection (ATR) integrating sphere with single reflection diamond crystal 

was employed. 

3.2.5. Wettability of the prepared samples  

Wettability tests were performed using a surface tensiometer (OCA-40, Dataphysics) 

utilizing the sessile drop method.
104

  Contact angle measurements of P2VP coated samples 

were performed after immersion of the surfaces in different pH solutions and PNIPAm coated 

samples after heating at different temperatures. The pH solutions were prepared by dissolving 

bases or acids in distilled water and the pH was measured by a pH meter (Crison, GLP21). A 

water drop of 2 μL was deposited onto the sample in each case and digital images of the 

water droplets were taken.  Sessile contact angle measurements were repeated five times for 

each sample.  The contact angle hysteresis was defined as the difference between the 

advancing and receding contact angles for a contact line moving to an opposite direction.
105–

107
 

3.2.6. Cell culture experiments  

Laser irradiated Si surfaces coated with PNIPAm and P2VP were seeded with 3T3 fibroblasts 

for 7 days in order to examine the effect of the topography induced using laser and the effect 

of chemistry induced via the two different polymers.  

All chemicals for cellular studies were purchased from Sigma-Aldrich UK. For the cell 

culture, the standard 3T3 embryonic murine mouse fibroblast cell line was used, and the 

standard protocol for the cell culture was followed. Firstly, the cell culture was prepared and 

afterwards the cells were seeded on the samples. The cells were cultured in S-DMEM 

(supplemented- DMED). The medium was supplemented with 10% foetal bovine serum 

(FBS), 2.4% L-glutamine, 2.4% 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid 
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(HEPES) buffer and 1% penicillin/streptomycin. Cells were passaged using Trypsin on the 

7th day after culture in S-DMEM after they had reached approximately 70% confluency.  

All samples were sterilized prior to the cell seeding using autoclave for 15 minutes at 121°C. 

The sterilized samples were placed in 12 well-plates and the cells together with S-DMEM 

were added to each well at a seeding density of 25.000 cells per sample. The cell seeded 

surfaces were replenished with an additional 2 mL S-DMEM and incubated at 37°C at 5% 

CO2 and 100% relative humidity. The medium in each sample was changed every 3 days. 

The cell seeded surfaces were visualized using SEM. The operating voltage was 10 kV, the 

working distance was 10 mm and the spot size was 3. Prior to testing, the cell seeded samples 

were chemically fixed using 2.5% glutaraldehyde for 24 h and dehydrated with ethanol. 

Afterwards, the samples were washed in 70, 90 and 100% aqueous ethanol solutions for 30 

min followed by 100% dried ethanol for additional 30 min. The samples were then placed in 

liquid CO2 at 1070 psi and 31°C for 60 min. Finally, the specimens were Pt coated by a 

sputtering method using 25 mA and 1.5 kV and the thickness of sputtered Au was between 

10-12 nm. 

3.3. Results and Discussion  

3.3.1. Surface characterization of polymer coated surfaces 

Figure 3.3 depicts the SEM micrographs of the Si substrates, irradiated at a laser fluence of 

1.4 Jcm
-2

, before and after the coating with the end-anchored polymer. Comparison of the 

two samples, without and with the carboxy terminated grafted P2VP (Mn = 53,000 gmol
-1

), 

leads to the conclusion that the procedure for the formation of the polymer brushes did not 

affect the hierarchical micro- and nano-structure of the artificial surface. According to 

ellipsometry results, the thickness of the respective P2VP film onto a flat Si substrate was 
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found to be 8 ± 2 nm. Similar were the results for the surfaces with PNIPAm chains (Mn = 

43,000 gmol
-1

). The anchoring density, , of the P2VP brushes was found to be 0.1 

chainsnm
-2

 and for the PNIPAm brushes 0.12 chainsnm
-2

. For comparison reasons, the 

surface characterization procedure was repeated for samples, irradiated of 0.5 and 2.1 Jcm
-2

 

(Figure 3.4). 

  

Figure 3.3. Micro/nano-structured Si substrate by fs-laser irradiation (at 1.4 Jcm
-2

 

fluence) under reactive SF6 atmosphere before (left) and after (right) coating with P2VP 

brushes. 

 

  

Figure 3.4. Microstructured Si surface by fs-laser irradiation under reactive SF6 atmosphere 

irradiated at 0.5 (left) and 2.1 Jcm
-2

 (right) after coating with P2VP brushes. 
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Figure 3.5 shows the FTIR-ATR spectra of the respective flat silicon substrates coated with 

end-anchored PNIPAM (Mn = 43,000 gmol
-1

) and P2VP (Mn = 53,000 gmol
-1

) chains as 

well as with the grafted 50/50 mixture of P2VP and PNIPAm chains. 
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Figure 3.5. ATR-FTIR spectra of the P2VP brush, the PNIPAm brush and the 50/50 mixed 

P2VP/PNIPAm brush. 

The characteristic absorption bands of P2VP due to pyridine group are evident at 1475, 1570 

and 1590 cm
-1

 in the spectra for the P2VP brush, while the amide bands of PNIPAm at 1530 

and 1645 cm
-1

 are evident in the spectra for the PNIPAm brush. In the case of the mixed 

brush, the characteristic peaks of both the amide and pyridine groups were identified,
108

 

which proves the successful anchoring of both polymers. Comparing the spectra of the mono 

and mixed brushes, a shift of the amide band was observed from 1530 to 1550 cm
-1

, probably 

due to interactions between the two polymers. 
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3.3.2. Wettability of polymer coated surfaces 

Wettability of P2VP coated surfaces 

P2VP brushes present switching properties upon exposure to different pH values. For low 

pH, the chains exhibit a hydrophilic behavior due to protonation of the pyridine nitrogen, 

while, for high pH, the chains turn back to hydrophobic. Carboxy-terminated P2VP (Mn = 

53,000 gmol
-1

) coated samples were immersed for 20 min in aqueous solution of pH 2 and 

pH 9 and the contact angles were measured. Figure 3.6 depicts the results after the exposure 

of the surface in the different pH solutions.  

 

Figure 3.6. Photographs of representative water drops and the respective contact angles on 

(a) flat Si and (b) laser micro/nano-structured Si substrates ( 1.4 Jcm
-2

 ) coated with P2VP 

brushes (Mn = 53,000 gmol
-1

) following immersion in high and low pH solutions (pH 9 and 

pH 2, respectively). 

The contact angle of the water on the coated flat silicon substrate was measured at ~83° after 

immersion in a pH 9 solution and ~51° in a pH 2 solution. In the case of the hierarchically 

roughened surface, the difference between the static contact angle measurements after the 

immersion in pH 2 and pH 9 solutions was higher (11° and 121°, respectively), due to the 
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micro/nano-structuring of the surface. The irradiated silicon sample coated with P2VP was 

found to be superhydrophillic at low pH and hydrophobic at pH 9 with a contact angle 

hysteresis of ~27
o
, representing the behavior of skunk cabbage leaf.

13
 It should be mentioned 

that Si substrates, irradiated under identical conditions and coated with 

dichlorodimethylsilane (a hydrophobic silane), were found to be superhydrophobic, with 

contact angles of ~160°, with a very low contact angle hysteresis (Figure 3.7). Once more, 

this proves that the hierarchical roughness requires the appropriate chemistry in order to lead 

to superhyphobicity and superhydrophilicity. 

 

Figure 3.7. Photograph of representative water drop Si Laser irradiated substrate coated with 

dichlorodimethylsilane. 

In order to study the reproducibility and stability of the system, samples were subjected to 

cycles of immersion in high and low pH successively and the wettability was investigated 

(Figure 3.8). According to the results, both systems, Si flat and Si spikes coated with P2VP, 

proved to be reproducible and stably responsive in the change of the pH environment.  
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Figure 3.8. Average contact angle values of water droplets onto flat Si substrate and Si 

spikes (irradiated at 1.4 Jcm
-2

) coated with P2VP brushes (Mn = 53,000 gmol
-1

), for 5 cycles 

of pH environment changes. 

Wettability tests were also performed on P2VP-coated substrates which were irradiated at 

different laser fluences. For a higher fluence (2.1 Jcm
-2

), there was no difference in the 

results while, for a lower fluence (0.53 Jcm
-2

), the results were reproducible but with a lower 

contact angle value variation (Figure 3.9).  
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Figure 3.9. Average contact angle values of water droplets onto Si spikes coated with P2VP 

brushes (Mn = 53,000 gmol
-1

), irradiated at 0.5 (circles) and 2.1 Jcm
-2

(squares), for 3 cycles 

of pH environment changes. Insets are SEM images of the micro-structured Si surfaces 

coated with P2VP brushes, irradiated at 0.5 and 2.1 Jcm
-2

 respectively. 

The same procedure was repeated for P2VP brushes with different molecular weights. In the 

case of carboxy-terminated P2VP with Mn = 10,000 gmol
-1

, there was no responsive 

behavior observed. It has been reported that the molecular weight affects the charge density 

per molecule; a polymer with lower molecular weight shows lower charge density for the 

polyectrolyte.
109

  

In contrast, responsive behavior was detected for the laser irradiated silicon substrates 

functionalized with hydroxyl-terminated P2VP of Mn = 80,500 and 172,000 gmol
-1

. In both 

cases, the contact angle values were fluctuating between ~110° following immersion
 
in a pH 

9 solution to ~20° following immersion in a pH 2 one, with a hysteresis of ~28° (Figures 3.10 

and 3.11). The small difference of ~10°, compared to the lower molecular weight, is probably 

attributed to the lower mobility of the chains.
110
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Figure 3.10. Average contact angle values of water droplets onto flat Si substrate (squares) 

and Si spikes (circles) coated with hydroxyl terminated P2VP brushes (Mn = 80,500 gmol
-1

), 

for 5 cycles of pH environment changes. 

 

 

Figure 3.11. Representative water droplets onto flat Si substrate and Si spikes coated with 

hydroxyl terminated P2VP brushes (Mn = 172,000 gmol
-1

), after immersion in high and low 

pH solutions. 
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Wettability of PNIPAm coated surfaces 

At temperatures below the lower critical solution temperature, LCST, of the PNIPAm 

solutions, the PNIPAm brushes are arranged into a swollen and hydrated conformation, while 

at temperatures above 32°C, the chains are hydrophobic and, thus, collapsed.
111–113

  Carboxy-

terminated PNIPAm chains (Mn = 43,000 gmol
-1

) were end-grafted onto the silicon surfaces 

according to the procedure described in the experimental part. The wettability of the PNIPAm 

coated samples was investigated at ambient temperature (25°C) and at 40°C. The heating of 

the samples was performed with a heating rate of 0.2°C/min under nitrogen flow and the 

samples remained at 40°C for 4h before measuring. It has been found that humidity affects 

the characteristic properties of the polymer and the water absorption dynamics, so the 

nitrogen flow played an important role for the reproducibility of the experimental conditions 

during the procedure of the contact angle measurements;
31

 exposure to different humidity  

conditions has been shown to be a stimulus that can modify the surface behavior of polymer 

films as well.
114

 Figure 3.12 shows images of water droplets on flat and laser irradiated 

silicon substrates, coated with end-anchored PNIPAm chains (Mn = 43,000 gmol
-1

), 

following temperature treatments at 25°C and 40°C. 
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Figure 3.12. Photographs of representative water drops and the respective contact angles on 

(a) flat silicon and (b) laser micro/nano-structured silicon substrates (at 1.4 Jcm
-2

 fluence) 

coated with PNIPAm brushes (Mn = 43,000 gmol
-1

) following temperature treatments at 

25°C and 40°C. 

In case of the laser irradiated silicon substrate, the static contact angles were measured as 16° 

(at 25°C) and 123° (at 40°C), behavior similar to that of the pH-responsive surface described 

above. A significant contact angle hysteresis of approximately 29° was measured for the 

hydrophobic state, which is in agreement with literature.
115,116

 Flat silicon substrates, 

similarly coated with the same PNIPAm chains, were also measured as reference and the 

contact angles were measured to change from ~51° (at 25°C) to ~68° (at 40°C). Comparison 

of the flat and the laser irradiated surfaces illustrates the influence of the laser micro/nano-

structuring of the surfaces on the amplification of the effects of surface chemistry. The 

stability of the systems was investigated through ten repeated cycles of contact angle 

measurements after heating and cooling of the specimens. Figure 3.13 shows the results for 5 

cycles. 
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Figure 3.13. Average contact angle values of water droplets onto flat Si substrates (circles) 

and Si spikes (squares), irradiated at 1.4 Jcm
-2

 and coated with PNIPAm brushes (Mn = 

43,000 gmol
-1

), for 5 cycles of temperature changes. 

In parallel, surfaces were prepared with end-anchoring of PNIPAm chains of different 

molecular weights. According to literature, low-molecular weight PNIPAm chains do not 

collapse above the LCST.
112,115

  Indeed, when the same procedure was repeated for carboxy-

terminated PNIPAm chains (Mn = 30,000 gmol
-1

) end-anchored onto irradiated silicon 

substrates at the same fluence, the results were slightly different, with a contact angle of ~85° 

(at 40°C).  In contrast, when PNIPAm chains with  Mn = 80,000 gmol
-1

 and 130,000 gmol
-1

 

were end-anchored onto the substrates, the results were almost the same with the case in Figs. 

3.12 - 3.13. The systems were stable and reproducible with the contact angle fluctuating from 

~10° (at 25°C) to ~120° (at 40°C) (Figure 3.14 and 3.15). 
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Figure 3.14. Average contact angle values of water droplets onto flat Si substrate (squares) 

and Si spikes (circles) coated with PNIPAm brushes (Mn = 80,000 gmol
-1

), for 5 cycles of 

temperature change. 

 

 

Figure 3.15. Representative water droplets onto flat Si substrate and Si spikes coated with 

hydroxyl terminated PNIPAm brushes (Mn = 130,000 gmol
-1

), before and after heating. 
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Wettability of P2VP/PNIPAm mixed coated surfaces 

In order to achieve a multi-responsive system and to combine the pH- and thermo-

responsiveness in one surface, samples were fabricated with mixed brushes of P2VP (Mn= 

53,000 gmol
-1

) and PNIPAm (Mn = 43,000 gmol
-1

). For this purpose solutions in chloroform 

with composition ratios 30/70, 50/50 and 70/30 of the above polymers were prepared.  These 

solutions were spin coated onto the laser irradiated micro/nano-structured silicon substrates, 

after the anchoring of the PGMA, according to the procedure described in the experimental 

part. The samples were tested for their wettability in response to pH and temperature 

variations. Table 3.1 presents the results from the contact angle measurements. At 25°C and 

pH 2, the PNIPAm are hydrophilic and the P2VP ones are positively charged, which means 

that the surfaces are superhydrophilic independently of the polymer composition. In the 

opposite scenario, at 40°C and pH 9, when both polymers are in a hydrophobic state, high 

hydrophobicity is expected. In the case of 25°C and pH 9, the PNIPAm chains are 

hydrophilic whereas the P2VP ones are hydrophobic. So, the contact angle values are 

expected to increase gradually with increasing the ratio of the P2VP chains in the brush layer;  

indeed, the contact angle values increase from 64°, when the P2VP/PNIPAm ratio is 30/70, to 

95°, when the ratio is 50/50, and to 110°, when the P2VP/PNIPAm ratio is 70/30. The 

opposite behavior is oberved for the conditions of 40°C and pH 2, where the P2VP chains are 

charged and, thus, hydrophilic, whereas the PNIPAm chains are hydrophobic, with the 

contact angles being higher for high ratios of PNIPAm brushes (82°, when the 

P2VP/PNIPAm ratio is 30/70, and 115-112°, when the ratio is 50/50 and 70/30).  

 

 

 



Chapter 3 Dual pH-thermo responsive surfaces 

 

 
128 

Table 3.1. Average contact angle values of water droplets onto micro/nano-structured silicon 

substrates coated with mixed P2VP/PNIPAm brushes of three different P2VP/PNIPAm 

ratios: 30/70, 50/50 and 70/30. 

Temperature (°) pH 

Contact angle values(°) 

P2VP/PNIPAm: 

30/70 

P2VP/PNIPAm: 

50/50 

P2VP/PNIPAm: 

70/30 

25 

2 17 20 14 

9 64 95 130 

40 

2 82 115 112 

9 127 125 135 

 

It should be mentioned here that, when one compares the results from the samples coated 

with mono-functional brushes with the ones coated with the mixed brush, the surfaces coated 

with mixed brush are more hydrophobic, probably due to interactions between the two kinds 

of chains.
101

 In contrast, no significant difference was observed in the calculation of 

hysteresis values (28
o
).  

To illustrate further the effect of pH and temperature on the wettability of the dual responsive 

surface, the contact angles were measured as a function of pH and temperature for the sample 

with a mixed 50/50 P2VP/PNIPAm brush and the results are summarized in the following 

Figure 3.16.  
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Figure 3.16. Photographs of representative water drops and the respective contact angle 

values for a hierarchically roughened silicon substrate coated with a mixed 50/50 

P2VP/PNIPAm brush exposed to immersion to solutions of different pH and exposure to 

different temperatures. 

At temperatures below 30°C, the contact angle values increase from ~5°
 
to ~90° by 

increasing the solution pH from 2 to 10. However, for the case of a constant pH 2 and by 

increasing temperature from 20°C to 50°C, the contact angle value increase from ~5°
 
to 

~123°. This means that probably the hydrophobicity of the PNIPAm chains dominate in the 

competition between the two polymers and the temperature effect is more pronounced than 

the pH effect. At 30°C, which is close to the LCST of PNIPAm, the contact angle values 

measured by increasing the solution pH changed from ~20°
 
to ~125°, with a rapid increase at 

pH 4 (~95°), which is close to the pKa of P2VP. At temperatures above the LCST of 

PNIPAm, there is no obvious change in the wettability results, which also supports the 

hypothesis that the influence of the PNIPAm chains is stronger in comparison to that of the 

P2VP ones.  
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The dually responsive surfaces were subjected to pH/thermo cycles in order to test their 

stability. Figure 3.17 shows the results following 5 cycles of immersion in a pH 2 solution 

and exposure to 25 °C vs.  immersion in a pH 10 solution and exposure to 50°C. 
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Figure 3.17. Average contact angle values of water droplets onto Si spikes (irradiated at 1.4 

Jcm
-2

) coated with a mixed 50/50 P2VP/PNIPAm brush, for 5 cycles of pH / temperature 

variation. 

The sample with the P2VP/PNIPAm brushes proved to be stable with controllable and 

reproducible wettability changes. The average contact angle value were measured as ~15°, 

when the samples were immersed in solutions with pH 2 at 25°C  and ~120° when the 

samples were immersed in solutions with pH 10 at 50°C, i.e.,
  

when both polymers are 

hydophobic and collapsed.  
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3.3.3. Cell adhesion to polymer surfaces 

Bare laser irradiated Si substrates with different wetting properties, and laser irradiated Si 

substrates coated with P2VP and PNIPAm were seeded with 3T3 fibroblasts for 7 days. The 

behavior of the cells on the bare and polymer coated substrates as well as the effect of the 

topographical features, were examined using SEM for days 1 and 7 of the cell culture.  

Cell seeding on surfaces with different wetting behavior 

Figures 3.18 – 3.20 show fibroblasts seeded on laser irradiated Si substrates with different 

wettability for 7 days of cell culture. Figure 3.18 shows different magnifications of the bare 

Si surfaces after thermal oxidation, seeded with fibroblasts for 7 days. In this case, the water 

contact angle was 8°. Figures 3.18 a – 3.18 c show that very few cells were attached on the 

hydrophobic surface, and thus no proliferation or cell adhesion occurred. Figure 3.18 d, 

where we can see the border between the surface with spikes and the surface without spikes, 

shows clearly that cells grow, attach and proliferate on the untreated surface. So, the area 

treated with laser together with the super-hydrophilic character induced by the thermal 

oxidation process, inhibits cell attachment. 
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Figure 3.18. A, B, C) Different magnifications of the micro-structured Si surface irradiated 

with 1.4·J cm
-2

 after thermal oxidation and seeded with fibroblasts for 7 days. D) Border 

between the surface with spikes and the surface without spikes, after thermal oxidation and 

seeded with fibroblasts for 7 days. 

Figure 3.19 shows different magnifications of the cell seeded bare Si irradiated surface 

without any treatment. In this case, the Si irradiated surface has a contact angle of 80°. 

Figures 3.19 a-c shows that cells grow and proliferate after 7 days of culture. They also 

appear to grow with a specific directionality, being elongated in one direction, the direction 

of the laser irradiation. Figure 3.19 c shows that cells not only grow on the surface with the 

spikes but they are also are interconnected and their cytoplasmic projections also follow the 

direction of the spikes. Figure 3.19.d shows the area of the same sample without spikes. 

There the cell proliferation is much higher, and within 7 days of culture cells have already 

formed layers.  

c. 

b. 

d. 

a. 
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Figure 3.19. A, B, C) Different magnifications of the micro-structured Si surface irradiated 

with 1.4·J cm
-2

, without treatment, seeded with fibroblasts for 7 days. D) Bare silicon 

substrate without spikes seeded with fibroblasts for 7 days. 

Figure 3.20 shows different magnifications of the cell seeded Si surface irradiated with 1.4·J 

cm
-2

 and treated with dichlorodimethylsilane. In this case the contact angle of the Si spikes is 

155°, while for the Si substrate without spikes is 70
o
. Similarly to Figure 3.18, here there is 

not significant cell attachment or proliferation. The superhydrophobic character of the surface 

induced by the silane, do not favor cell growth. This is clear from figure 3.20 a-c, where very 

few cells can be observed on the surface of the spikes; however, on the surface without spikes 

for the same sample that cells grow and proliferate, as it can be seen in Figure 3.19 d.  

b. a. 

d. c. 
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Figure 3.20. A, B, C) Different magnifications of the micro-structured Si surface irradiated 

with 1.4·J cm
-2

, treated with dichlorodimethylsilane and seeded with fibroblasts for 7 days. 

D) Border between the surface with spikes and the surface without spikes, after treatment 

with dichlorodimethylsilane and seeded with fibroblasts for 7 days. 

The SEM images of the surfaces with different water contact angles that were seeded with 

fibroblasts showed clearly that cells do not prefer to adhere and proliferate on the 

superhydrophobic or superhydrophilic surfaces, on the contrary their preference is to grow on 

the surface with contact angle 80°. These results are in agreement with the literature. The 

wettability of a surface when placed in a biological environment is responsible for the initial 

adsorption of proteins. As more proteins are absorbed on a surface, more cells are attaching 

and grow.
117

 Generally, high levels of protein absorption have been found on surfaces with 

moderate water contact angles with a preference on hydrophilic surfaces, and as a 

consequence cellular response on these surfaces is more positive.
95,118

 Lee et al. have studied 

the adhesion of different cell types and the absorption of serum proteins on surfaces with 

a. b. 

c. d. 
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wettability gradient. They observed that cells, independently on their type, adhered and 

proliferated on the surfaces with moderate hydrophilicity, this observation was in accordance 

with the protein adsorption on the surfaces with similar wetting characteristics.
119

  Similarly, 

Dowling et al. studied cell attachment on surfaces with water contact angles in the range of 

12-122°. The optimum contact angle for the cell behavior was found at 64°.
120

 Since the 

wettability of a surface is strongly dependent on the surface chemistry and structure, the 

cellular behavior is always considered as a result of both parameters.
121,122

 Commonly the 

effect of the surface wettability is explained in terms of free energy of adhesion or is related 

to the ability of the surface to absorb the proteins responsible for cells attraction.
123

 

Cell seeding on Si laser irradiated surfaces coated with P2VP an PNIPAm 

Figures 3.9-3.12 show fibroblasts seeded on Si laser irradiated surfaces coated with P2VP 

(Figures 3.9-3.10) and PNIPAm (Figures 3.11-3.12) for days 1 and 7 of cell culture 

respectively. Figure 3.9 shows that fibroblasts attach and proliferate on the P2VP coated 

surface already after 24 hours after seeding. The cells that are attached on the spikes appear 

to have an elongated shape following the directionality of the spikes. Figure 3.9 g–h where 

one can see the border between the surface with spikes and the surface without the spikes, 

cells proliferation is seen to be in the area without spikes but without the elongated shape. It 

is evident that the number of cells attached on the area with the spikes is less compared to the 

number of cells on the flat surface. It is assumed that the surface topographical features are 

very intense for the cells, however, they do not inhibit the cell attachment. Moreover, the 

cells that attach on the spikes grow on the same direction with the laser irradiated spikes and 

this is evident not only from the shape of the individual cells but also from the parallel 

position between them. This kind of directionality does not facilitate the communication and 

connection between the cells, compared to the area without spikes, however the cells do grow 

and their cytoplasmic projections are directed towards the cell communication sites.  



Chapter 3 Dual pH-thermo responsive surfaces 

 

 
136 

Figure 3.10 shows the fibroblasts seeded on the P2VP coated surface for day 7 of the cell 

culture. After 7 days of culture the surface seems to be fully coated with cells. The cell 

number has increased significantly, and cells continue to grow in the same direction as the 

spikes. Here, isolated cells cannot be observed since they attach to each other and form 

clusters. Figures 3.10 g and h show the interface between the area with and without spikes 

where it can be seen that cells proliferate covering the surface without spikes but without 

directionality.  

To our knowledge, so far in the literature, cellular response on P2VP surfaces has not been 

reported. P2VP has been used in combination with other polymers such as polystyrene, PS or 

poly(acrylic acid), PAA in the form of block copolymer to produce polymeric substrates for 

cell seeding.
124

 For example, PS-b-P2VP co-polymer has been used for the production of thin 

films with nanopattern characteristics for the seeding of fibroblasts and mesenchymal stem 

cells. It has been found that the presence of P2VP in the PS-b-P2VP block copolymer 

enhances cell proliferation.
125

 PS-b-P2VP co-polymer has also been used in the form of 

micelles in order to induce topographical features on surfaces. Osteoblast seeding on these 

substrates showed enhanced osteogenic behavior attributed to both the chemistry and 

topography of the substrate.
126

 In our case, P2VP appears to favor cell attachment and 

proliferation within 7 days of culture. Together with the topographical features induced with 

the laser treatment, directionality of the attached cells has been also achieved. The specific 

surface geometry has been reported by Stratakis et al. where Si substrates irradiated with 

laser were used for the directionality of neuronal network outgrowth.
90
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Figure 3.21. A-F) Different magnifications of the micro-structured Si surface irradiated with 

1.4·J cm
-2

 after coating with P2VP  and seeded with fibroblasts for one day. G-H) Border 

between the P2VP coated surface with spikes and the surface without spikes and seeded with 

fibroblasts for one day.  
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Figure 3.22. A-F) Different magnifications of the micro-structured Si surface irradiated with 

1.4·J cm
-2

 after coating with P2VP and seeded with fibroblasts for 7 days. G-H) Border 

between the P2VP coated surface with spikes and the surface without spikes and seeded with 

fibroblasts for 7 days. 
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Figure 3.11 shows the fibroblasts seeded on the PNIPAm coated surface for day 1 of the cell 

culture. Very few cells can be observed on the PNIPAm coated surface. For day 7 of the 

same sample (Figure 3.12) a slight higher proliferation can be observed with a few cells to 

grow and attach on the surface exhibiting a directionality in the direction of the spikes.   

 

Figure 3.23. A) Border between the PNIPAm coated surface with spikes and the surface 

without spikes and seeded with fibroblasts for one day. B-D) Different magnifications of the 

micro-structured Si surface irradiated with 1.4·J cm
-2

 after coating with PNIPAm and seeded 

with fibroblasts for one day.  

 

a. b. 

c
. 

d. 
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Figure 3.24. A-C) Different magnifications of the micro-structured Si surface irradiated with 

1.4·J cm
-2

 after coating with PNIPAm and seeded with fibroblasts for 7 days. D) Border 

between the PNIPAm coated surface with spikes and the surface without spikes and seeded 

with fibroblasts for 7 days. 

PNIPAm, as a thermoresponsive polymer, has been reported in the literature as a means for 

cell detachment and harvesting.
127,128

 The thermo-reversible nature of PNIPAm makes it an 

ideal material for attachment/detachment of proteins, mammalian cells and bacterial cells.
129

 

When cells are seeded onto the surface of PNIPAm they do attach and grow at a temperature 

of 37-38°C, which is the physiological temperature for cells to survive. When the temperature 

is lowered below 32°C, the polymer becomes hydrophilic; this increase on hydrophilicity 

leads to the detachment of extracellular matrix, ECM proteins and, thus, detachment of the 

cells. In this case cells, detach as a sheet and not individually.
130

 In our case, it is believed 

that cells were initially attached onto the substrate coated with PNIPAm. However, due to the 

fixation process, which was used to prepare the samples for SEM imaging, where 

a. b
a
. 

c. d. 
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glutaraldehyde at a low temperature (9°C) was used, we assume that the cell layer that was 

formed detached from the surface since the temperature was far below the transition 

temperature of the polymer (32°C). This explains why there were very few cells observed 

with the SEM. Thus, the PNIPAm coated Si surfaces are not representative and conclusive 

for the cell seeding.  

3.4. Conclusions 

In summary, hierarchically roughened surfaces micro/nano-structured utilizing fs laser 

irradiation of silicon substrates were fabricated and were functionalized using end-anchoring 

of end-functional P2VP or PNIPAm chains utilizing the “grafting to” method.  The effect of 

molecular weight of the polymers on the wettability results was investigated and the results 

found to be reproducible in all cases. The same method applied successfully for both 

carboxy- and hydroxyl-terminated polymers. Furthermore, multi-responsive surfaces were 

developed utilizing a mixture of P2VP/PNIPAm chains “grafted to” the hierarchical surfaces. 

“Sticky” highly hydrophobic surfaces were achieved, with reversible and controllable wetting 

characteristics, imitating plant leaves with “parahydrophobic” behavior. These surfaces can 

be successfully applied in industry as switchable valves, biosensors, tunable microlenses and 

for selective liquid separation. 

In our case, P2VP and PNIPAm coated surfaces were applied for cell seeding. To our 

knowledge, so far in the literature, cellular response on P2VP surfaces has not been reported. 

P2VP appears to favor cell attachment and proliferation within 7 days of culture. Together 

with the topographical features induced with the laser treatment, directionality of the attached 

cells has been also achieved. As for the PNIPAM coated surfaces, cells were initially attached 

onto the substrate. However, due to the fixation process, which was used to prepare the 

samples for SEM imaging, we assume that the cell layer that was formed detached from the 
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surface because the temperature was far below the transition temperature of the polymer 

(32
o
C). This explains why there were very few cells observed with the SEM. Thus, the 

PNIPAm coated Si surfaces are not representative and conclusive for the cell seeding. 
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surfaces 

4.1. Introduction 

The plant and animal kingdoms provide a large diversity of hierarchical structures with 

extraordinary wetting properties.  One of the most well-known example, is the lotus leaf, with 

a water-repellent behavior, based on both surface roughness and chemistry.1–3 Neinhuis and 

Barthlott reported 200 plants with similar wetting characteristics.4,5 The term water-repellent 

is referred to the property of materials, which makes the water droplets to roll off the surface 

and bounce upon impacting.6 So far, a vast number of superhydrophobic and water-repellent  

surfaces have been fabricated, owing to its great applications in self-cleaning, anti-icing, 

inkjet printing, agriculture and spray cooling.2,3,7–15  

However, numerous micro/mechanical applications require novel surfaces with new 

properties. Besides the isotropic textures in nature, there are also directional structures, 

exhibiting both superhydrophobicity and anisotropic wetting.16,17 Such examples are the 

butterfly wings,16–20 the water striders,16,17 the rice leaf,17,19 the cicada wings10 and the fish 

scale.17 In each case, such surfaces comprise directional dependent geometrical structures, 

that produce anisotropic wetting.18 
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Many researchers derive their inspiration from nature in order to develop directional wetting 

surfaces. Jokinen and his co-workers developed directional wetting surfaces with triangular 

micropillars. The directionality achieved, was due to the asymmetry of the microstructures.21 

Inspired from butterfly wings, Malvadkar et al. developed hydrophobic surfaces with 

anisotropic adhesive wetting.18 Unidirectional control of wetting was also achieved through 

surface modification of PDMS microstructures.22 Furthermore, smart valves on microchannel, 

based on chemically patterned surfaces have been reported.23 Moreover, substrates with 

periodic asymmetric patterns have been created, which induce droplet transport in response to 

mechanical or electric fields.24,25 Such superhydrophobic surfaces with directional 

controllable wettability have led to advances in microfluidic devices,18,23,25,26 medicine,17,18,26 

anti-fogging,17,26 anti-fouling,26 lab-on-a-chip devices,22,26 microreactors,26 and self-cleaning 

devices.17,25  

However, the inspiration from nature is unlimited. Apart from the biological species 

mentioned above, high adhesive surfaces have attracted the attention of researchers, 

especially at hydrophobic and superhydrophobic surfaces.17 Among the natural examples of 

such surfaces, the most well-known is the rose petal effect, with the ability to have water 

droplets pinned on the surfaces at any tilt angle.27–29 Bhushan and co-workers fabricated 

superhydrophobic surfaces with high adhesion by replicating the rose petal.28 Garlic and 

scallion leaves exhibit similar wetting properties with high contact angle hysteresis, due to 

chemical defects.30 Another interesting phenomenon, revealed from the study of nature, is the 

gecko’s feet. The special wetting properties of gecko’s feet, arise from the keratinous hairs, 

called setae, in its structure.31 

Inspired from gecko, scientists attempted to develop functional materials with adhesive 

properties. Such surfaces have many applications, such as in liquid transportation without loss 
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and in the analysis of very small volumes of liquid samples.17,31–33 For example, highly 

adhesive superhydrophobic PS nanotubes have been successfully applied for the no lost 

transport of superparamagnetic droplets. Different nanostructures with similar wetting 

characteristics were also developed from Lai et al.34 Additionally, they can be utilized for the 

analysis of liquid samples with small volumes and for the fabrication of new microfluidic 

devices.31 Furthermore, possible applications are for the localized chemical or biological 

reactions, for the in situ detection of analytes and as blood-compatible surfaces.35 Geim and 

his co-workers develop new “gecko tapes” by microfabrication of dense pillars.36 Hybrid 

polymeric adhesives, have also been reported, combining gecko elements and mussel 

proteins.37 Gecko-mimetic PDMS polymeric films have been developed by using controllable 

pore channels as template.31 

In this work, three types of anisotropic surfaces were developed. Initially, superhydrophobic 

non-adhesive surfaces with unidirectional droplet roll-off behavior were successfully 

fabricated. For this purpose, Si wafers were treated with femto-second laser, not in a 

conventional way, but at a tilt angle. The substrate was tilted and, as a result, the laser beam 

was not pointed perpendicular to the surface. This procedure led to the formation of tilted 

periodic spikes. Such surfaces, after a silanization process, exhibit anisotropic 

superhydrophobic behavior with a droplet motion in the direction of the spikes. It was 

observed that the velocity of the droplet motion was different, depending on the chosen tilt 

angle. To the best of our knowledge, this is the first work, referring to tilted spikes prepared 

with fs-laser.  

A third level of macro-structuring was also introduced by patterning the inorganic surfaces 

using photolithography in order to enhance the anisotropic wetting behavior. Si substrates, 

patterned with grooves, were irradiated with fs laser at a tilt angle. The effect of the 
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characteristics of the grooves on the final contact angle were investigated. These surfaces 

exhibit a superhydrophilic directionality, after thermal oxidation, or superhydrophobic 

directionality after silanization. 

Finally, superhydrophobic surfaces with high unidirectional hysteresis were developed. For 

this purpose, the irradiation of Si wafers was performed at a tilt angle. The substrate was 

tilted and as a result, the laser beam was not pointed perpendicular to the surface. In order to 

achieve the high hysteresis, central wavelength of 800 nm was utilized and the different 

parameters of laser irradiation were investigated. This procedure led to the formation of tilted 

periodic spikes but with high contact angle hysteresis. 

4.1.1. Contact angle hysteresis  

Contact angle hysteresis (Δθh), an important parameter for the surface wetting 

characterization,  can be defined as the difference between the advancing contact angle (θadv) 

and the receding contact angle (θred) for a droplet on a solid surface.28  

Δθh = θadv - θred 

The advancing angle is referred to the maximum contact angle, obtained by adding volume, 

while the receding is called the smallest possible angle upon removing volume.38 The 

adhesion hysteresis, ΔW, is related to the fact that the energy required for the liquid-solid 

separation is greater than the gain of the energy by their adhesion.29,39 

ΔW = (cosθadv - cosθred)·γLV 

Researchers have tried to understand the CA hysteresis by simulations.29,40 However, models 

predicting the CA hysteresis are limited and the theoretical understanding is still unclear.41–43 
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CA hysteresis has been mainly attributed to adhesion hysteresis, chemical defects, 

contamination and roughness.29,39,40 According to  the literature, superhydrophobic surfaces 

can be defined as surfaces with contact angle above 150° and with small hysteresis.44 

However, recent studies have showed that a surface can be simultaneously superhydrophobic 

and strongly adhesive.29,32 This phenomenon is known as “petal effect”.29,39 As reported by 

Quere, in these cases the asymmetry in CA creates a difference in the Laplace pressure 

between the front and the rear, which is able to resist gravity.16 

Real surfaces are actually rough with hydrophilic blemishes.38 Bhushan and his co-workers 

had showed that both micro- and nano- structure, can affect the contact angle value and 

contact angle hysteresis.28 For example, surfaces with large density and small microstructures 

combined with nanostructures with low density exhibit high adhesion and high static contact 

angle. On the other hand, high density of nanostructures may prevent the water impregnation 

and can lead to an increased air pocket formation with low adhesion.28 Furthermore, by 

increasing the height of the protrusions at a constant density or decreasing the diameter at a 

constant height, the CA hysteresis increases.42  

Apart from the structure, the surface chemistry also affects the contact angle hysteresis. 

Chang et al. showed that diallyl disulfide (DADS) is the key component for the high adhesion 

of garlic and scallion.38 In this case, CA hysteresis is present due to hydrophobic defects. 

Diallyl disulfide is insoluble in water. As a result, superhydrophobic surfaces coated with 

DADS molecules, exhibit high adhesion due to the relative low surface energy between the 

water and the DADS defects.38 

4.1.2. Anisotropic wetting  

Surface wettability is of paramount importance for the characterization of the surfaces. In 

case that the structures are uniform to all directions, the apparent contact angle measured 
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from both directions are similar and the surface is considered to be isotropic.45 However, 

isotropic structures are not usually observed. Most surfaces, not only in nature but also in 

industry, are anisotropic with different contact angle by changing the direction. Usually, the 

contact angle value is smaller in the direction perpendicular to the surface structure.45 The 

anisotropy in these cases has been attributed to dissimilarities in chemical or physical 

properties.26 On chemically homogeneous surfaces, the droplets are elongated, while on 

superhydrophobic surfaces, the droplet rolls off anisotropically.21 

Anisotropic wetting phenomena are of great interest due to their potential applications in 

cases that the liquid must be guided, like in microfluidic devices and self-cleaning 

coatings.22,46,47 According to literature, anisotropy can be achieved either by directional 

patterns on surfaces or by chemical modification of the structures. So far, a lot of reports are 

referring to 1D groove structures, prepared with various techniques, like lithography and 

imprinting.22 In parallel, several reports have addressed the effect of the chemical 

modification of grooves on their anisotropic wettability.22,46–56 The combination of structural 

and chemical anisotropy can lead to surfaces with enhanced directional wetting 

properties.22,49,51,57 For example, surfaces with gradient-based pathways structures, or 

chemical asperities, can lead to droplet motion in the preferred direction.58,59 

4.1.3. Anisotropic wetting phenomena in nature with low hysteresis 

In nature anisotropic wetting is observed in a variety of biological surfaces. For example, the 

butterfly wings present a directional adhesion due to the directional micro- and nano-

structures.20 The structure of the wings of the Blue Morpho didius is depicted in Figure 4.1.60 

 
155 



Chapter 4 
Anisotropic directionality on patterned surfaces 
 

 

 

Figure 4.1. Digital photo and scanning electron microscope (SEM) images of butterfly 

wings. 

Butterfly wings are covered by a large number of scales, which overlap each other to form a 

periodic hierarchy along the radial outward direction. Each scale is composed of well-

oriented nanostripes, which are stacked stepwise by tilted periodic lamellae. Interestingly, the 

nanotips on the top of stripes tilt slightly upward.17 As a result, the droplet rolls offs the 

surface along the radial direction of the central axis, but it is pinned against the 

anisotropy.17,20,26 

 Another example of anisotropic behavior is the rice leaf, which have sinusoidal grooves.17,60  

 

Figure 4.2. Digital photo and scanning electron microscope (SEM) images of rice leaf. 
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The quasi-one dimensional ordered hierarchically structured papillae of rice leaves provide a 

different energy barrier of wetting in the two directions.17,26 Along the direction of the leaf 

edge, the sliding angle is 5°, while in a perpendicular direction, the respective value is 9°-

15°.17 

Strelitzia reginae leaves exhibit also unidirectional water spreading. (Figure 4.3)61 

 

Figure 4.3. Photographs of the Strelitzia reginae plant and flower. 

Mele and his co-workers found that the green and dried leaves of the plant are promising 

templates for the development of artificial surfaces with different wettability.61 

Antifouling example in nature with directional wetting properties is the shark skin (Figure 

4.4).17,60,62 Controlling biofouling is accomplished through a variety of ways in medical, 

marine, and industrial applications. Thus, engineers have investigated the anisotropic 

mechanism of shark skin and have developed surfaces, imitating this behavior.17,60,63 
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Figure 4.4. Digital photo and scanning electron microscope (SEM) images of shark skin.60 

Anistropic behavior of shark skin occurs due to the riblets aligned in the swimming direction, 

that control the turbulent flow.60  The skin of fast swimming sharks is consisted of scales, 

known as dermal denticles, which are the reason for the shear stress and drag reduction.60 The 

spacing between the denticles is such that prevents the aquatic organisms to adhere to the 

surface.63 

Similar behavior exhibit the fish scale, with low drag and antifouling properties (Figure 4.5). 

Fishes are covered with well-oriented scales that direct the flow from head to tail. Both shark 

skin and fish scales, have been reported also as oil-repellent surfaces.60,63,64 

 

Figure 4.5. Digital photo and scanning electron microscope (SEM) images of fish scale.60 
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Engineered fish replicas have potential for many applications in an oil/water/solid system, 

such as marine antifouling, prevention of oil spills, microfluidic technology, and 

bioadhesion.17 Furthermore, drag reduction is one of the main handicaps for arircrafts, ships, 

submarines and microfluidic devices.17 

4.1.4. High adhesive surfaces in nature 

The natural examples of superhydrophobic surfaces with high adhesion are rare. The most 

well known example, is the rose petal effect. The “sticky” wetting behavior of rose petal can 

be explained as follows. The microstructures of the rose petals (Figure 4.6), are larger than 

the lotus leaf, resulting in impregnation of the water between the large scale grooves. 

However, the liquid are not allowed to enter into the smaller grooves and the droplets pin on 

the surface.17 This phenomenon is known as Cassie impregnating wetting regime.38 Feng et 

al. achieve to duplicate the microstructures of the “petal effect”.65  

 

Figure 4.6. Rose petal with high adhesion.  

Other petals exhibiting similar behavior, high CA with high adhesion, are the Chinese Kafir 

and the sunflower (Figure 4.7).65 
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Figure 4.7. (a) Chinese Kafir and (b) sunflower petal.  

The highly adhesive superhydrophobic behavior of the leaves of xerophate peanut (Arachis 

hypogaea) has been investigated by Yang and his co-workers66 (Figure 4.8). 

 

 

 

Figure 4.8. Peanut leave (left) and surface wettability and structural hierarchy of peanut 

leaves (right).66 

The peanut, due to its fog capture properties, survives in arid and semi-arid regions, 

characterized by high temperature and low rainfall.66 The wetting behavior of the peanut leaf 
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has been attributed to the discontinuous of nanoscale and quasi-continuous at the 

microscale.66 

Similar behavior exhibits the skunk cabbage leaf, which belong to the thermogenic plants 

(Figure 4.9). The surface of the skunk cabbage leaf is hydrophobic, but not above 150°, with 

high hysteresis.67  

 

 

Figure 4.9. Skunk cabbage leaf (left) and surface wettability and structural hierarchy 

of the same leaf (right).67 

Another interesting phenomenon in nature is gecko, known as the most effective adhesive in 

nature17 (Figure 4.10). The special wetting properties of gecko’s foot, arise from the 

keratinous hairs, called setae, in its structure.31 The tips of setae contains smaller hairs, called 

spatula, provide a large surface area in close contact to the surface.31 
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Figure 4.10. Hierarchical adhesive structures of Gecko. (a) A toe of gecko contains 

hundreds of thousands of setae and each seta contains hundreds of spatula, (b): scanning 

electron micrographs of rows of setae at different magnifications and (c): spatulae, the finest 

terminal branches of seta.68 

Autumn et al. proved that the Van der Waals forces enable gecko to adhere to surfaces.69 The 

toes of gecko are highly hydrophobic and can adhere well to both strongly hydrophobic and 

strongly hydrophilic surfaces.69 

A) Superhydrophobic non-adhesive surfaces 

with unidirectional droplet roll-off 

behavior 

 

4.2. Introduction 

Until now, there are few reports referring to single direction of liquid flows. In this work, 

superhydrophobic surfaces were developed, non-adhesive, with directional droplet roll-off 

behavior. For this purpose, Si substrates were treated with femto-second laser in order to 

achieve the dual-scale roughness. However, the irradiation was not performed in a 
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conventional way, but at a tilt angle. The substrate was tilted and as a result, the laser beam 

was not pointed perpendicular to the surface. This procedure led to the formation of tilted 

periodic spikes. Such surfaces after a silanization process exhibit anisotropic wettability, with 

a droplet motion on the direction of the spikes. It was observed that the velocity of the droplet 

motion was different, depending on the chosen tilt angle. To the best of our knowledge, this is 

the first work, referring to tilted spikes, treated with fs-laser. 

4.3. Experimental Part 

4.3.1. Surface manufacturing with fs laser  

Single crystal n-type Si (100) wafers with a resistivity of ρ = 2-8 Ω·cm were utilized as 

substrates for the fabrication of Si spikes. Microstructuring of Si surfaces was performed by 

femtosecond (fs) laser (Yb:KGW) under a reactive gas (SF6) atmosphere at a pressure 500 

Torr. The conical spikes are sharper when silicon is processed in sulfur hexafluoride (SF6) 

because fluorine radicals react with silicon and etch away silicon at the surface.70 The 

irradiation source was adjusted at a repetition rate of 1 kHz and pulse duration of 170 fs at a 

wavelength of 1026 nm. The samples were kept in a chamber, mounted on a high precision 

X-Y translational stage, on a tilted angle to the incident laser beam (Figure 4.11).  

In case that the substrates are tilted during the irradiation process, the distance between the 

substrate and the central of the lens would not be the same. For this reason, the focus lens was 

mounted on a high precision X translational stage. So, the laser pulse travels in the +x-

direction, step a distance in the y-direction and before travelling again in the –x-direction, the 

lens was moved in the +x axis. Through this process, the lens focus length was maintained 

during the irradiation process, in every step motion in +y axis.  The step motion of the lens 

was calculated depending on the angle of the tilted substrate.  
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Figure 4.11. Schematic diagram of a femtosecond laser micromachining system for 

fabrication of tilted microstructures. 

The experimental procedure for the femtosecond-laser microstructuring silicon involves 

several variable parameters. Among them, are the shot number, the fluence, the pulse 

duration, the ambient gas atmosphere, the laser wavelength, the polarization and propagation 

direction, the spot size and the substrate properties.71,72 The effect of these parameters in the 

final morphology and chemical composition of the conventional microstructuring, has been 

reported in literature.71–73 

As this is the first work referring to tilted spikes, the fundamental investigation of different 

parameters was needed. For this purpose, Si substrates were irradiated with fs laser at 

different tilt angles and the effect of fluence, step distance in the y-direction, repetition rate 

and the scanning speed were investigated. 

4.3.2. Making Si spikes superhydrophobic  

Samples, after irradiation were cleaned in ultrasonic baths of trichloroethylene, acetone and 

methanol followed by a 10% HF v/v aqueous treatment in order to remove the oxide grown 
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on the surface.11 Afterwards, the samples were placed in a flask containing 0.5 ml of 

dimethyldichlorosilane ((CH3)2SiCl2, DMDCS) reagent, which is a low surface energy 

coating. Hydrophobic DMDCS monolayers were subsequently deposited on the sample‘s 

surface through adsorption reactions. The vapor-phase reactions were carried out overnight at 

room temperature.2 The hydrophobized surfaces were rinsed with toluene (two aliquots), 

ethanol (three aliquots), 1:1 ethanol/water (two aliquots), deionized water (two aliquots), 

ethanol (two aliquots), and deionized water (three aliquots) and were finally dried in a clean 

oven at 120°C for 45 minutes.11 

4.3.3. Wettability of the prepared samples  

Wettability tests were performed using a surface tensiometer (OCA-40, Dataphysics) utilizing 

the sessile drop method.74  Sessile contact angle titrations were repeated five times for each 

sample.   

Furthermore, the roll-off angle of sessile drop was measured. This was performed through a 

device unit, which allows the motor-driven and software controlled inclination of the 

instrument up to an angle of 90°. Advancing and receding contact angles were determined by 

adding / removing volume to the drop dynamically. The maximum angle achieved, by 

increasing the solid/liquid interfacial area, is the advancing contact angle. The receding 

contact angle is the smallest possible angle, without decreasing its solid/liquid interfacial 

area, determined by removing volume from the drop dynamically.16 The contact angle 

hysteresis was defined as the difference between the advancing and receding contact angle for 

a contact line moving to an opposite direction.75–77 In cases that drop bouncing occurred, the 

velocity of the droplet motion was also calculated.  
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4.4. Results and Discussion  

4.4.1. Surface characterization 

Si substrates were irradiated at different tilt angles under a reactive gas (SF6) atmosphere at a 

pressure 500 Torr. The irradiation source was adjusted at a repetition rate 1 kHz with pulse 

duration of 170 fs and at a wavelength of 1026 nm. The effect of fluence and the step distance 

in the y-direction were investigated through field emission scanning electron microscope (FE-

SEM, JEOL JSM-7000F). 

4.4.1.1. Effect of fluence 

In this section the morphology of the spikes was examined at different laser fluencies.  

Initially, samples were irradiated in a conventional way, with the laser beam perpendicular to 

the substrate, as reference materials. The irradiation source was adjusted at a repetition rate of 

1 kHz and the step distance in the y-direction was 16 um. The characterization of the 

conventional spikes is depicted in Figure 4.12. 
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Top-view SEM images. 45-degree-vew SEM images. 

  

  

  

Figure 4.12. Top-view (left) and 45-degree view (right) scanning electron micrographs of 

a silicon surface after irradiation with laser pulses of fluence (a) 0.5 J/cm2, (b) 1 J/cm2, (c) 

1.5 J/cm2. Insets are higher magnification images from the same samples. 

According to Figure 4.12, with increasing the fluence (at constant shot number) the 

morphology goes from laser induced periodic surface structures, to sharp microstructures. At 

a fluence of 0.5 J · cm-2, conical microstructures are developed. As the fluence increases from 

0.5 to 1.5 J · cm-2, the height and the diameter of the spikes are increasing, while their density 

is lower.  
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As a next step, samples were irradiated at different tilt angles 10°, 20°, 30° and 45° with 

fluencies varying from 0.5 to 2.8 J · cm-2.  Figure 4.13 shows the characterization of the 

surfaces, irradiated at 10° tilt angle.  

Top-view SEM images. 45-degree-vew SEM images. 
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Figure 4.13. Top-view (left) and 45-degree view (right) scanning electron micrographs of a 

silicon surface after irradiation at a 10o tilt angle, with laser pulses with fluence: (a) 0.5 J/cm2, 

(b) 0.7 J/cm2, (c) 1 J/cm2, d) 1.5 J/cm2 e) 2 J/cm2 and f) 2.8 J/cm2. Insets are higher 

magnification images from the same samples. 

According to Figure 4.13, the size and the morphology of 10o tilted spikes, depends on the 

selected fluence. At low fluencies, from 0.5 to 0.7 J/cm2, the tilted spikes are formed and they 

have similar size and shape with the conventional spikes (Figure 4.12). Comparing the images 

4.13 a and 4.13 c, it can be observed an increase in the height of the spikes without losing 

their conical structure. At 1 to 1.5 J/cm2 (Figure 4.13 c and d), the tilted spikes are not 

homogeneous and their structure and shape are not so well-defined. By utilizing higher 

fluencies, (above 2 J/cm2), spikes cannot be observed. The structures are heterogeneous with 

irregular shape and size.  

Afterwards, samples were irradiated at 20o tilted angle with fluencies varying from 0.5 to 2.8 

J · cm-2.  Figure 4.14 shows the characterization of the surfaces, irradiated at 20° tilt angle. 
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Top-view SEM images. 45-degree-vew SEM images. 
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From fluencies 0.5 to 1 J/cm2, spikes are etched out of the surface and both height and density 

of the microstructures are increased. At higher fluences (1.5 - 2.8 J/cm2), material removal 

becomes extreme and instead of clear conical structures, there are spikes covered with 

particles 1-2 μm in diameter. Comparing the results of 10° and 20° tilted spikes in respective 

fluencies, (Figures 4.13, 4.14) there are no noticeable differences in the morphology, the size 

and the shape of the microstructures.  

In parallel, samples were irradiated at 30° tilt angle with fluencies varying from 0.5 to 1.5 

J·cm-2.  Figure 4.15 shows the characterization of the surfaces, irradiated at 30° tilt angle. 

 

 

  

  

Figure 4.14. Top-view (left) and 45-degree view (right) scanning electron micrographs of a 

silicon surface after irradiation at a 20° tilt angle, with laser pulses with fluence: (a) 0.5 

J/cm2, (b) 0.7 J/cm2, (c) 1 J/cm2, d) 1.5 J/cm2 e) 2 J/cm2 and f) 2.8 J/cm2. Insets are higher 

magnification images from the same samples. 
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Top-view SEM images. 45-degree-vew SEM images. 

  

  

  

  

Figure 4.15. Top-view (left) and 45-degree view (right) scanning electron micrographs of a 

silicon surface after irradiation at a 30° tilt angle, with laser pulses with fluence: (a) 0.5 

J/cm2, (b) 0.7 J/cm2, (c) 1 J/cm2 and d) 1.5 J/cm2. Insets are higher magnification images 

from the same samples. 
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According to Figure 4.15, the 30° tilted spikes irradiated at fluencies from 0.5 to 1 J/cm2, are 

well-ordered and uniform. At low fluencies (0.5 J/cm2) the spikes are much smoother and in 

higher density. By increasing the fluence, their size and height is increasing, while more 

micro- and nano-particles are deposited on the surface of the microstructures. In fluencies 

above 1.5 J/cm2, there no spikes formed, but only a rough surface with random structures. 

Comparing these results, with the 10° and 20° tilted spikes, it can be noticed that the spikes in 

the 30o tilted spikes are higher in low fluencies. Furthermore, in Figures 4.13 and 4.14, there 

are spikes in high fluencies, although they are not well-ordered.  

Next, samples were irradiated at 45° tilt angle with fluencies varying from 0.5 to 1.5 J·cm-2.  

Figure 4.16 shows the characterization of the surfaces, irradiated at 45° tilt angle. 

Top-view SEM images. 45-degree-vew SEM images. 
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Figure 4.16. Top-view (left) and 45-degree view (right) scanning electron micrographs of a 

silicon surface after irradiation at 45° tilt angle, with laser pulses with fluence: (a) 0.5 J/cm2, 

(b) 0.7 J/cm2, (c) 1 J/cm2 and d) 1.5 J/cm2. Insets are higher magnification images from the 

same samples. 

Figure 4.16 shows the results for silicon surfaces after irradiation at a 45° tilt angle. In this 

case, spikes are not well-ordered even in low fluencies. The morphology of the structures 

resembles more ripples with tips than spikes. In high fluencies, structures cannot be 

distinguished. The surfaces are covered with damaged spikes.   

4.4.1.2. Effect of step distance in the y-direction 

In this section the morphology of the spikes was examined at y step distances. The irradiation 

source was adjusted at a repetition rate of 1 kHz and the fluence at 0.7 J/cm2. The 

characterization of the tilted spikes is depicted in Figures 4.17-4.19. 
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Top-view SEM images. 45-degree-vew SEM images. 

  

  

  

Figure 4.17. Top-view (left) and 45-degree view (right) scanning electron micrographs of a 

silicon surface after irradiation on a 10° tilt angle, with laser pulses with y step: (a) 8 μm, 

(b) 16 μm and (c) 30 μm. Insets are higher magnification images from the same samples. 

According to the Figure 4.17, the y step distance affects the size and the density of the spikes.  

In all cases the spikes are ordered, uniform and they have conical shape. However, by 

increasing the y step distance, the density of the spikes is higher and structures are shorter and 

thinner.  

The morphology of the 20° tilted spikes was also investigated, by altering the y step distance 

(Figure 4.18). 
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Top-view SEM images. 45-degree-vew SEM images. 

  

  

  

Figure 4.18. Top-view (left) and 45-degree view (right) scanning electron micrographs of a 

silicon surface after irradiation at a 20° tilt angle, with laser pulses with y step: (a) 8 μm, (b) 

16 μm and (c) 30 μm. Insets are higher magnification images from the same samples. 

The results for 20° tilted spikes, depending on the y step distance, are similar to the 10° tilted 

spikes. The size and the density of the spikes are changing by altering the y step.  

The study was fulfilled with the effect of the y step in the morphology of the 30° tilted spikes 

(Figure 4.19). 
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Top-view SEM images. 45-degree-vew SEM images. 

  

  

  

Figure 4.19. Top-view (left) and 45-degree view (right) scanning electron micrographs of a 

silicon surface after irradiation at a 30° tilt angle, with laser pulses with y step: (a) 8 μm, (b) 

16 μm and (c) 30 μm. Insets are higher magnification images from the same samples. 

According to the FE-SEM images for the 30o tilted spikes, the structures for low values of y 

step (8 and 26 μm), the morphology of the spikes is similar with the respective structures of 

10° and 20° tilted spikes. However, for the case of 30 μm, the spikes resemble the structure of 

the 45° tilted spikes, irradiated with y step distance 16 μm (Figure 4.16 a). 
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4.4.2. Wettability 

Si wafers, after irradiated with fs laser, were treated with dimethyldichlorosilane, as described 

in the experimental part. The fluence selected for the irradiation process, taking into account 

the surface characterization, was 0.7 J/cm2 and the y step distance was 16 μm. 

Wettability tests were performed utilizing the sessile drop method.74  The static measurement 

was performed by producing a specific drop volume (1-10μL) that was still hanging from a 

syringe needle, which was then gently brought into contact with the solid. Distilled water 

(density ρ = 999 kg/m3, viscosity η = 889 μPa s, and surface tension γ = 72.8 mN/m) was 

used to measure the wettability of the surfaces. Usually, when the droplet contacts the 

surface, it will detach from the syringe and spread on the surface, decreasing the contact angle 

value from initially 180° (prior to contact) to the static (“equilibrium”) contact angle (θ). 

However, this is not the case for superhydrophobic surfaces with low hysteresis. As the 

droplet driving forces are the capillary forces, the low surface tension of the samples, prevent 

the attachment of the droplet to the surface, which remains on the syringe tip. On the other 

hand, when the droplet volume increases, influence of gravity becomes larger. In this work, 

droplets of 10 μL were utilized in order to achieve their gentle attachment on the surfaces. 

Sessile contact angle titrations were repeated five times for each sample.  

The velocity of the water droplets motion was calculated as well as the restitution coefficient. 

The restitution coefficient, can be defined as the ratio of the centre of mass velocity just after 

impact, to that just before impact.11 

4.4.2.1. Wettability of surfaces with 10o tilted spikes  

In this work, the CAH of the superhydrophobic surfaces was very low (2°) and the droplet 

could hardly stay on the surface during the experiment. Figure 4.20 shows a representative 

water drop contact angle for 10° tilted spikes. 
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Figure 4.20. Representative water drop contact angle for 10° tilted spikes. 

The contact angle for Si tilted spikes with an angle of irradiation of 10°, was found to be 171 

± 2°. It has to be mentioned here that the static contact angle and CAH of a lotus leaf are 

about 164° and 3°, respectively.78  

Following the static contact angle measurements, bouncing droplet experiments were 

performed. For this purpose, a 10 μL droplet fell on the surface from 4 mm height. In order to 

check of there is any directionality, droplets fell on different points of surface and by altering 

the orientation of the surface. Figure 4.21 shows snapshots of a droplet, bouncing on the 

surface with 10° tilted spikes, in the direction of the spikes.  
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Figure 4.21. Selected snapshots of the impact and rebound of water drops on artificial 

surfaces of Si tilted spikes with an angle of irradiation of 10°. 

According to Figure 4.21, the droplet hit the surface under an impact velocity of 0.28 m/s and 

then it started to roll off. The impact velocity was calculated just prior to the droplet hitting 

on the surface. Finally, the droplet sat on the surface, without running the whole irradiated 

surface and with high contact angle, which suggests the formation of solid-air-liquid 

interface.  The velocity of the droplet motion was found to be 0.018 m/s and the restitution 

coefficient was 0.58. 

Furthermore, it cannot be negligible the fact, that after repetition of the experiment, the 

droplet always was running unidirectional, following the orientation of the spikes. In order to 

prove this, the experiment was repeated with the droplet falling on the other side of the 

surface (Figure 4.22).  
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Figure 4.22. Selected snapshots of the impact and rebound of water drops on artificial 

surfaces of Si tilted spikes with an angle of irradiation of 10°. 

 
180 



Chapter 4 
Anisotropic directionality on patterned surfaces 
 

 
As it can be noticed from Figure 4.22, the droplet prefers to move in the direction of the 

spikes, independently of the point of fall. So, it can be concluded, that surfaces with 

directional anisotropy were successfully fabricated. In order to optimize the system, the study 

was followed with the 10° tilted spikes. 

4.4.2.2. Wettability of surfaces with 20o tilted spikes 

Figure 4.23 shows a representative water drop contact angle for 20° tilted spikes. Also in this 

case, the droplet could hardly stay on the surface during the experiment. 

 

Figure 4.23. Representative water drop contact angle for 20° tilted spikes. 

The contact angle for Si tilted spikes with an angle of irradiation of 20°, was found to be 169 

± 2°. The surface was superhydrophobic with no hysteresis and the droplet could not 

equilibrate on the surface. Apparent contact angle measured not only from one side but from 

different directions including top view and no noticeable difference was observed.  

Following the static contact angle measurements, bouncing droplet experiments were 

performed. For this purpose, a 10 μL droplet fell on the surface from 4 mm height. In order to 

check of there is any directionality, droplets fell on different points of surface and by altering 

the orientation of the surface. Figure 4.24 shows snapshots of a droplet, bouncing on the 

surface with 20° tilted spikes, in the direction of the spikes. 
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Figure 4.24. Selected snapshots of the impact and rebound of water drops on artificial 

surfaces of Si tilted spikes with an angle of irradiation of 20°. 

According to Figure 4.24, the droplet hit the surface, first deformed and then retracted and 

bounced on the surface. In contrast to the 10° tilted spikes, the droplet could not sit on the 

surface and it runs the whole irradiated surface (10 cm) without stopping. The droplet stops 

only after attaching the flat silicon area. The velocity of the droplet motion was found to be 

0.013 m/s and the restitution coefficient was 0.88.  

Moreover, the droplet was running unidirectional, following the orientation of the spikes. The 

experiment was performed a couple of times and the result was always the same; anisotropic 

superhydrophobic surface with no adhesion and with unidirectional motion.  In order to prove 

this, the experiment was repeated after changing the direction of the surface (Figure 4.25). 

 

     

Figure 4.25. Selected snapshots of the impact and rebound of water drops on artificial 

surfaces of Si tilted spikes with an angle of irradiation of 20°. 

According to the snapshots of Figure 4.25, by altering the direction of the spikes, the droplet 

motion is changing, which proves that the orientation of the droplet was not random.  
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4.4.2.3. Wettability of surfaces with 30o tilted spikes. 

Next, the wettability of the 30° tilted spikes was studied. Initially contact angle measurements 

were performed utilizing the sessile drop method (Figure 4.26). 

 

Figure 4.26. Representative water drop contact angle for 30° tilted spikes. 

The contact angle value for the 30° tilted spikes is almost the same as in the previous cases of 

10° and 20° tilted spikes. The roll-off behavior of the 30o tilted spikes was also investigated. 

Figure 4.27 shows snapshots of a droplet, bouncing on the surface with 30° tilted spikes, in 

the direction of the spikes. 

 

 

 

 

 

 
184 



Chapter 4 
Anisotropic directionality on patterned surfaces 
 

 

 

t = 0 s 

 

t = 0. 016 s 

  

t = 0.032 s 

 

t = 0.048 s 

 

t = 0.064 s 

 

t = 0.08 s 

 

t = 0.096 s 

 

t = 0.112 s 

 

t = 0.128 s 

 

Figure 4.27. Selected snapshots of the impact and rebound of water drops on artificial 

surfaces of Si tilted spikes with an angle of irradiation of 30°. 

Figure 4.27 shows that the droplet hit the surface, first deformed and then retracted and 

bounced on the surface. As happened with the 20° tilted spikes, the droplet could not sit on 

the surface and it run the whole irradiated surface without stopping. The velocity of the 

droplet motion was found to be 0.08 m/s, which is approximately six times larger than the 

value of the 20° tilted spikes and the restitution coefficient was 0.9. 

Moreover, the droplet was running unidirectional, following the orientation of the spikes. The 

experiment was performed a couple of times and the result was always the same; anisotropic 

superhydrophobic surface with no adhesion and with unidirectional motion.  The experiment 

was repeated with the droplet falling on the other side of the surface (Figure 4.28) . 
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Figure 4.28. Selected snapshots of the impact and rebound of water drops on artificial 

surfaces of Si tilted spikes with an angle of irradiation of 30°. 

As it can be noticed from Figures 4.27 and 4.28 the droplet prefers to move in the direction of 

the spikes, independently of the point of fall. So, it can be concluded, that surfaces with 

directional anisotropy were successfully fabricated. 

4.4.2.4. Wettability of surfaces with 45° tilted spikes. 

Figure 4.29 shows a representative contact angle measurement of 45° tilted spikes. 

 

Figure 4.29. Representative water drop contact angle for 45° tilted spikes. 

The results in the case of 45° tilted spikes are completely different. The surface is not 

superhydrophobic, exhibits high contact angle (105°) and high adhesion. The hysteresis was 

calculated approximately 17 ± 2°. This was an expected result from the surface 
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characterization. Taking into account the SEM images, there are no hierarchically structures 

and their morphology resembles more ripples with tips than spikes. However, there was an 

anisotropic behavior observed, by measuring the sliding angle. When the droplet motion was 

in the direction of the spikes, the sliding angle was found to be 39°. On the contrary, when the 

droplet motion was opposite to the direction of the spikes, the sliding angle was about 49o. 

This can be explained by the anisotropy of the surface, which results in a preferential drop 

motion. 

4.5. Conclusions 

In summary, superhydrophobic surfaces were developed, non-adhesive, with directional 

droplet roll-off behavior. To the best of our knowledge, this is the first work, referring to 

tilted spikes, treated with fs-laser. In this work, Si substrates were treated with femto-second 

Laser in order to achieve the dual-scale roughness. However, the irradiation was not 

performed in a conventional way, but at a tilt angle. The substrate was tilted and as a result, 

the laser beam was not pointed perpendicular to the surface. This procedure led to the 

formation of tilted periodic spikes. Such surfaces after a silanization process exhibit 

anisotropic wettability, with a droplet motion on the direction of the spikes. It was observed 

that the velocity of the droplet motion was different, depending on the chosen tilt angle.  

 

 

 

 

 
187 



Chapter 4 
Anisotropic directionality on patterned surfaces 
 

 

B) Unidirectional wetting of surfaces with 

macro-, micro- and nano- structuring 

 

4.6. Introduction 

Anisotropic wettability has attracted much interest more recently. There are a lot of works in 

the literature to the directional wettability of groove-patterned surfaces.22,53,56,79 Wu and  co-

workers showed that the wetting behavior on groove structures depends on the period and 

height of the pattern.56 Micrometer-width grooves of five different dimensions were 

fabricated on PMMA substrates using hot embossing were developed by Yang et al.79 

Moreover, anisotropy has been achieved by imprinting hierarchical structures on groove-

patterned surface, which allows the tuning of anisotropy without chemical treatment.53 

Furthermore, unidirectional control of anisotropic wetting was achieved through modification 

of PDMS microstructures.22 

However, as mentioned in the previous section, there are few reports referring to single 

direction of liquid flow. Previously, non-adhesive superhydrophobic surfaces, with 

directional droplet roll-off behavior were described. In this work, a third level of macro-

structuring will be introduced by patterning the inorganic surfaces using photolithography in 

order to enhance the anisotropic wetting behavior. Si substrates, patterned with grooves, will 

be irradiated with fs laser at a tilt angle as described before. These surfaces exhibit 

superhydrophilic directionality after thermal oxidation and superhydrophobic directional 

wettability after silanization. The effect of the depth and the diameter of the grooves on the 

final contact angle were investigated. 
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4.7. Experimental Part 

4.7.1. Surface manufacturing with photolithography 

The groove-patterned surfaces were developed by the  Micro/Nano Electronics group of 

FORTH.  Generally, the grooves were defined using positive photolithography (AZ5214). A 

Silicon (100) low resistivity n-type wafer was used to fabricate the groove patterned surfaces. 

To realize the hard mask for subsequent plasma etching of Silicon, 200nm of Aluminum was 

deposited by evaporation and lift-off in acetone. To transfer the pattern onto the Silicon 

surface, fluorine chemistry plasma etching (Vacutec Reactive Ion etching reactor) was used to 

reach a depth of 50μm.  Subsequently, the aluminum hard mask was removed by wet etching 

in hydrofluoric acid 10%. 

4.7.2. Surface manufacturing with fs laser  

Si substrates, patterned with grooves, were utilized as substrates for the fabrication of Si 

spikes. Microstructuring of Si surfaces was performed by femtosecond (fs) laser (Yb:KGW) 

under a reactive gas (SF6) atmosphere at a pressure 500 Torr. The irradiation source was 

adjusted at a repetition rate of 1 kHz and pulse duration of 170 fs at a wavelength of 1026 nm. 

The fluence selected was 0.7 J/cm2 and the y step distance was 16 μm. The samples were kept 

in a chamber, mounted on a high precision X-Y translational stage at a tilt angle to the 

incident laser beam, as described in Figure 4.11. The samples were deposited with the 

grooves perpendicular to the laser beam scanning so that the tilted spikes would have the 

same orientation with the channels.  
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4.7.3. Silanization process of the surfaces  

Samples treated with fs laser were cleaned in ultrasonic baths, as described in the section 

4.2.2. Afterwards, the samples were placed in a flask containing 0.5 ml of 

dimethyldichlorosilane ((CH3)2SiCl2, DMDCS) reagent and the hydrophobized surfaces were 

rinsed with toluene (two aliquots), ethanol (three aliquots), 1:1 ethanol/water (two aliquots), 

deionized water (two aliquots), ethanol (two aliquots), and deionized water (three aliquots). 

Finally the samples were dried in a clean oven at 120°C for 45 minutes.11 

4.7.4. Thermal Oxide growth process on Silicon 

A method to alter the wettability of the surface making it super-hydrophilic is to grow an 

oxide layer onto the silicon samples. For this reason, the samples were placed in a box 

furnace and heated at 1000°C for 60 min in air, resulting in a ~100nm thick oxide layer. 

4.7.5. Wettability of the prepared samples  

Wettability tests were performed using a surface tensiometer (OCA-40, Dataphysics) utilizing 

the sessile drop method.74  Sessile contact angle titrations were repeated five times for each 

sample.   

Furthermore, the roll-off angle of the sessile drop was measured. This was performed through 

a device unit, which allows the motor-driven and software controlled inclination of the 

instrument up to an angle of 90°. In cases that drop bouncing occurred, the velocity of the 

droplet motion was also calculated.  
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4.8. Results and Discussion 

4.8.1. Surface characterization 

Grooves were defined using positive photolithography (AZ5214). The pattern consisted of 

long stripes with different dimensions as described in the table below.  

Table 4.1. Dimensions of the Si grooves-patterned surfaces.  

Sample 
Distance between the barriers 

(μm) 
Width of barrier (μm) 

Grooves A 1510 616 and 304 (two barriers) 

Grooves B 231 171 

Grooves C 124 76.7 

From now on, the sample with 616 μm and 304 μm barriers separated by distance of 1.51 μm, 

will be called “Grooves A”, the sample with 171 μm separated by distances of 231 μm 

“Grooves B” and the sample with 76.7 μm separated by distances 124 μm of “Grooves C”. 

Figures 4.30-4.32 show the SEM image of “Grooves A, B, and C” respectively.  

 

Figure 4.30. SEM image of Si substrate, patterned with “Grooves A”. 
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Figure 4.31. SEM image of Si substrate, patterned with “Grooves B”. 

 

   

Figure 4.32. SEM image of Si substrate, patterned with “Grooves C”. 

All the above surfaces, patterned with grooves, were irradiated with fs laser at 30° tilt angle 

as described in the experimental part (Figure 4.33). Taking into account the results of section 

A, the 30° tilted spikes exhibit the directional wettability with the highest velocity.  

  

Figure 4.33. Top-view (left) and 45-degree-vew (right) SEM characterization of Grooves A 

patterned with 30° tilted spikes. 
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4.8.2. Wettability of surfaces after thermal oxidation 

Grooves A patterned with 30° tilted spikes were subjected to thermal oxidation, as described 

in the experimental part. Figure 4.34 shows snapshots of a 3 μL droplet, rolling on the surface 

with 30° tilted spikes, in the direction of the pattern. 

 

t = 0 sec 

 

t = 0.015 sec 

 

t = 0.03 sec 
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t = 0.315 sec 
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t = 0.345 sec 

 

Figure 4.34. Selected snapshots of a 3 μL droplet, rolling on the surface with 30° tilted 

spikes, in the direction of the pattern. 
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Figure 4.34 shows the superhydrophilic behavior of the surface with directional spreading of 

the droplet between the two barriers and in the direction of the tilted spikes. The droplet runs 

along the channel of 10 mm in 0.345 sec, which means that it runs with a high velocity of 

approximately 0.29 m/s. The same procedure was repeated with conventional spikes on 

grooves, as a reference, and the spreading of the drop was directional along the channel, but 

half velocity.  

4.8.3. Wettability of surfaces after silanization 

Figure 4.35 shows a representative contact angle measurement of Grooves A patterned with 

30° tilted spikes after silanization. 

 

Figure 4.35. Representative contact angle measurement of Grooves A patterned with 30° 

tilted spikes after silanization. 

The 10 μL droplet “sits” between the two barriers with high contact angle of approximately 

140°. Droplet with less volume could not be stabilized on the surface, because it was 

superhydrophobic without hysteresis. However, the10 μL did not start rolling off but it was 

stabilized between the two barriers.  

In order to check if there is any anisotropic behavior, the sliding angle was measured in both 

directions, parallel and perpendicular to the grooves. This was performed through a device 

unit, which allows the motor-driven and software controlled inclination of the instrument up 

to an angle of 90°. Figure 4.36 shows selected snapshots from the sliding angle measurement, 
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with the droplet motion parallel to the channel of the Grooves A patterned with 30o tilted 

spikes.  

     

     

Figure 4.36. Selected snapshots from the sliding angle measurement, with the droplet motion 

parallel to the channel of the Grooves A patterned with 30° tilted spikes. 

Figure 4.36 shows that the drop rolls off immediately at 2° inclination of the device in the 

direction of the channel and spikes. The opposite case is depicted in Figure 4.37, where the 

droplet motion is perpendicular to the grooves.  

     

     

     

Figure 4.37. Selected snapshots from the sliding angle measurement, with the droplet motion 

perpendicular to the channel of the Grooves A patterned with 30° tilted spikes. 

Comparing Figures 4.36 and 4.37, the behavior is completely different. In the latter case, the 

droplet could hardly “walk” perpendicular to the grooves and the sliding angle is about 17°. 
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Furthermore, it seems that the droplet “climbs” the barrier in order to move, without losing its 

shape. Initially, the droplet is being reformed, as it “tries to climb” the barrier, but after the 

whole droplet is above the barrier, then it gains its initial shape again. These results prove the 

anisotropic behavior of the surfaces and their directional superhydrophobic wetting along the 

pattern.  

Following that, the wetting properties of Grooves B patterned with 30° tilted spikes were 

investigated. Figure 4.38 depict the water drop on the Grooves B patterned with 30° tilted 

spikes in three different magnifications.  

   

Figure 4.38. Representative contact angle measurement of Grooves B patterned with 30o 

tilted spikes after silanization. 

The surface is superhydrophobic (CA ̴ 150°) with no hysteresis. The droplet is deformed due 

to the effect of gravity. However, this is unavoidable, as smaller droplets could not be 

stabilized on the surface. Moreover, it can be observed that the droplet sits on the surface with 

trapped air underneath, which supports the Cassie–Baxter model. 

Next, the roll-off behavior of the droplet was studied. Figure 4.39 shows  selected snapshots 

for the bouncing droplet on the Grooves B patterned with 30° tilted spikes after silanization. 
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Figure 4.39. Selected snapshots of the impact and rebound of water drops on Grooves B 

patterned with 30° tilted spikes. 

According to Figure 4.39, the droplet hits the surface, it first deforms and then retracts and 

bounces on the surface without stopping. The velocity of the droplet motion was found to be 

0.07m/s, which is very close to the velocity value without the grooves.  

Moreover, the droplet ran unidirectional following the orientation of the spikes. The 

experiment was performed a couple of times and the result was always the same; anisotropic 

superhydrophobic surface with no adhesion and with unidirectional motion.   
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Finally, the behavior of the Grooves C patterned with 30° tilted spikes was investigated. 

Figure 4.40 depict the water drop on the Grooves C patterned with 30° tilted spikes. 

 

Figure 4.40. Representative contact angle measurement of Grooves C patterned with 30° 

tilted spikes after silanization. 

The surface is superhydrophobic (CA ̴ 150°) with no adhesion. The droplet is deformed also 

in this case, due to the effect of gravity. Moreover, the droplet sits on the surface with trapped 

air underneath, which supports the Cassie–Baxter model. 

Afterwards, the roll-off behavior of the droplet was studied. Figure 4.41 shows selected 

snapshots for the bouncing droplet on the Grooves C patterned with 30° tilted spikes after 

silanization. 
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Figure 4.41. Selected snapshots of the impact and rebound of water drops on Grooves C 

patterned with 30o tilted spikes. 

Figure 4.41 shows the droplet hitting the surface and starting bouncing on it. Finally, the 

droplet stoped on the surface, without running the whole irradiated surface and with high 

contact angle, which suggests the formation of solid-air-liquid interface.  Moreover, the 

droplet ran unidirectional following the orientation of the spikes. The experiment was 

performed a few times and the result was always the same; anisotropic superhydrophobic 

surface with no adhesion and with unidirectional motion.   
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4.9. Conclusions 

Anisotropic wettability has attracted much interest recently. In this work, a third level of 

macro-structuring was introduced by patterning the inorganic surfaces using photolithography 

in order to enhance the anisotropic wetting behavior. Si substrates, patterned with grooves, 

were irradiated with fs laser at a tilt angle. These surfaces exhibit superhydrophilic 

directionality after thermal oxidation, and superhydrophobic directional wettability, after 

silanization. The effect of the characteristics of the grooves on the final contact angle was 

investigated. 

C) Anisotropic surfaces with high adhesion 

and unidirectional properties 

4.10. Introduction 

Although superhydrophobic surfaces with high adhesion have been developed for 

microfluidic applications, there are still some technological difficulties. It still remains a 

challenge to directly manipulate liquids without any leaks.33 Anisotropic patterns can 

eliminate the water losses by controlling the droplet motion.59 Among the anisotropic 

structures, stripes have been widely studied, due to their simplicity.23 Malvadkar et al. 

developed “pin-release” surfaces with anisotropic adhesive wetting properties.58 Anisotropic 

wetting has been also achieved by submicrometer-scale grooved structures, developed on 

polymer films.52 The anisotropic contact angle hysteresis has been investigated by Gleiche 

and his co-workers.80 

In this work, superhydrophilic and superhydrophobic surfaces with high unidirectional 

hysteresis were developed. For this purpose, the irradiation of Si wafers was performed at a 

tilt angle. The substrate was tilted and as a result, the laser beam was not pointed 
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perpendicular to the surface. This procedure led to the formation of tilted periodic spikes. 

Such surfaces after a silanization process exhibit anisotropic wettability, with a droplet 

motion in the direction of the spikes. In order to achieve the high hysteresis, a laser beam with 

central wavelength of 800 nm was utilized and the different parameters of laser irradiation 

were investigated. 

4.11. Experimental part 

4.11.1. Surface manufacturing with fs laser 

The experimental procedure for the femtosecond-laser microstructuring silicon involves 

several variable parameters, which have been discussed in the previous section (4.2.1). As 

this is the first work referring to tilted spikes, the fundamental investigation of the effect of 

different parameters was needed for both wavelengths.  

The irradiation of n-type  silicon wafers (Si(100), resistivity ρ = 2 – 8 Ω ·m) was performed 

with a regenerative amplified Ti:Sapphire laser (100 fs, central wavelength 800 nm, 

delivering 180 fs pulses at a repetition rate of 1 kHz) in 0.65 bar of SF6. Si substrates were 

irradiated with a fs laser at different tilt angles and the effect of fluence, step distance in the y-

direction, repetition rate and the scanning speed were investigated. Furthermore the effect of 

HF treatment was studied. 

4.11.2. Surface silanization 

Samples, after irradiation were cleaned in ultrasonic baths of trichloroethylene, acetone and 

methanol followed by a 10% HF v/v aqueous treatment in order to remove the oxide grown 

on the surface.11 Afterwards, the samples were placed in a flask containing 0.5 ml of DMDCS 

reagent. The vapor-phase reactions were carried out as described in section 4.2.2. 
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4.11.3. Surface wettability 

Wettability tests were performed using a surface tensiometer (OCA-40, Dataphysics) utilizing 

the sessile drop method.74  Sessile contact angle titrations were repeated five times for each 

sample.   

Advancing and receding contact angles were determined by adding / removing volume to the 

drop dynamically. The maximum angle achieved, by increasing the solid/liquid interfacial 

area, is the advancing contact angle. The receding contact angle is the smallest possible angle, 

without decreasing its solid/liquid interfacial area, determined by removing volume from the 

drop dynamically.16 The contact angle hysteresis was defined as the difference between the 

advancing and receding contact angle for a contact line moving to an opposite direction.75–77  

4.12. Results and Discussion 

4.12.1. Surface characterization  

4.12.1.1. Effect of fluence 

In this section the morphology of the spikes was examined at different laser fluencies. 

Samples were irradiated at a tilt angle 30o with fluencies varying from 0.53 to 2.4 J · cm-2. 

Figure 4.42 shows the top-view SEM images of the samples, taken parallel to the laser 

irradiation (left column) and perpendicular to the laser irradiation (right column).  
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irradiation. 
SEM is taken perpendicular to the laser 

irradiation. 
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Figure 4.42. Top-view scanning electron micrographs comparing surface morphology for 

different fluencies: a) 0.54 J · cm-2, b) 1.2 J · cm-2, c) 1.6 J · cm-2, d) 2.1 J · cm-2 and e) 2.4 J · 

cm-2. The insets show a greater magnification of the same areas. 

Figure 4.42 shows that with increasing fluence (at constant shot number), the morphology 

goes from laser induced periodic surface structures to a coarsened surface to sharp 

microstructures. At a fluence of 0.54 J · cm-2, conical microstructures are developed. As the 

fluence is increased from 0.54 to 1.2 J · cm-2, an increase in the height and the density of the 

spikes is observed. For fluencies above 1.2 J · cm-2, the surface morphology looks very 

similar with a small increase in microstructure height and density. Comparing the images of 

the left and right columns, it can be concluded that the shape of spikes is asymmetric, as one 

side is more broaden.   

Comparing the representative spikes of 1026 nm and 800 nm irradiation (Figures 4.12 and 

4.42), it is obvious that the laser wavelength also affects the final morphology of the 

microstructures. The spikes are smaller, more dense and smoother for the 800 nm irradiation.  

4.12.1.2. Effect of y step distance 

In this section the morphology of the spikes was examined at different step distances in the y-

direction, by altering the step of irradiation at the y axis. Samples were irradiated at a tilted 

angle 30° and 45° with fluence 2.1 J · cm-2.  Figure 4.43 and 4.44 depict the characterization 

of substrates, irradiated at a tilt angle 30° and 45°respectively, with scanning electron 

microscopy. 

e 
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Top-view SEM images. 45-degree-vew SEM images. 

  

  

  

  

Figure 4.43. Top-view (left) and tilted-view (right) scanning electron micrographs, of 

samples irradiated at a tilt angle 30°, comparing the surface morphology by increasing the 

step distance in the y-direction: a) 10 μm, b) 15 μm, c) 20 μm and d) 25 μm. 
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Top-view SEM images. 45-degree-vew SEM images. 
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Figure 4.44. Top-view(left) and tilt-view (right) scanning electron micrographs, of samples 

irradiated at a tilt angle 45°, comparing the surface morphology by increasing the step 

distance in the y-direction: a) 10 μm, b) 15 μm, c) 20 um d) 25 μm and e) 30 μm. 

Figures 4.43 and 4.44, the y step distance affects the size and the density of the spikes.  In all 

cases the spikes are ordered, uniform and they have conical shape. However, by increasing 

the y step distance, the density of the spikes is higher and the structures are shorter and 

thinner.  

4.12.1.3. Effect of HF 

Samples, after irradiation were cleaned in ultrasonic baths of trichloroethylene, acetone and 

methanol followed by a 10 % HF v/v aqueous treatment in order to remove the oxide grown 

on the surface. 

   

Figure 4.45. Top-view(left) scanning electron micrographs of samples irradiated at a tilt 

angle 30°, comparing the surface morphology after immersion of samples at HF 10 % v/v 

solution for: a) 0.5 h, b) 2 h and c) 4 h. 

The exposure to HF solution does not affect the morphology of the spikes. The structures are 

stable and their shape and size did not change even after 4 h of immersing in 10% v/v HF 

aqueous.  

a b c 
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4.12.2. Wettability of surfaces 

4.12.2.1. Wettability after thermal oxidation 

Samples were placed in a box furnace and heated at 1000°C for 60 min in air, resulting in a 

thick oxide layer. Figure 4.45 and 4.46 depict selected snapshots of a 10 μL droplet, rolling 

on the surface with 30° tilted spikes, opposite to the direction and in the same direction of the 

pattern respectively. 

 

t = 0 sec 

 

t = 4 sec 

 

t = 8 sec 

 

t = 12 sec 

 

t = 16 sec 

 

t = 20 sec 

 

t = 24 sec 

 

t = 28 sec 

 

t = 32 sec 

 

t = 36 sec 

 

t = 40 sec 

 

t = 44 sec 

 

t = 48 sec 

 

t = 52 sec 

 

t = 56 sec 

 

t = 60 sec 

 

Figure 4.46. Selected snapshots of a 10 μL droplet, spreading on the surface with 30° tilted 

spikes, opposite to the direction of the pattern. 
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t = 0 sec 

 

t = 1 sec 

 

t = 2 sec 

 

t = 3 sec 

 

t = 4 sec 

 

t = 5 sec 

 

t = 6 sec 

 

t = 7 sec 

 

t = 8 sec 

 

t = 9 sec 

 

t = 10 sec 

 

t = 11 sec 

 

Figure 4.47. Selected snapshots of a 10 μL droplet, spreading on the surface with 30° tilted 

spikes, in the direction of the pattern. 

Comparing Figures 4.46 and 4.47, it can be concluded that there is a directionally of the 

droplet spreading, depending on the orientation of the spikes. In both cases the droplet 

spreads on the surface. However, when the droplet motion is in the opposite direction of the 

spikes, the spreading velocity is 2 mm/s, while in the direction of the tilt, the spreading 

velocity is 9 mm/s.     

4.12.2.2. Wettability after the silanization process  

Figure 4.48 shows a representative contact angle measurement of Si substrate with 30° tilted 

spikes after silanization. 

 
209 



Chapter 4 
Anisotropic directionality on patterned surfaces 
 

 

 

Figure 4.48. Representative contact angle of Si substrate irradiated at a tilted angle 30°. 

In order to check if there is anisostropic hysteresis in the surfaces, the samples with the 30° 

tilted spikes was deposited in an inclined plate, with the angle varying from 30° to 180°. The 

sample was deposited in both directions of the spikes and the results were compared.  Figures 

4.49-451 show the representative water drops for the 30°, 45°, 60°, 90° and 180° angle of 

inclination of the sample.  
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Figure 4.49. Representative water drops on the 30° tilted spikes, for the 30°, 45° and 60° 

angle of inclination of the sample plate. 
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Figure 4.49 shows that the droplets exhibit a lower difference between advancing and 

receding angle, in the direction coinciding with the tilted spikes, than in the direction against 

the tilted spikes. This behavior becomes more enhanced by increasing the angle of inclination 

of the plate.  

Orientation of spikes 

  

 
 

Figure 4.50. Representative water drops of the 30° tilted spikes, for the 90° inclined plate. 

Figure 4.50 confirms the fact that the droplets placed onto the microstructured surfaces 

exhibit a lower CAH in the direction of the spikes. When the spikes are positioned pointing 

up, the difference between the two angles is 37°. In the opposite scenario that the spikes are 

positioned pointing down, this difference is only 23°. 
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Figure 4.51. Representative water drops of the 30° tilted spikes, for the 180° inclined plate. 

The surface with 30° tilted spikes exhibit a superhydrophobic behavior with high adhesion, 

even when the tilted plate is inverted.  

The anisostropic hysteresis in the surfaces, with the 45° tilted spikes was also examined. 

Figures 4.52-4.54 show the representative water drops for the 30°, 45°, 60°, 90° and 180° 

angle of inclination of the same plate. 
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Figure 4.52. Representative water drops of the 45o tilted spikes, for the 30o, 45o and 60o 

angle of inclination of the same plate. 
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Figure 4.52 shows that droplets exhibit a lower difference between advancing and receding 

angle, in the direction coinciding with the tilted spikes, than in the direction against the tilted 

spikes. This behavior is more enhanced by increasing the angle of inclination of the plate. 

This phenomenon seems to be enhanced in the case of 45° tilted spikes, comparing to the 

results of 30° tilted spikes. 

  

  

Figure 4.53. Representative water drops of the 45° tilted spikes, for the 90° inclined plate. 

Figure 4.53 confirms the fact that the droplets placed onto the microstructured surfaces 

exhibit a lower CAH in the direction of the spikes. When the spikes are positioned pointing 

up, the difference between the two angles is 45°. In the opposite scenario that the spikes are 

positioned pointing down, this difference is only 16°. Comparing to the 30° tilted spikes, the 

anisotropic behavior is more pronounced in the case of 45° tilted spikes, as the effect of the 

spikes orientation is enhanced.  
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Figure 4.54. Representative water drops of the 45° tilted spikes, for the 180° inclined plate. 

The droplet remains “stuck” to the surface even when the sample is inverted. This proves the 

adhesion and the high hysteresis of the structures.  

Afterwards, advancing and receding angle were measured for 30° and 45° tilted spikes.  

 

  

Figure 4.55. Advancing (left) and receding (right) contact angle measurement for the 30° 

tilted spikes. 

 
216 



Chapter 4 
Anisotropic directionality on patterned surfaces 
 

 
According to Figure 4.55, as soon as the droplet touches the surface, it shows an obvious shift 

to the direction of the spikes. In the same way the droplet recedes, which proves the existence 

of controllable anisotropic behavior.  

 

  

Figure 4.56. Advancing (left) and receding (right) contact angle measurement for 45° tilted 

spikes. 

The 45° tilted spikes exhibit similar behavior with the 30° tilted spikes. There is a directional 

hysteresis on both samples.  

4.13. Conclusions 

Although, a vast number of anisotropic surfaces have been developed for microfluidic 

applications, there are still some technological difficulties. In this work, superhydrophilic and 

superhydrophobic surfaces with high unidirectional hysteresis were developed. This was 

achieved by the irradiation of Si wafers (central wavelength of 800 nm) at a tilt angle, 30° or 

45°. Such surfaces after a silanization process exhibit anisotropic wettability, with a 

directional hysteresis. This phenomenon was enhanced in the case of 45° tilted spikes. Such 
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surfaces have many applications, such as in liquid transportation without loss and in the 

analysis of very small volumes of liquid samples. 
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Chapter 5 

5.  Covalent immobilization of metal 

nanoparticle containing microgels onto solid 

substrates 

5.1.  Introduction 

Hydrogels are three-dimensional insoluble polymers, chemically or physically crosslinked, 

that are able to absorb large amounts of water.
1–8

 Hydrogels in the form of colloidal gels with 

sizes between 100 nm and 1000 nm, are known as microgels.
1–3,5,9–13

 The smart polymer 

microspheres have attracted great research interest due to their reversible changes in response 

to external stimuli such as temperature, pH, solvent quality, electric field, magnetic force, 

mechanical stress, ionic strength and light.
3–5,8–10,13–17

 Accordingly, microgels can find 

numerous applications in energy, medicine, nanobiotechnology, light emitting devices, 

photovoltaics, detectors and biolabels,
2,3

 in the fabrication of microlenses, in biosensors, in 

cosmetics
18

 as well as in cell immobilization.
3,7,11,14,17,19–22

 Their small size, extended 

circulating time, biocompatibility as well as their ability to incorporate drug molecules within 

the polymer network make them attractive for use in drug delivery.
3–5,16,21

 Furthermore, such 

stimuli responsive microspheres can be utilized as thickeners, in waste removal
3,16,23

 and for 

material reinforcement.
24
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pH-sensitive microgels have been frequently used in drug release formulations.
3,6,23,25–28

 The 

elicitation behavior of the pH sensitive polyelectrolyte microgels arises from the difference 

between the pH in the stomach (<3) and the pH in the intestine.
25,26

 Polycationic mirogels, 

based on 2-(dimethylamino)ethylmethacrylate (DMAEMA), are used for drug release in the 

stomach,
25

 while polyanionic microgels made of poly(acrylic acid) (PAA) or poly(methacrylic 

acid) (PMAA) can be used for the release of drugs in neutral environment.
12,25,29,30

  

Moreover, pH-responsive microgels have gained attention in the field of catalysis, as they can 

be utilized as microreactors for the incorporation of nanoparticulate catalysts.
6,7,12,23,31–35

 

Nowadays, the continuous requirement for high quality pharmaceutical products (such as 

vitamins), the necessity for a more “green” chemistry and “clean” technology processes and, 

at the same time, the need for a lower cost production, can come across only through a 

complete rethinking of the chemical production processes. Metal nanoparticles such as silver 

(Ag), platinum (Pt), copper (Cu), ruthenium (Ru), palladium (Pd) and gold (Au) have been 

extensively incorporated into microgels for use in catalysis.
12,31,36

 Metallic particles are not 

stable in aqueous solutions as they have the tendency to aggregate. As a result, a stabilizing 

agent or a carrier system is necessary for their stabilization. Compared to other systems, 

microgels offer certain advantages such as higher interfacial area per unit mass of the 

hydrogel,
37

 colloid stability, controllable growth of particles and desired funciontality.
5,31-35

 

However the hybrid nanoparticulate catalysts should also exhibit the suitability to flow 

chemistry. It is important to achieve the covalent immobilization of pH-responsive microgels 

under microfluidic flow conditions for their efficient implementation in mild industrial 

catalytic processes.
38–40

 In the research community there are a lot of works referring to the 

immobilization of polymer networks onto surfaces, but none of them deal with the stability of 

the system under flow conditions.
41–49

 In this work, the immobilization of the microgels was 

initially performed by conventional dip or drop casting as well as with the Pickering emulsion 
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and Vortical surface method.
12

 However, these methods led to low homogeneity and multi-

layer structures. For this purpose,  microgels were immobilized onto glass substrates using the 

amine coupling chemistry.
19

 The immobilized microgels were subjected to environmental 

changes (heating temperature, heating time, flow rate and pH) in order to examine their 

stability under microfluidic flow conditions for their efficient implementation in mild 

industrial catalytic processes. The surfaces after the immobilization of the microgel 

nanoparticles were studied by Scanning Electron Microscopy (SEM). Afterwards, the 

catalytic behavior of the synthesized metal containing microgels was studied through a model 

hydrogenation reaction.  

5.1.1. Polymeric microgels 

Microgels, first reported from Baker, as new “polymer molecules” with intramolecularly 

cross-linked structures,
50

 can be defined as solvent-containing colloidal polymer networks that 

can swell or deswell in response to one or more external stimuli (pH, temperature, ionic 

strength, electric or magnetic field, light and/or chemical and biological stimuli).
17,51

 Graham 

and his co-workers showed that the solvent solubility parameters are of great importance for 

the synthesis of microgels.
52

 The polymer-like nature of the microgels enables them to control 

their shape, size and the suspension volume fraction.
51

 Another advantage they exhibit, in 

comparison to other nanostructures, is their stability due to the crosslinking.
53

 Furthermore, 

therapeutic agents can be introduced to the polymer network for targeted delivery.
53

 

This work focuses on pH-responsive microgels, based on poly(acrylic) acid (PAA), 

poly(methacrylic acid) (PMAA) and poly(2-(diethylamino)ethylmethacrylate) (PDEAEMA).  

 

5.1.2. Synthesis of the microgels 
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The microgels were synthesized utilizing with emulsion polymerization, by the group of Prof. 

M. Vamvakaki. Emulsion polymerization was first presented at 1942, during World War II, 

for producing synthetic rubbers from 1,3-butadiene and styrene.
54–56

  

During the procedure, three types of particles are present: monomer droplets, inactive micelles 

in which polymerization is not occurring, and active micelles in which polymerization takes 

place. The latter act as meeting place for the organic monomer (oil-soluble) and the water-

soluble initiator. Micelles are favored for the reaction, due to the high total surface area. 

During the process, the micelles are growing by the addition of monomers from the aqueous 

solution. The schematic presentation of the emulsion polymerization system is shown in 

Figure 5.1.
54

  

 

Figure 5.1. Schematic presentation of emulsion polymerization system.
54

 

 

Comparing to bulk polymerization, emulsion polymerization has several advantages. 

Viscosity is not a significant parameter, as the polymer molecules are contained within the 



Chapter 5 Covalent immobilization of metal nanoparticle containing microgels onto solid substrates 

 

 
229 

micelles. The reaction temperature can be controlled by the continuous water phase, which is 

an excellent conductor of heat. Furthermore, high molecular weight polymers can be achieved 

without decreasing the polymerization rate.  Moreover the final products, latexes, can be 

utilized in many cases directly, without further separations.
54

 However the main drawback of 

the procedure is that the surfactants are difficult to be removed at the end of the process.  

5.1.3. Syntheis of metal containing microgels 

Microgel-metal nanoparticle hybrid materials can be prepared using two general strategies. 

The first route involves metal loading of the microgels using preformed inorganic particles, 

whereas in the second route, the nanoparticles are grown in situ within the microgels. The 

former method usually suffers from low particle loading and aggregation of the nanoparticles. 

Moreover, the polymer matrix exerts no control over the growth and size of the nanoparticles. 

To avoid such problems, the synthesis of metal nanoparticles in the presence of the polymeric 

stabilizer has been explored.
57

  

5.1.4. Immobilization of microgels onto surfaces: Deposition techniques 

The immobilization of microgels onto surfaces will be the necessary step for their efficient 

implementation in mild industrial catalytic processes. This can be achieved by the 

incorporation of functional groups within mainly the outer part of the carriers that can create 

the bonding of the carriers to the solid surfaces.  Such groups can be, for example, carboxylic 

acid groups as a functional group of a comonomer incorporated during the synthesis of the 

ultrathin polymer layers.   

Various means of attachment of the particles on the surfaces of interest have been attempted 

and the behavior has been investigated and optimized, either with physical adsorption or with 

covalent chemical bonding. Physical adsorption is a simple procedure for coating surfaces. 
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The adsorption of the molecules in this case, is a result of non-covalent interactions, like van 

der Walls forces, hydrogen bonding and hydrophobic interactions. Polymer adsorption is 

promoted when the exchange of solvent molecules in contact with the surface by segments of 

the polymer chain leads to a decrease in the total free energy of the system. In this case the 

enthalpic contribution of attractive polymer-surface contacts overcomes the loss of 

configurational entropy arising from confinement to the surface.
58

 The main drawback of 

physical adsorption is that the molecules are not well anchored on the surfaces and they have 

the tendency to leach from the samples.
59

 However, there are some cases in which this 

drawback may turned into advantage. For example, the removal of immobilized enzymes 

from surfaces, when their activity has decayed, is highly attractive for the regeneration and the 

reuse of the surfaces.
60

 On the other hand, covalent chemical bonding is ideal for stable and 

homogeneous immobilization of molecules on surfaces. Polymers, which have one or more 

reactive (binding) groups along the polymer chain, can react with binding sites on the surface, 

resulting in the development of covalent surface-polymer bonds.
61

 

5.2. Experimental Part 

5.2.1. Synthesis of metal containing microgels 

Synthesis of PDEAEMA, PMAA and PAA based microgels   

The pH sensitive microgels based on PDEAEMA, PMAA and PAA were synthesized by 

emulsion copolymerization of a functional monomer with a cross-linker in the presence of a 

stabilizer, as described previously.
12,23,62,57,63

 DEAEMA monomer and PEGMA stabilizer 

(10% wt. based on DEAEMA) was employed for the synthesis of the amino based 

PDEAEMA microgels, while t-butyl-acrylate, t-BuA was used as the monomer and AOT as 

the stabilizer (8% wt based on t-BuA) for the synthesis of the P(t-BuA) microgels, which are 



Chapter 5 Covalent immobilization of metal nanoparticle containing microgels onto solid substrates 

 

 
231 

precursors to the PAA microgels. Next, the P(t-BuA) based microgels were hydrolyzed to 

convert the t-BuA segments into acrylic acid units via acid hydrolysis. In both cases, EGDMA 

was used as the cross- linker (1 % wt. based on the monomer). The PMAA microgels used in 

this work were prepared utilizing (t-butyl methacrylate (t-BuMA, Sigma-Aldrich)), following 

the same procedure, as described above. 

Pd and Ru incorporation within the polymer microgels   

In a typical synthesis, the pH of a 0.5% wt. aqueous dispersion of PDEAEMA and PAA 

microgels was adjustment to 2.5 and pH 7, respectively. Next, the K2PdCl4 and RuCl3 metal 

precursor solutions were added to the above dispersions for the synthesis of the Pd and Ru 

nanoparticles, respectively. After stirring at room temperature for 3 h, the excess metal 

precursor was removed by ultrafiltration. Subsequently, a ten-fold excess of NaBH4 aqueous 

solution was added under vigorous stirring for the reduction of the metal. The reduction of 

palladium ions took place under ambient conditions, while, for the formation of Ru 

nanoparticles, the reduction of Ru
3+

 occurred under a nitrogen atmosphere at 30°C. Finally, 

the microgel stabilized metal nanoparticles were extensively purified by ultrafiltration in pure 

water to remove the salts formed during reduction.
12

 

5.2.2. Characterization of the metal containing microgels 

The hydrodynamic size of the synthesized pH-sensitive microgel particles, before and after 

the metal nanoparticle formation, was studied by dynamic light scattering (DLS) using an 

ALV spectrophotometer and a Nd-YAG laser with λ = 532 nm at 20°C. Moreover, the 

formation of the metal nanoparticles within the microgel particles was verified by 

transmission electron microscopy (TEM) using a JEOL JEM-2100 instrument at an electron 

accelerating voltage of 80 kV. Scanning electron micrographs were recorded using a field-
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emission JEOL 7000 electron microscope operating at 15 kV. All the samples were sputter-

coated with a 10 nm Au film to reduce charging. X-ray diffraction (XRD) patterns were 

collected on a PANanalytical X´pert Pro MPD X-ray diffractometer using Cu Ka radiation (45 

kV, 40 mA) in Bragg–Brentano geometry. Thermogravimetric analysis was performed on a 

Perkin Elmer Pyris Diamond TG/DTA instrument under a nitrogen atmosphere. For a typical 

measurement, ~5 mg of a solid sample were placed in a platinum holder and were heated 

under constant nitrogen flow at a temperature ramp of 10°C/min. 

5.2.3.  Immobilization of microgels onto solid surfaces 

Prior to microgel deposition onto the various substrates, the microgel dispersion was sonicated 

for a few minutes to increase the suspension homogeneity. Next, the polymer microgel 

particles were deposited onto the solid substrates utilizing several methods in order to 

investigate which one would give a uniform and dense particle layer onto the surface. At first, 

the conventional drop casting, dip coating, Pickering emulsion and Vortical surface methods 

were investigated. Finally the amine coupling method was utilized. The  experimental details 

of each method are described below:  

 Drop casting 

In this method, a small amount of polymer solution was dropped onto the sample by pipette 

and left to dry in ambient conditions. Drop casting is a simple and quick process, low cost, 

with no waste of material or solution, for generating thin films of polymers. The main 

drawback of this method is that there are height variations in the resulted surfaces and uniform 

films are difficult to be achieved.
64

 

 Dip coating 
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Dip coating is the most widely used method for industrial applications, due to the low cost and 

the high coating quality. According to the dip coating method, the substrate is slowly dipped 

into the vial containing the polymer solution, and withdrawn with a controlled low velocity, in 

order to obtain thin films. In case that thicker film is needed, it can be achieved by increasing 

the withdrawal speed. The dip coating process is depicted in Figure 5.2.
65

 

 

Figure 5.2. Schematic presentation of dip coating process.
65

 

 Pickering emulsion method  

This process is ideal for the fabrication of monolayer films through oil-water interfacial self-

assembly. It has been proved that ethanol can act as an inducer and trap hydrophilic particles 

to a water-oil interface.
44,66,67

 Due to the surface pressure of the oil-water interface, the 

particles are being compressed into a close-packed structure, which leads to monolayer 

films.
68

 In this case, one liquid was the solvent of the suspension (water) and the second was 

hexane. The main advantage of the Pickering emulsion method is the three-phase system that 

allows the interactions between the nanoparticles, with repulsive or attractive forces.
69

 The 

schematic presentation of pickering emulsion process, is depicted in Figure 5.3.  
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Figure 5.3. Pickering Emulsion method followed for “trapping” the microgel particles at 

an interface.
68

 

 Vortical surface method 

In this process the particles are spread onto the air-liquid interface, through a spreading agent. 

Ordered close-packed monolayer film of particles can be obtained on a vertical water surface 

by the water flow. By dipping the surface vertically on the solution on a steady speed, the 

particles are transferred onto the double sides of the substrate. Figure 5.4 describes in detail 

the Vortical surface method.
49
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Figure 5.4. Vortical surface method followed for “trapping” the microgel particles at an 

interface.
49

 

According to Figure 5.4 a, a beaker filled with the microgel suspension, was deposited in a 

magnetic stirrer in order to produce a vortex and a hollow Teflon ring was allowed on the 

water surface. Ethanol was used also in this case as an inducer. Water under the latex film was 

piped out from a penstock setting at the bottom of the beaker, and the ring sank down with the 

water level (Figure 5.4 b). The rotation makes the water move away from the center, working 

as a centrifugal pump. The water flow trapped the microgels to the center of the beaker. Clear 

water was injected into the beaker, while the Teflon ring maintained the film structure 

unchanged by moving up and down, during the water replacing process (Figure 5.4 c). For an 

appropriate speed (120 rpm), the particles are being compressed into close-packed structures 

on the water surface. Finally vertical withdrawal of the glass substrate from the beaker takes 

place and a microgel film layer is formed on the double surface sides of the glass substrate 

(Figure 5.4 d).
49

  

 Covalently attachment method-amine coupling 

Initially, all glass substrates were cleaned with aqueous solution of Hellmanex (10% v/v) for 

3h in order to increase the hydroxyl group content. After Hellmanex treatment, the substrates 
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were extensively rinsed with deionized water and ethanol and were dried with a nitrogen flow. 

This protocol resulted in sufficiently clean and hydrophilic surfaces for the absorption of 

APTES.
70

 Silanization with silane compounds was used as a process for the modification of 

glass surfaces.
19

 Silane coupling agents have the ability to form a durable bond between 

organic and inorganic materials. 3-Aminopropyl-triethoxysilane (APTES, Sigma-Aldrich) was 

utilized as a surface modification agent.
71,72

 The glass substrates were placed in a well closed 

vial and degassed with nitrogen. Subsequently, a degassed solution of 0.14 ml APTES in 10 

ml dry ethanol were transferred to the vial containing the glass substrates. The glass substrates 

were kept in the above solution for 24 h under a nitrogen atmosphere at room temperature 

before being washed extensively with ethanol and dried under nitrogen gas flow. 

Next the silanized glass slides were transferred in a vial and were degassed with nitrogen. A 

degassed aqueous dispersion of an appropriate amount of microgels and N-(3-

Dimethylaminopropyl)-N,-ethylcarbodiimide/N-hydroxysuccinimide  (EDC/NHS) was 

added.
73

 The molar ratio of microgel suspension:EDC:NHS was 1:1:2. The pH of the solution 

was adjusted between 3 and 4 and the substrates were kept in the above solution under a 

nitrogen atmosphere for 24 h. Finally, the substrates were extensively washed with water and 

ethanol and dried under a nitrogen flow. The procedure is depicted in Figure 5.5. 
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Figure 5.5. Schematic presentation of the immobilization procedure. 

The effects of different deposition parameters, such as the concentration of the suspension and 

substrate orientation were tested. The durability of the microgel particles deposited onto the 

surfaces against hydration and shear forces was tested utilizing repeated immersion of the 

surfaces into water undergoing mechanically-generated hydrodynamic flow. The 

characterization of the surfaces was performed using FE-SEM. 

5.2.4.  Stability tests 

In order to verify the stability of the microgel layers on the substrates, the samples were 

subjected to stability tests either by changing the environmental conditions (pH, temperature) 

or by the flow of pure water on the substrate. It is important to achieve the covalent 

immobilization for their efficient implementation in industrial catalytic processes such as the 

Pd-catalyzed reduction of nitro compounds or the Pd-catalyzed Suzuki-Miyaura reactions.
38–40

 

The temperature range examined was 40-80 
o
C.

38–40
 In addition, the anchored microgels were 

tested for their stability, by immersing them in different pH solutions.  

The samples were also subjected to water flow through rinsing with de-ionized water (flow 

rate of 2.110
-5

 m
3
/s). The velocity of the water flow was calculated at 1.07 m/s and the 
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Reynolds number Re=10.7. The schematic presentation of this procedure is depicted in Figure 

5.6. The water flowed through a pipe (diameter 0.5 cm). The plate was tilted to 30
o
. The 

sample was fixed 10 cm below the hole of the pipe.  

 

Figure 5.6. Schematic presentation of the water flow stability test. 

The surfaces were characterized, before and after the applied stimuli, using SEM (Zeiss Supra 

35VP). 

5.2.5.  Surface analysis with Image J and Matlab code 

In order to quantitatively determine the density and distribution of the microgels, before and 

after the stability tests, the ImageJ software was used. The results were crosschecked with a 

Matlab software code. 

The Matlab code used is presented in the Table 5.1. 
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Table 5.1. Matlab code for the analysis of the FE-SEM images. 

function s = calcSurfaceAlt(path, thresLow, thresHigh) 

% inputs: 

% path: directory location (as string) of all *.tif files 

% thresLow, thresHigh: optional inputs for contrast enhancement. Defaults are 100 and 

150 

% s: surface area statistics 

% Notes: 

% 1) Truncate bottom info by keeping only 700 pixels of height. Seems correct for 

current 

% images 

% 2) min value varies (66-85) but using 100 is good for contrast enhancement purposes 

and 

% max value varies (199-248) but saturating using an upper threshold of 150 makes for 

% better contrast enhancement. The resulting default range is only 50 compared to 

original 

% range of about 160. Stretching out the final range of 50 to the full 255 creates 

% over-saturation between backgourd and spheres and results in clean bimodal histogram 

% making easier the identification of appropriate threshold. 

% 3) Image resolution (scale at 200nm or 1um) may affect the threshold setting for 

% separation. At low res (1um of 5th image) a threshold of 130 is picking up background 

% whereas in higher res (20nm of images 1-4) a threshold of 130 is missing some spheres 

% and a lower setting may be preferable. Suggestion would be to put images in separate 

% folders according to resolution and run analysis with different thresholds instead of 

% overcomplicating code with manual input for every image. 

% 4) This version varies the threshold for 0 to 255 and keeps all the statistics in order 

% to see how the area changes and possibly identify trends to help choose a better 
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% threshold 

maxVal = 255; 

if isempty(thresLow) 

    thresLow = 10;  %default value 100 

end 

if isempty(thresHigh) 

    thresHigh = 1500;   % default value 150 

end 

thresSurf = 0:5:255; 

numThres = length(thresSurf); 

files = dir([path '/*.tif']); 

numFiles = length(files); 

s = zeros(numFiles,numThres); 

for ii = 1:numFiles 

    fname = [path '/' files(ii).name]; 

    img = imread(fname,'tif'); 

    img(701:end,:) = []; 

    areaTot = numel(img); 

%   disp([min(img(:)) max(img(:))]); 

    img = (img - thresLow)*(maxVal/(thresHigh-thresLow)); 

%   medfilt2(img,[5 5]); % uncomment this for median filtering 

    for jj = 1:numThres  

        imgSphere = img > thresSurf(jj); 

        areaSphere = sum(imgSphere(:)); 

        s(ii, jj) = areaSphere/areaTot; 
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    end 

    % uncomment below to see images 

    figure(3*(ii-1)+1), imshow(img); % saturated image 

    figure(3*(ii-1)+2), imshow(imgSphere); % binary image with white for spheres 

    figure(3*(ii-1)+3), hist(double(img(:)),20); % histogram of saturated image 

end 

figure, plot(thresSurf, s.'); 

end 

 

5.2.6.  Hydrogenation reaction with metal containing microgels as catalysts  

Catalytic metal nanoparticles (NPs) possess extremely high surface-to-volume ratio in 

comparison to bulk metals and represent highly active and selective catalysts for a variety of 

organic reactions. However, the presence of a suitable stabilizing support to prevent the metal 

NPs from aggregating and, thus, avoid the reduction of their surface area, is essential.
35

 

Polymeric stabilizers can control the NP characteristics and properties by manipulating the 

polymer molecular structure, size and composition.
74

 Their use allow the combination of 

certain advantages of both homogeneous (high activity and selectivity) and traditional 

heterogeneous (easy recovery from the reaction mixture and a possibility of catalyst 

regeneration) catalysis. The PDEAEMA, PAA and PMAA particles, due to their amine and 

carboxylic acid functional groups, are ideal hosts for the incorporation of a large variety of 

metal nanoparticulate catalysts such as palladium (Pd) and gold (Au). 

The catalytic behavior of the synthesized metal containing microgels was studied through a 

model hydrogenation reaction
75

 (Figure 5.7). 
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Figure 5.7. Model hydrogenation reaction. 

For this purpose, 12 mg of the microgel suspension, (PDEA/Au (1.5 % w/w in Au) or 

PMMA/Pd (1.5 % w/w in Pd)) were added to 5 mL aqueous solution of 4-nitrophenol (4-NP) 

(5mM).  Subsequently, the above solution was mixed with 2.5 mL fresh NaBH4 solution (0.1 

M). The excess of NaBH4 is used to protect the as-prepared 4-AP from aerial oxidation 

compared with 4-NP and catalyst.
34,76

 The reaction was carried out at ambient conditions with 

continuous stirring.
76

 

Parts of the mixture were taken out at different time intervals and after filtration, their 

catalytic activity was calculated with UV–vis absorption spectra.
76

 The results were 

crosschecked with the NIST (National Institute of Standards and Technology) Chemistry 

WebBook. The calibration curve was constructed from known concentrations of 4-NP with 

NaBH4. In order to optimize the system, the reaction was performed at various pH values. The 

hydrogenation reaction was also performed, without the addition of the microgels, as a control 

experiment.  

5.3.  Results and Discussion  

5.3.1.  Characterization of metal containing microgels 

The swelling behavior of the synthesized pH-sensitive microgels based on PDEAEMA and 

PAA was investigated by DLS. The hydrodynamic radius of the microgels was measured at 

two different pH values, when the particles are neutral and when the ionizable groups were 

fully charged. The shape and the morphology of the microgel particles were studied by FE-
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SEM. The characterization data for the PDEAEMA and PAA microgels as well as PMAA 

microgels are presented in Table 5.2. 

Table 5.2. Characterization data for the synthesized pH-responsive microgels. 

Functional 

microgel 

Rh at low pH 

(DLS) 

(nm) 

Rh at high pH 

(DLS) 

(nm) 

Diameter 

(SEM) 

(nm) 

PDEAEMA 278 180 210 

PMAA 86 155 82 

PAA 113 180 60 

 

Moreover, TEM images (as in Figure 5.8 a) verified the formation of fairly monodispersed Pd 

nanoparticles with an average diameter of 3.3 ± 1.8 nm embedded within the PDEAEMA 

microgels. The Pd loading of the PDEAEMA microgels was estimated by TGA to be ~13 wt 

%.   

Figure 5.8 b shows the XRD patterns of the Ru-containing PAA microgel particles and their 

precursor PAA microgels. The appearance of the peak at 2θ = 44° is characteristic of Ru 

nanocrystals confirming the successful formation of the Ru nanoparticles within the PAA 

microgels. 
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Figure 5.8. (a) TEM image of a PDEAEMA microgel containing Pd nanoparticles.  The 

scale bar denotes 50nm. (b) XRD patterns of PAA microgels containing Ru nanoparticles 

and the precursor PAA microgels. 

The hydrodynamic radius of the synthesized PMAA microgel particles, before and after the 

Pd nanoparticle formation, was found to be 160 nm and 164 nm at pH 3.5, respectively. The 

Pd content of the microgels was found 32 wt% by thermogravimetric analysis (TGA). 

Moreover, TEM analysis of the Pd nanoparticles containing PMAA microgels showed the 

presence of spherical metal nanoparticles with an average diameter of 3.31.8 nm (Figure 

5.9). 

 

Figure 5.9. TEM image of the PMAA microgels containing Pd nanoparticles. The scale 

bar denotes 50 nm. 
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5.3.2.  Immobilization of microgels onto solid surfaces 

 Drop casting 

The microgel suspension was diluted to concentrations 0.01% wt. and 0.001% wt. in order to 

eliminate the formation of aggregates. Furthermore, to ensure that large agglomerates would 

not be present on the surfaces, suspensions were filtered with 1.2 μm pore size syringe filters. 

Initially, the samples were prepared from suspension at pH below the pKa value of the 

polymer (PMAA). At these conditions, the hydrophobic character of the microgel particles 

dominate, so it was anticipated that particles would easily “escape” from the suspension and 

get anchored on the substrate surface. That was achieved but lead also to aggregate and 

multilayer formation.  

Figure 5.10 depicts FE-SEM images of of PMAA microgels (0.01% wt.) immobilized onto 

glass substrate with the drop casting method.   

   

Figure 5.10. FE-SEM images of PMAA microgels (0.01%wt) on glass substrate using drop 

casting method. 

Figure 5.10 revealed a non-uniform dispersion of the particles throughout the surface area. 

Regions containing aggregates that formed networks were observed together with individual 

particles. Reduction of the suspension concentration leads to a reduction of the aggregate 

formation together with an increase of the inter-particle distance for the individual particles. 
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Figure 5.11 presents FE-SEM images of PMAA microgels (0.001% wt.) immobilized onto 

glass substrate with the drop casting method. Both images have been taken from the same 

sample. 

  

Figure 5.11. PMAA microgels (0.001%wt) on glass substrate using drop casting method. 

According to Figure 5.11, dilution prevented the formation of large moieties but did not stop 

the formation of “network like” aggregates. The dendritic structures of aggregates that 

dominates at high concentrations (0.01% wt) seem to be replaced by less complicated 

structures (at concentration 0.001% wt), where the remaining dendritic aggregates coexist 

with larger numbers of individual microgel particles. At the same time regions containing 

mostly individual particles are increasingly evident although the number of polymeric 

microgels per unit area is significantly reduced. 

Experiments are also performed using PMAA microgel suspension at pH above the pKa  value 

of the polymer. In this case, the PMAA chains are hydrophilic since monomers are negatively 

charged. As a result formation of aggregates was suppressed and individual microgel particles 

were dispersed on the substrate. The effect of pH value is shown in Figure 5.12.  
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Figure 5.12. PMAA microgels anchored on glass substrate with drop casting method, 

prepared from suspensions with pH higher than the pKa of PMAA at c=0.001% wt. 

At high pH, few microgels were attached individually onto the surface. Dendritic aggregates 

do not exist in this case.  

In order to test the endurance and sustainability of the polymeric particles placed on the 

surface substrates were dipped in pure water for various periods of time (Figure 5.13). 

  

Figure 5.13. PMAA microgels (0.001% wt) on glass substrates before (left) and after (right) 

extra immersion in pure water for a period of two hours. 

It is evident from the above FE-SEM images (Figure 5.13) that immersion of the substrates in 

pure water results in reducing the aggregates formed and enhancing the number of individual 

particles dispersed onto the surface. This could be explained if one assumes that the microgel 

particles are more loosely attached to one another than to the substrate surface. The presence 
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of pure water increases their mobility and favors their migration to other areas of the substrate 

or away from it (suspend in water). 

 Dip coating 

In dip coating, the substrate is submerged in the suspension vertically for about 1 minute and 

then slowly withdrawn, and left in ambient conditions to dry. Figure 5.14 presents FE-SEM 

images of PMAA microgels (0.01% wt) anchored on glass substrate, with the dip coating 

method.  

  

Figure 5.14. PMAA microgels (0.01%wt) on glass substrate using dip coating method. 

The results are similar to the drop casting method. On the same substrate, aggregates co-exist 

with individual microgel particles. However, comparing the Figures 5.11 and 5.14, it seems 

that with dip coating, more microgels are being attached to the surface, either as aggregates or 

as individual particles.  

The endurance and sustainability of the polymeric particles placed on surface were also tested 

in this case by dipping the substrates in pure water for various periods of time (Figure 5.15). 
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Figure 5.15. PMAA microgels (0.01% wt) on glass substrates before (left) and after (right) 

extra immersion in pure water for a period of two hours. 

Figure 5.15 shows that few of the microgels remained after the immersion of the sample in the 

water. Both methods, drop casting and dip coating led to low homogeneity and multi-layer 

structures. 

 Pickering emulsion method 

The PAA microgels were deposited onto solid surfaces from their aqueous suspensions at 

microgel concentration 0.3% wt. The pH of the suspension was kept above the pKa value of 

PAA in order to enhance the hydrophilicity of the particles and have the microgels in a 

negatively charged state. It was observed that dipping or drop casting from “as prepared” 

suspensions lead to low homogeneity and revealed the tendency of the microgels to form 

dendritic aggregates on the surfaces. In order to form ultra-thin films and increase 

homogeneity, the Pickering emulsion method was utilized.
68

 In this process, microgels are 

being segregated-compressed at a hexane-water interface using ethanol as an inducer. 

Reduction of the suspension concentration led to a reduced number of microgels on the 

surface and, thus, to an increase of the inter-particle distances. This is illustrated in Figure 

5.16, which shows PAA microgel particles deposited on glass substrates from their aqueous 

suspensions at concentrations 0.34% wt. and 0.035% wt. 

file:///E:/PhD%20Thesis/sem%2028-5-12/3-1.bmp


Chapter 5 Covalent immobilization of metal nanoparticle containing microgels onto solid substrates 

 

 
250 

 

Figure 5.16. PAA microgels deposited onto glass substrates utilizing the Pickering   

emulsion method. The suspension concentrations were (a) 0.35% wt. and (b) 0.035% wt.   

Additional factors that should be taken into account in order to obtain a thin homogeneous 

film are the amount of ethanol and its injection rate. The addition of ethanol to the suspension 

gradually decreases the surface charge, very likely because of competitive adsorption of 

ethanol molecules.
68

 Increasing the amount of ethanol added to the PAA suspension from 5% 

wt. to 50% wt., led to significant increase of the number of particles per unit area and a 

respective decrease of the inter-particle distances; further addition of ethanol led to the 

formation of aggregates (Figure 5.17).  

  

Figure 5.17. PAA deposited onto glass substrates utilizing the Pickering emulsion method 

with the addition of 5% wt. (left) and 50% wt. (right) of ethanol. 
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The type of substrate dipping affected the dispersion of the PAA microgels as well. Horizontal 

dipping proved to be more promising as it led to a better dispersion of the particles onto the 

surface and reduced inter-particle distances, as illustrated in Figure 5.18. 

 

Figure 5.18. PAA deposited onto glass substrates utilizing the Pickering emulsion method 

and (a) vertical and (b) horizontal dipping. 

The dispersion of the PAA microgels onto the surfaces was compared with that of hydrophilic 

hard silica particles (Figure 5.19) of comparable size and suspension concentration; in both 

cases the Pickering emulsion method was utilized with horizontal dipping. Such comparison 

illustrates the soft character of the PAA microgels, which are seen (Figures 5.17, 5.18) as 

“laying down” onto the glass surface as opposed to the silica particles which are “sitting onto” 

the surface (Figure 5.19) due to their hard sphere behavior. This “laying down” may also 

explain the limited mobility of the PAA microgels on the surface and, thus, their larger inter-

particle distances and the lack of a well-defined layer. 
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Figure 5.19. Silica particles deposited onto glass substrate from an aqueous suspension at 

0.35% wt. using the Pickering emulsion method. 

The deposition of the metal nanoparticles containing microgels onto surfaces was also 

investigated. Figure 5.20 shows PDEAEMA microgels with Pd-nanoparticles onto a glass 

substrate prepared from a suspension in water (0.3% wt.), similar to that used for the 

deposition of the neat microgels.  

 

Figure 5.20. FE-SEM image of Pd-containing PDEAEMA microgels on a glass substrate. 

The metal-loaded microgels form a close- packed structure. Moreover, FE-SEM images 

revealed that the metal nanoparticle loaded microgels seem to shrink when compared with 

those before metal nanoparticle formation, which could be attributed to ion re-organization 

inside the microgels due to the existence of the metal nanoparticles. The dispersion of the 

polymer microgels onto the surfaces was tested for stability and endurance. Figure 5.21 shows 
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typical FE-SEM images of PDEAEMA microgels loaded with Pd metal nanoparticles 

following rinsing with pure water or immersion in pure water for an extended period of time. 

 

Figure 5.21. Pd-containing PDEAEMA microgels on a glass substrate following rinsing with 

water (a) and after immersion in water for 24h (b). 

It is evident from Figure 5.21, that the microgels remain attached onto the substrate even after 

24h immersion in water. The interparticle distance is similar to that before rinsing with water, 

which illustrates that the microgels are not only well anchored onto the substrate but also have 

the tendency to be “glued” with their neighbors. 

Following the study of PDEAEMA/Pd coated surfaces, PAA microgels containing Ru 

nanoparticles were immobilized onto glass substrates. Suspensions in water were prepared at 

concentration (0.3% wt) similar to the suspension used for the non-loaded microgel 

suspensions.  
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Figure 5.22. PAA-Ru microgels dispersed on glass (left) using the Pickering emulsion 

method. 

Images taken in FE-SEM (Figure 5.22), show that the polymeric carriers formed dendritic 

aggregates similar with the one formed by the polymeric PMAA microgel particles. The size 

of the observed particles was significantly reduced compared with the polymeric particles in 

the absence of the metal nanoparticles. For the metal-containing microgels the size was 

around 20 nm, whereas for the pure polymeric microgel particles the size was about 60 nm. 

This could be attributed to charge re-organization inside the microgel because of the presence 

of metal nanoparticles that caused the shrinkage of the particles. Note that the microgel 

particles are electrostatically stabilized in the present case. The addition of Ru nanoparticles 

could cause the “neutralization” of the stabilizer and therefore permit the formation of 

aggregates with dendritic shape.  

The polymeric microgel particles loaded with Ru nanoparticles were tested for stability and 

endurance when immersed in pure water for extended periods of time, varying from 1 hour to 

24 hours. The substrate used was glass, which was left to dry in air at room temperature and 

then examined with FE-SEM. Figure 5.23 shows images of PAA microgels loaded with Ru 

nanoparticles as prepared (c=0.3% wt) and after they are left immersed in water.  
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Figure 5.23. PAA-Ru microgel polymeric particles immersed in water for various time 

intervals; As prepared (upper left), 1 hr (upper right), and 24 hrs (lower). 

One can see that after immersion for 1 hour in pure water the dispersion pattern seems to 

remain unaffected. The particles still form the dendritically shaped aggregates and there is no 

significant difference as the number of particles per unit area is concerned. When moving to 

24 hours of immersion in water it is obvious that a number of particles have been removed 

from the substrate as a result of the mobility that was induced to the particles from the solvent 

present. It seems that it is preferable energetically for some particles to leave the substrate and 

be re-suspended in water. 
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 Vortical surface method  

During dipping of the surface, inevitably, it passes through the layer of hexane which could 

cause some alteration to the dispersion of the microgel particles. In order to clarify this, a 

second method for trapping the particles to an interface was utilized, using vortex as the 

driving force. FE-SEM images, taken from samples prepared using the vortical surface 

method, are shown in Figure 5.24.  

  

Figure 5.24. PAA microgel particles on a glass surface (c=0.35% wt) using the vortical 

surface method. 

As one can see comparing Figures 5.18 and 5.24 the results are similar if not better for the 

case of Pickering emulsion, meaning that possible presence of tiny amount of hexane does not 

cause any negative effect at the distribution of the microgel particles on the solid surface. 

The same procedure was repeated for the Ru-containing PAA microgels. The results are 

shown in Figure 5.25.  
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Figure 5.25. PAA-Ru microgels dispersed on glass substrate, using the vortical surface 

method. 

Comparing the Figures 5.23 and 5.25, one cannot observe any significant difference. Images 

taken with FE-SEM (Figure 5.25), show that the polymeric carriers formed dendritic 

aggregates similar with the one formed by the Pickering emulsion method.  

 Amine coupling method 

PMAA microgels, with and without the Pd metal nanoparticles, were covalently immobilized 

onto glass substrates from their aqueous dispersions at a concentration of 0.07 wt%, according 

to the procedure described in the experimental part. The distribution of the microgels on the 

substrates was studied by Field-Emission Scanning Electron Microscopy (FE-SEM).  

The SEM images shown in Figure 5.26 confirm that, both the PMAA and Pd nanoparticle 

containing PMAA microgels were immobilized onto the glass surfaces and the grafted 

microgel layer covers the substrate uniformly and homogeneously. Furthermore, when 

comparing the images for the microgels with and without the metal nanoparticles, one can 

conclude that there is no significant difference in the microgel packing density due to the 

presence of the Pd nanoparticles within the microgels.  

In order to verify the stability of the microgel layers on the substrates, the samples were 

subjected to stability tests either by changing the environmental conditions or by the flow of 
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pure water on the substrate. First, the samples were rinsed with de-ionized water in a flow rate 

of 2.110
-5

 m
3
/s. Figure 5.27 shows FE-SEM images of Pd / PMAA samples after rinsing with 

2 L and 10 L of water.  

  

  

  

Figure 5.26. FE-SEM images of PMAA microgels (left column) and Pd containing PMAA 

microgels (right column) covalently bound onto glass substrates at three different 

magnifications (3.33 KX, 10.00 KX and 20.00 KX). 
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Figure 5.27. FE-SEM images of the Pd nanoparticle containing PMAA sample rinsed with 

2 L of water (left) and 10 L of water (right). The insets are higher magnification images. 

 

By comparing Figures 5.26 and 5.27, it can be justified that the surface concentration of 

anchored microgels did not decrease upon rinsing with water and thus the microgels were not 

detached from the substrate surface.  

Next, the samples were immersed in pH 8 aqueous solutions for 24 h to investigate the effect 

of the solution pH on the anchoring of the microgels. In parallel, different samples were 

subjected to temperature tests. For this reason, substrates with chemically bound microgels 

were heated at 40
o
C and 80

o
C for 4 to 24 h and the stability of the anchored microgels was 

studied with FE-SEM. Figures 5.28 to 5.31 show FE-SEM images of the samples after 

immersing at high pH and high temperature aqueous solutions.  
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Figure 5.28. FE-SEM images of Pd nanoparticle containing PMAA microgels anchored on 

glass substrates after heating at 40
o
C for 4 h (left) and heating at 40

o
C for 4 h and rinsing 

with 2 L of de-ionized water (right). 

 

  

Figure 5.29. FE-SEM images of Pd nanoparticle containing PMAA microgels anchored on 

glass substrates after heating at 40
o
C for 24 h (left) and heating at 40

o
C for 24 h and rinsing 

with 2 L of de-ionized water (right). 

 

 

 

  

Figure 5.30. FE-SEM images of Pd nanoparticle containing PMAA microgels anchored on 

glass substrates after heating at 80
o
C for 24 h and heating at 80

o
C for 24 h and rinsing with 2 

L of de-ionized water. 
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Figure 5.31. FE-SEM images of Pd nanoparticle containing PMAA microgels anchored on 

glass substrates after immersion in high pH water for 24 h. The insets show FE-SEM images 

from the same samples at higher magnification. 

From Figures 5.26 and 5.28 to 5.31, it can be concluded that the anchoring of the microgels is 

not affected by the solution conditions and the microgel particles remain attached onto the 

substrate and maintained their original shape and size. This suggests that the covalently bound 

microgels are strongly anchored on the substrate and retain their characteristics at different pH 

and temperature values. The measurements were repeated in triplicates to assess the 

reproducibility of the results. 

 

Figure 5.32 shows the image of a substrate after the combination of all the tests. 

 

Figure 5.32. FE-SEM image of a sample after immersion in pH, heated at 80
o
C and rinsing 
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with water flow. Inset is the sample at higher magnification. 

Even after combining the effect of solution pH and temperature and rinsing with 2 L water the 

area occupied by the particles is similar to that of the as-prepared sample, verifying the strong 

attachment of the microgels on the substrates.  

5.3.3.  Determination of microgels density, before and after the stability tests with 

Image J and Matlab code 

In order to verify the stability of the microgel layers on the surface substrates, the FE-SEM 

images were analyzed with ImageJ and the density of the particles before and after the rinsing 

with water was quantified. For this purpose, the images were converted to binary images 

using ImageJ, by selecting the same threshold in all cases. Before the segmentation, pixel 

values of the images were converted into micrometers unit using the scale factor. All the 

calculations were repeated with a Matlab code to test the reliability of the results. The 

segmentation of the FE-SEM image of the Pd nanoparticle containing PMAA sample (as 

prepared), is depicted in Figure 5.33.  

 

 

 
  

Figure 5.33. FE-SEM images of the Pd containing PMAA microgels anchored on a glass 

substrate: (left) original FE-SEM image, (center) after transformation to the binary image 
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with ImageJ and (right) after transformation using a Matlab code. 

Figure 5.34 and 5.35 depict the FE-SEM images of the Pd containing PMAA microgels 

anchored on a glass substrate after rinsing with 2 L and 10 L of water respectively.  

 
  

Figure 5.34. FE-SEM images of the Pd containing PMAA microgels anchored on a glass 

substrate after rinsing with 2 L of water: (left) original FE-SEM image, (center) after 

transformation to the binary image with ImageJ and (right) after transformation using a 

Matlab code. 

 

 
  

Figure 5.35. FE-SEM images of the Pd containing PMAA microgels anchored on a glass 

substrate after rinsing with 10 L of water at 20.00K X magnification: (left) original image, 

(center) after transformation to the binary image with ImageJ, (right) after transformation 

using a Matlab code. 

The microgels in the binary 8-bit grayscale images appear as white on a black background 

with specific intensity values 0 and 255, respectively. Thus, by calculating the white/black 

area ratio, the fractional area occupied by the microgel particles can be determined (Figure 

5.36), which corresponds to the surfaces concentration of the microgel particles.  
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Figure 5.36. Histogram of the area occupied by the microgels: for the a) as prepared 

sample, (b) after rinsing with 2 L of water and (c) after rinsing with 10 L of water. The 

images were analyzed with ImageJ and a Matlab code. 

Figure 5.36 shows that the area occupied by the microgels before the stability test is 

approximately 352% using both methods, ImageJ and Matlab. The number density of the 

particles was calculated to be ~220 microgels/μm
2
. Moreover, the surface density of microgels 

after rinsing with water is approximately unchanged, which confirms that the particles are 

stably anchored on the substrate and they remained attached despite the shear from the water 

flow.  

Similar samples were immersed in pH 8 aqueous solutions for 4 to 24 h to investigate the 

effect of the solution pH on the anchoring of the microgels. In parallel, different samples were 

subjected to temperature tests. For this reason, substrates with chemically bound microgels 

were heated at 40
o
C and 80

o
C for 4 to 24 h and the stability of the anchored microgels was 

studied with FE-SEM. Figures 5.37 and 5.38 show the images, before and after the surface 

analysis, for the anchored microgels heated at 40
o
C for 24 h, after rinsing with water.  
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Figure 5.37. FE-SEM images of the Pd containing PMAA microgels anchored on a glass 

substrate after heating at 40°C for 24 h at 20.00K X magnification: (left) original image, 

(center) after transformation to the binary image with ImageJ, (right) after transformation 

using a Matlab code. 

 

 
  

Figure 5.38. FE-SEM images of the Pd containing PMAA microgels anchored on a glass 

substrate after heating at 40°C for 24 h and rinsing with 2 L of water at 20.00K X 

magnification: (left) original image, (center) after transformation to the binary image with 

ImageJ, (right) after transformation using a Matlab code. 

The surface analysis of the Figures 5.37 and 5.38, are summarized in the histogram of the 

Figure 5.39. 
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Figure 5.39. Histogram of the area occupied by the Pd nanoparticle containing microgels for 

a) the as prepared sample, b) after heating to 40
o
C for 4 h, c) after heating to 40

o
C for 4 h and 

rinsing, d) after heating to 40
o
C for 24 h and e) after heating to 40

o
C for 24 h and rinsing. 

According to the surface analysis with both methods, the microgels remained attached despite 

the heating at 40
o
C and the extra rinsing with water in each case. The minimum surface ratio 

calculated, was find to be 31±2%, with the as-prepared sample to have 35±2%. The difference 

between the two values is not significant, as the error bars are overlapping.  

As a next step, the samples were heated at 80
o
C for 4 h, before and after rinsing with water. 

The results are depicted in Figures 5.40 and 5.41 respectively.  

   

Figure 5.40. FE-SEM images of the Pd containing PMAA microgels anchored on a glass 

substrate after heating at 80°C for 4 h at 20.00K X magnification: (left) original image, 

(center) after transformation to the binary image with ImageJ, (right) after transformation 

using a Matlab code. 
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Figure 5.41. FE-SEM images of the Pd containing PMAA microgels anchored on a glass 

substrate after heating at 80°C for 4 h and rinsing with 2 L of water at 20.00K X 

magnification: (left) original image, (center) after transformation to the binary image with 

ImageJ, (right) after transformation using a Matlab code. 

Afterwards, the samples were heated at 80
o
C for 24 h and the results are depicted in Figures 

5.42 and 5.43.  

   

Figure 5.42. FE-SEM images of the Pd containing PMAA microgels anchored on a glass 

substrate after heating at 80°C for 24 h at 20.00K X magnification: (left) original image, 

(center) after transformation to the binary image with ImageJ, (right) after transformation 

using a Matlab code. 

 

   

Figure 5.43. FE-SEM images of the Pd containing PMAA microgels anchored on a glass 
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substrate after heating at 80°C for 24 h and rinsing with 2 L of water at 20.00K X 

magnification: (left) original image, (center) after transformation to the binary image with 

ImageJ, (right) after transformation using a Matlab code. 

The surface analysis of the Figures 5.40 to 5.43, are summarized in the histogram of the 

Figure 5.44. 
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Figure 5.44. Histogram of the area occupied by the Pd nanoparticle containing microgels for 

a) the as prepared sample, b) after heating to 80
o
C for 4 h, c) after heating to 80

o
C for 4 h and 

rinsing, d) after heating to 80
o
C for 24 h and e) after heating to 80

o
C for 24 h and rinsing. 

Figure 5.44 proves the covalent attachment of Pd/PDEAEMA microgels, as they survived the 

temperature stability tests. They remained well anchored on the surface even after heating at 

80
o
C for 24 h and rinsing with de-ionized water, which confirms the effectiveness of the 

amine coupling method. 

After the heating tests, the samples were subjected to pH stability tests. The surface analysis 

of the samples after immersion in high and low pH solutions for 24 h, is depicted in the Figure 

5.45.  
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Figure 5.45. Histogram of the area occupied by the Pd nanoparticle containing microgels 

after a) immersion at low pH for 24 h, b) immersion at low pH for 24 h and rinsing, c) 

immersion at high pH for 24 h, and d) immersion at high pH for 24 h and rinsing. 

Figure 5.45 shows that the pH does not affect the anchoring of the microgels. Next, the 

samples were subjected to combined stability tests (pH and temperature, pH and rinsing with 

water, temperature and rinsing with water, and pH, temperature and water rinsing). Figure 

5.46 depicts the results for these combined stability tests.  
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Figure 5.46. Histogram of the area occupied by the microgels for a) the as prepared sample 

b) after immersion in pH 8 and heating at 80
o
C, c) after immersion in pH 8 and rinsing with 

2 L water, d) after heating at and rinsing with water and e) after immersion in pH 8, heating 

at 80
o
C and rinsing with 2 L water. 

Figure 5.46 is the strongest evidence, supporting the efficiency of the amine coupling method 

in the anchoring of the functionalized microgels. Even after the application of combined 

stability tests (pH, temperature, water flow), the area occupied by the microgels, is 

approximately the same. So, this method, can be successfully applied for the development of 

micro-reactors, utilized for the performance of reactions under flow conditions.  

5.3.4.  Catalytic activity of metal containing microgels on a model hydrogenation 

reaction 

The catalytic activity of PDEA/Au and PMAA/Pd nanoparticles was investigated by a model 

hydrogenation reaction of reducing 4-nitrophenol (4-NP) into 4-aminophenol (4-AP) in the 

presence of Sodium borohydride (NaBH4). The excess of NaBH4 is used to protect the as-

prepared 4-AP from aerial oxidation compared with 4-NP and catalyst.
34,76

 The reaction was 

carried out under ambient temperature and pressure conditions with continuous stirring. At the 

end of the reaction centrifugation of the samples was performed in order to precipitate the 
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microgels. Ultraviolet-visible spectroscopy (UV-Vis) was utilized to determine the decreasing 

concentration of 4-NP.  The experimental details of the reaction, are described in the 

experimental part.  

Initially standard aqueous solutions of 4-NP and 4-AP were measured with UV-Vis 

absorption spectrum. (Figure 5.47) 
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Figure 5.47. UV-Vis absorption spectrum for 4-NP in the absence of NaBH4 (left) and for 4-

AP (right). 

According to Figure 5.47, 4-NP shows a distinct spectral profile with an absorption maximum 

at 340 nm, while 4-AP at 300 nm. Following that, the calibration curve was constructed from 

known concentrations of 4-NP with NaBH4. Comparing Figures 5.47 and 5.48, it is observed 

that with the addition of NaBH4, there is a new peak of 4-NP at 400 nm, which is attributed to 

the absorption of 4-nitrophenolate anion.
76

 The yellow-green color of the solution of 4-NP and 

NaBH4, remains unaltered with time in the absence of the microgels. In other words, the 

reduction of 4-NP did not occur without the nanocatalysts.  
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Figure 5.48. Calibration curve of a standard aqueous solution of 4-NP+NaBH4. 

The reaction was performed at various pH values. However at high pH values of aqueous 

solutions the PDEA-Au nanocatalysts were not well dispersed and the reaction could not be 

performed. On the other hand, at low pH values, the peak of 4-NP was moved at a wavelength 

around 300nm (Figure 5.49). Comparing the Figures 5.47 and 5.49, the low pH make it 

difficult for the product 4-AP to be distinguished accurately. 
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Figure 5.49. spectrum of hydrogenation reaction of PDEAEMA-Au in low pH after 10 min 

reaction. 
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In order to overcome this, PDEA-Au microgels were charged via an ion-exchange reaction 

with iodomethane (CH3I) which made them well dispersed at high pH aqueous solutions. The 

nanocatalysts (22mg PDEA-Au, 0.0065 mmol) were initially disolved in 1 mL of 

tetrahydrofuran (THF) and the solution was mixed with 0.1mmoL of CH3I. Following  that, 

the hydrogenation reaction was carried out as above. Figure 5.50 shows that the PDEA-Au 

microgels are convenient catalysts for the reaction as the concentration of the 4-NP was 

reduced 78% at the first 20 min.  
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Figure 5.50. Hydrogrenation reaction of PDEA-Au nanocatalysts after the ion-exchange 

reaction. 

The hydrogenation of 4-NP was carried out also under basic conditions with PMAA/Pd with 

the same procedure as with PDEA-Au nanocatalysts (Figure 5.51). 
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Figure 5.51. Hydrogenation reaction using PMAA-Pd nanocatalysts under basic conditions. 

The PMAA-Pd microgels proved to be effective nanocatalysts for the hydrogenation of 4-NP 

as in 30 min there was only 6% of the 4-NP (Figure 5.51).  

After these encouraging results, the direct synthesis of quaternized microgels was performed, 

and the metal containing nanoparticles, were tested for their catalytic activity. The conditions 

of the reaction were the same as previous. However, in this case 120 mg of PDEAEMA/Au 

(75% quaternized, 1.5 % in Au), were added to the aqueous solution of 4-NP+NaBH4 (Figure 

5.52).  
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Figure 5.52. Hydrogenation reaction using 120 mg of PDEAEMA/Au nanocatalysts (75% 

quaternized, 1.5 % in Au). 

According to the above results, approximately the 70% of 4-NP was reduced into 4-AP at 

only 1 min. This proves the efficiency and the high activity of the nanocatalysts, making them 

ideal for the performance of catalytic reactions. In order to study the kinetic of the reaction, 

the same procedure was repeated with 90 mg of PDEAEMA/Au nanocatalysts (75% 

quaternized, 1.5 % in Au) (Figure 5.53). 
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Figure 5.53. Hydrogenation reaction using 90 mg of PDEAEMA/Au nanocatalysts (75% 

quaternized, 1.5 % in Au). 
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Comparing of Figures 5.52 and 5.53 shows that there are not specific differences in the rate of 

the reaction. In both cases, 70 % of 4-NP is being reduced to 4-AP. The reduction of 4-NP by 

NaBH4 occurs very rapidly in the presence of the PDEAEMA/Au microgels, which could be 

visualized with the discoloration of the characteristic yellow- green color of 4-nitrophenolate 

ion. 

Afterwards, the reaction was performed by utilized even smaller quantity of the microgels. In 

this case, 60 mg of PDEAEMA/Au nanocatalysts (75% quaternized, 1.5 % in Au), were added 

to the aqueous solution of 4-NP+NaBH4 (Figure 5.54). 
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Figure 5.54. Hydrogenation reaction using 60 mg of PDEAEMA/Au nanocatalysts (75% 

quaternized, 1.5 % in Au). 

Comparing the Figure 5.54 with the previous results, there is a noticeable decrease in the 

reaction rate, as at the first minute, only 45 % of 4-NP has been reduced. It is interesting that, 

by increasing the reaction time, we do not observe a continuation of reduction of 4-NP. Even 

after 2 h of reaction, the % of the reduced 4-NP, is the same as in the first minute. This 

happens because the amount of the catalysts is inadequate for the reduction of the 4-NP and 

the reaction cannot be performed without the presence of the catalysts.   
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So, the main outcome of these experiments, referring to the catalytic activity of the microgels, 

is that the reduction reaction of 4-NP happens instantaneously, in the presence of the metal 

containing microgels.  

5.4.  Conclusions 

In this work, PDEAEMA, PAA and PMAA microgels, with and without metal nanoparticles, 

were successfully synthesized and immobilized onto glass substrates. Initially, the attachment 

of the microgels onto surfaces was performed by dip or drop casting method. However, these 

methods led to low homogeneity and multi-layer structures. In order to form uniform films, 

Pickering emulsion method and Vortical surface method, were utilized. The drawback of the 

above procedures was that few of the microgels remained attached after a water flow test. 

However the hybrid nanoparticulate catalysts should also combine the suitability to flow 

chemistry. It is important to achieve the covalent immobilization of pH-responsive microgels 

under microfluidic flow conditions for their efficient implementation in mild industrial 

catalytic processes. For this purpose, the amine coupling method was utilized. The 

immobilized microgels were subjected to environmental changes (heating temperature, 

heating time, flow rate and pH) in order to examine their stability under microfluidic flow 

conditions.  

The metal containing microgels were uniformly and homogenously distributed on the 

substrates and the area occupied by the microgels was found to be 35±2 % for both samples. 

The microgels proved to be strongly attached onto the substrates and survived all the stability 

tests (even the combination of water rinsing, pH, and temperature increase) with almost no 

microgel removal from the substrates.  

The catalytic behavior of the synthesized metal containing microgels was studied through a 

model hydrogenation reaction. According to the results, the reduction reaction did not occur 
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without catalysts. Furthermore, the catalytic reaction, in the presence of the appropriate 

amount of catalysts, occurs directly, with a very high rate. It needs less than one minute for 

the reduction to be completed.  

These results are particularly attractive for the strong and irreversible binding of catalytically 

relevant nanoparticles on microfluidic wall channels to be employed in mild industrial 

catalytic processes under flow. 
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Chapter 6 
 

6.1 Concluding remarks 

In this thesis, novel multifunctional surfaces which would be able to alter their wetting behavior 

even all the way from superhydrophilic to superhydrophobic in response to changes in single or 

multiple external stimuli, were successfully developed.  

In Chapter 2, a multi-functional surface with a ZnO coating deposited onto a hierarchically 

roughened surface has been fabricated with a two-step process. First, silicon (Si) wafers are 

irradiated with femtosecond (fs) laser pulses in order to produce Si surfaces with dual scale 

roughness (Si spikes). Then, the rough Si samples are coated with a ZnO film prepared by a 

simple sol-gel process. The wettability and the photocatalytic activity of the surfaces have been 

investigated. High photocatalytic activity is achieved with a ~90% decolorization of a model dye 

in ~60 min. The systems exhibit a reversible wettability behavior from superhydrophilic (upon 

UV irradiation) to superhydrophobic (upon heating).  The stability of the behavior is investigated 

extensively and the system proves to be quite stable. To the best of our knowledge, this is the 

first work on the development of surfaces with both high photocatalytic activity and reversible 

wettability behavior from superhydrophobic to superhydrophilic. The combination of 

photocatalysis with reversible wettability with a single coating makes the system appropriate for 

a variety of applications, such as self-cleaning surfaces, air purification, marine coatings or fog-

proofing. 

Moreover, ZnO nanowires with high photocatalytic behavior were developed as well. In order 

to achieve this, initially ZnO nanowires were grown on ZnO pre-coated glass substrates via 
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aqueous solution growth. The samples were subsequently coated with polymers with the spin 

coating method. Polymethylmethacrylate (PMMA) and poly(2-vinylpyridine) (P2VP) were 

utilized for this purpose. The influence of the parameters of the spin coating process were 

studied. Samples were characterized with Scanning Electron Microscopy and were tested for 

their photocatalytic behavior with Fourier Transform Infrared spectroscopy (FTIR). Stearic 

acid was utilized as a test organic pollutant. Samples were also tested for their wettability. All 

samples exhibited photocatalytic activity, with the behavior depending on the thickness of the 

polymer film. The highest photocatalytic degradation of the model dye achieved was found to 

be ~85%, for the thinnest polymer film. This was attributed to the fact that the very thin 

polymer film did not reduce the high surface-to-volume ratio of the ZnO nanowires.  

The contact angle of ZnO nanowires covered with P2VP was higher compared to the bare ZnO 

nanostructures. This behavior was enhanced by increasing the concentration of the polymer in 

the toluene solution, thus, by increasing the thickness of the polymer film. The contact angle 

value was modified from 63° to 137° by changing the coating conditions.  

P2VP coated ZnO nanowires were also tested for their pH responsiveness and the samples 

maintained their reversible behavior for 3 cycles (switching from 72° at pH 2 to 109° at pH 

12). That happened because the ZnO nanorods are being removed with the repetitive 

immersion in acidic conditions. 

In Chapter 3, parahydrophobic polymer surfaces were developed. The procedure involves the 

preparation of hierarchical roughened micro/nano-structured surfaces utilizing fs laser 

irradiation of silicon substrates and their functionalization using end-anchored poly(2-vinyl 

pyridine), P2VP, or poly(N-isopropyl acrylamide), PNIPAm, chains utilizing the “grafting to” 

method.  The effect of the molecular weight of the polymers on the surface wettability results 

was investigated and the results found to be reproducible in all cases. The same method was 
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applied successfully for both carboxy- and hydroxy-terminated polymers. Furthermore, multi-

responsive surfaces were developed utilizing a mixture of end-functional P2VP/PNIPAm 

chains “grafted to” the hierarchical surfaces. “Sticky” highly hydrophobic surfaces were 

achieved, with reversible and controllable wetting characteristics, imitating plant leaves with 

“parahydrophobic” behavior. These surfaces can be successfully applied in industry as 

switchable valves, biosensors, tunable microlenses and for selective liquid separation. 

These, P2VP- and PNIPAm-coated surfaces were also applied for cell seeding. To our 

knowledge, cellular response on P2VP surfaces has not been reported in the literature. P2VP 

appears to favor cell attachment and proliferation within 7 days of culture. Together with the 

topographical features induced with the laser treatment, directionality of the attached cells has 

been also achieved.  Cells were initially attached onto the PNIPAM-coated surfaces, as well. 

However, due to the fixation process, which was used to prepare the samples for SEM imaging, 

where glutaraldehyde at a low temperature (9°C) was used, the cell layer that was formed 

apparently detached from the surface since the temperature was far below the polymer 

transition temperature (32°C). This explains why there were very few cells observed with the 

SEM. Thus, the PNIPAm-coated Si surfaces are not representative and conclusive for the cell 

seeding. 

In Chapter 4, non-adhesive superhydrophobic surfaces were developed with directional 

droplet roll-off behavior. To the best of our knowledge, this is the first work referring to tilted 

spikes treated with fs-laser. In this work, Si substrates were treated with femto-second laser in 

order to achieve the dual-scale roughness. However, the irradiation was not performed in a 

conventional way but at a tilt angle. The substrate was tilted and, as a result, the laser beam was 

not pointed perpendicular to the surface. This procedure led to the formation of tilted periodic 

spikes. Such surfaces after a silanization process exhibit anisotropic wettability, with a droplet 
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motion on the direction of the spikes. It was observed that the velocity of the droplet motion 

depended on the chosen tilt angle.  

In parallel, a third level of macro-structuring was introduced by patterning the inorganic 

surfaces using photolithography in order to enhance the anisotropic wetting behavior. Si 

substrates, patterned with grooves, were irradiated with fs laser at a tilt angle. These surfaces 

exhibit superhydrophilic directionality after thermal oxidation and superhydrophobic 

directional wettability after silanization. The effect of the characteristics of the grooves on the 

final contact angle was investigated. 

Furthermore, superhydrophilic and superhydrophobic surfaces with high unidirectional 

hysteresis were developed. This was achieved by the irradiation of Si wafers utilizing a fs-laser 

beam with central wavelength of 800 nm at a tilt angle, 30° or 45°. Such surfaces after a 

silanization process exhibit anisotropic wettability with a directional hysteresis. This 

phenomenon was enhanced in the case of 45° tilted spikes. Such surfaces can be applied in 

liquid transportation without loss and in the analysis of very small volumes of liquid samples. 

In Chapter 5, poly(2-(diethylamino)ethylmethacrylate), PDEAEMA, poly(acrylic) acid, PAA, 

and poly(methacrylic acid), PMAA, microgels, with and without metal nanoparticles, were 

successfully synthesized and immobilized onto glass substrates. Initially, the attachment of the 

microgels onto surfaces was performed by the dip coating or drop casting method. These 

methods led to low homogeneity and multi-layer structures. In order to form uniform films, the 

pickering emulsion method and the vortical surface method were utilized. The drawback of the 

above procedures was that few of the microgels remained attached after a water flow test. 

However the hybrid nanoparticulate catalysts should also combine the suitability to flow 

chemistry. It is important to achieve the covalent immobilization of pH-responsive microgels 

under microfluidic flow conditions for their efficient implementation in mild industrial 
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catalytic processes. For this purpose, an amine coupling method was utilized: the glass 

substrates were first functionalized with amine groups using 3-aminopropyl-triethoxysilane 

followed by the covalent binding of the PMAA or PAA microgels via their carboxyl moieties 

forming an amide bond. The immobilized microgels were subjected to environmental changes 

(heating temperature, heating time, flow rate and pH) in order to examine their stability under 

microfluidic flow conditions. The metal containing microgels were uniformly and 

homogenously distributed on the substrates and the area occupied by the microgels was found 

to be 35±2 % for both samples under the specific microgel dispersion concentration used. The 

microgels proved to be strongly attached onto the substrates and survived all the stability tests 

(even the combination of water rinsing, pH, and temperature increase) with almost no microgel 

removal from the substrates. The catalytic behavior of the synthesized metal containing 

microgels was studied through a model hydrogenation reaction. According to the results, the 

reduction reaction did not occur without catalysts. Furthermore, the catalytic reaction, in the 

presence of the appropriate amount of catalysts, occurs readily, with a very high rate. It needs 

less than one minute for the reduction to be completed. These results are particularly attractive 

for the strong and irreversible binding of catalytically relevant nanoparticles on microfluidic 

wall channels to be employed in mild industrial catalytic processes under flow. 

6.2 Future work 

Some of the projects mentioned in the previous chapters can be benefited by carrying out more 

experiments. Some of those experiments are mentioned in this subsection. 

In Chapter 2, multi-functional surfaces were developed with a ZnO coating deposited onto a 

hierarchical roughened surface. The resulted surfaces exhibited both high photocatalytic 

activity and reversible wettability. One can imagine adding one more property to the surface, 

by grafting a responsive polymer on the ZnO film, either to enhance a property of ZnO or to 
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add a new one. Furthermore, ZnO is also known for its oleophobicity. So, the same surfaces 

can be tested for their oleophobic behavior. Such surfaces can be applied for long-term anti-

fogging, self-cleaning, anti-fouling and oil and water separation. 

Polymer brush-functionalized ZnO nanowires with high photocatalytic behavior were also 

developed. P2VP-coated ZnO nanowires were tested for their pH responsiveness and the 

samples did not maintain their reversible behavior. In order to develop nanowires with both 

high photocatalytic activity and reversible wettability, TiO2 can be used instead of ZnO. TiO2 

is also photocatalytically active and exhibits reversible wettability; however, it is stable under 

acidic or alkaline pH conditions. 

In Chapter 3, parahydrophobic polymer surfaces with reversible wettability were developed 

and applied for cell seeding. According to the preliminary study, P2VP appears to favor cell 

attachment and proliferation. On PNIPAm-coated surfaces, cells were initially attached onto 

the substrate. However, due to the fixation process, the cell layer detached from the surface. In 

order to study the pH- and/or thermo- responsive behavior of cells, live-cell imaging 

experiments should be performed. The design of temperature-responsive polymer surfaces for 

the controllable cell attachment-detachment has provided an enormous potential to fabricate 

clinically applicable regenerative medicine. Depending on the application, the surfaces should 

promote cell adhesion (e.g., in an implant) or promote cell detachment (e.g., in cell sheet 

engineering). So, responsive surfaces with controllable cell attachment can be applied for the 

development of smart systems for tissue engineering. 

Furthermore, multi-responsive surfaces were developed utilizing a mixed P2VP/PNIPAm 

polymer brush. However, X-ray photoelectron spectroscopy (XPS) should be done in order to 

quantitatively verify the real composition of the mixed P2VP/PNIPAm brush. 

In Chapter 4, non-adhesive superhydrophobic surfaces were developed, with directional 

droplet roll-off behavior. In parallel, superhydrophilic and superhydrophobic surfaces with 
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high unidirectional hysteresis were fabricated. This work will be benefited by a model 

providing reasonable predictions of the observed wetting behavior and the key design 

parameters required to enhance the anisotropic adhesion. Ongoing work includes optimizing 

the droplet transport mechanism and grafting responsive polymers. 

In Chapter 5, PDEAEMA, PAA and PMAA microgels, with and without metal nanoparticles, 

were successfully synthesized and immobilized onto glass substrates. The catalytic behavior of 

the synthesized metal containing microgels was also studied. Ongoing work includes the study 

of the kinetics of the reaction. The next step in this project will be to investigate the catalytic 

behavior of the immobilized microgels. 
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