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“Cuando termina la accio n y miramos atra s lo entendemos todo ma s o 

menos. Una cosa es cierta, antes del ataque de Doolittle, Estados Unidos 

so lo conocí a la derrota, despue s llego  la esperanza. Japo n se dio cuenta 

de que podí a perder y empezo  a retirarse. Estados Unidos se dio cuenta 

de que podí a ganar y avanzo . Fue una guerra que cambio  el mundo. Dorie 

Miller fue el primer negro americano condecorado con la cruz naval pero 

no serí a el u ltimo. Entro  en la hermandad de los he roes. Para nosotros la 

II Guerra Mundial empezo  en Pearl Harbor y 1117 hombres yacen au n en 

la tumba del acorazado Arizona. Estados Unidos sufrio , pero se hizo ma s 

fuerte, no fue inevitable, los tiempos pusieron a prueba nuestras almas, 
y fue una prueba que superamos”. 

 

 

 

 

“Tierra de libertad, hogar de valientes”. 

7 de Diciembre de 1941, Pearl Harbor (Hawai) 
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ABSTRACT 

 

Given the increasing environmental challenges the society is facing, the 

interaction of surfaces with the environment through their wettability can be 

one of the broad fields of studying aiming to find effective solutions to a general 

protection goal and, particularly ice accumulation.  

This thesis introduces a novel proposal for the development of repellent 

surfaces resistant to severe environmental conditions by means of scalable, 

clean and efficient vacuum and plasma assisted technologies. Processing of 

hybrid hierarchical surfaces is supported by mild laser treatments and 

reasonably ecological surface modification approaches. The fabrication of the 

developed surfaces is fully compatible with a multitude of functional materials 

and complex geometries, from porous flexible membranes to aeronautical 

profiles passing for stainless steel and glass. 

The main challenge of this work is to understand the key factors affecting the 

control of wetting of surfaces considering their interaction with external agents 

and the intervention of climatic changes to design and develop surfaces that 

combine self-cleaning, anti-fouling and anti-icing responses of permanent 

character when applied under real exposure conditions including liquids, ice, 

solid particles and biological agents. Moreover, functional hybrid hierarchical 

surfaces must ensure durability and stability under thermal cycling, UV 

illumination, rain erosion, and strong wind currents. 

Additionally, this research explores the integration of the hybrid hierarchical 

surfaces as functional protective elements in active de-icing devices offering a 

new approach to address effectively ice prevention and removal ensuring 

stability while facilitating efficient heat transfer. This approach provides a 

promising solution for anti-icing technologies in industrial and environmental 

applications.  
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Current scientific and technological challenges are directly linked to the 

consequences of climate change (high-impact rains, extreme frosts, and dry 

warming seasons), associated with global warming, such as increased 

environmental pollution and the proliferation of microbial agents. These issues 

arise from everyday interactions, often unnoticed, but just as important. This thesis 

focuses on finding solutions to routine problems revolving around the interaction 

between applied materials’ surfaces and environmental factors like rain, airborne 

particles, biofouling, or frost. 

This research demonstrates how surface engineering seeks to remedy the negative 

impact of severe work environments, which have significant implications for 

sectors such as infrastructure and transport, particularly in aeronautics, energy 

sector (wind turbines, power plants), design and conservation of cultural 

patrimony and decontamination process like water and filtration among others. 

Surface engineering can control the surface properties that govern the response to 

interactions with the environment, where we particularly highlight surface 

wetting. Wetting or wettability, as the solid surface capacity to get wet by a liquid, 

from the intrinsic perspective of the material, can be addressed through 

nanotechnology. Nanotechnology is defined as the design, characterization, 

production, and application of specific structures, devices, and systems with 

controlled shape and size at the nanometric scale (~10-9 m), enabling the 

exploration of novel properties that make it different from the bulk material. Some 

of the tools that nanotechnology provides include the ability to control the 

morphology, structure, and chemical composition as well as functional attributes 

of materials at the nanometric scale. Therefore, in this thesis, nanotechnology and 

surface engineering will be used to control the responses to environmental changes 

through the wetting of multifunctional surfaces. 

For the development of robust functional materials, the techniques employed in this 

work offer significant advantages over traditional methods: top-down (laser) and 

bottom-up (vacuum and plasma) approaches have been used to enhance the 

performance of surfaces exposed to environmental interactions. All the resources 

employed are compatible with bulk properties and complex geometries, 

environmentally friendly, and scalable. 
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1.1 General overview about surfaces  

Surface defines the boundary between a material and the external environment. 

Consequently, the first interaction that a material establishes with its 

surroundings occurs through its surface. At the atomic level, surface atoms 

experience a distinct environment compared to those within the bulk. While 

atoms in the interior of a solid interact with neighbouring atoms in all directions, 

surface atoms lack neighbouring atoms in at least one direction, leading to an 

excess of energy. This surplus energy of surface atoms relative to the bulk ones 

is referred to as Surface Free Energy (SFE) or surface tension of solids. Both 

terms are related to the interactions at a solid´s surface, but tension of solids 

deals more with the mechanical forces on the surfaces, while surface free energy 

focuses on the energy characteristics and interfacial interactions of the surface1. 

Surfaces play a pivotal role in our daily lives because the majority of physical and 

chemical phenomena occur on them. Common processes such as corrosion, 

adhesion, wettability, friction, and wear all take place at the surface level23. 

Particularly, surfaces are highly prone to contamination when exposed to the 

environment, which is a significant concern in materials science due to the 

critical role that surfaces play in determining material properties such as 

aesthetics and functionality.  

Generally, materials are chosen based on their bulk properties, with a view 

toward their final application. For example, in a biocompatible material4,5, the 

surface must be prepared so that the biological environment does not reject it, 

or in a catalytic reaction6,7, the importance of surface properties is crucial to 

prevent interference with its conversion efficiency. Other examples may relate 

to mechanical devices where surface properties such as hardness and 

passivation are expected. Moreover, for the integration of multilayers, the 

interface is crucial to relax internal stresses and to compatibilize the 

physicochemical structure. 

However, the surface properties often fall short of the demands on the end 

application. Surface modification offers a valuable approach to protect, or 

enhance the adhesion capability or the aesthetic of a material, while also holding 

great potential to integrate new functionalites without compromising the 

properties inherent to its nature. Today, surface engineering is playing a key role 

in the development of new technologies across the sectors, from energy 

conversions and storage8 to semiconductors9 and biomedical implants10,11, 
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passing through the control of friction, adhesion, corrosion resistance, thermal 

barrier, decorative, optical and electrical responses as well as chemical textile 

and food industries12,13. Surface modification techniques are essential in 

optimizing materials for specific applications for those who would not initially 

be good candidates. Today, the development and enhancement of surfaces are 

guided by design strategies to achieve such desired properties together with the 

improvement of the durability. Surface design can involve adjusting the physico-

chemical properties as well as morphological aspects like topography, and 

roughness, introducing micro- and nano-scale features. From the point of view 

of surface modification, it is possible to be able to enhance a functional 

performance through adjusting their chemical and physical properties by means 

of these common proposals:  

 

• Coatings: A surface can be coated with protective or functional layers to 

improve specific properties. For instance, anti-corrosive coatings protect 

against environmental degradation, catalytic coatings are used in chemical 

reactors or environmental applications14 or biocompatible coatings are 

required in implants, biosensors, and surgical devices15.  

• Surface treatment: Surface processing encompasses a variety of techniques 

aimed at enhancing or modifying external material properties, such as 

cleaning, etching, electric charge generation, and chemical 

functionalizations, which are achieved through methods ranging from 

solvents to the application of electromagnetic fields14. Examples include 

anodizing and electroplating, which create protective or decorative oxide 

layers on metals to improve hardness, corrosion resistance, and aesthetic 

appeal, commonly used in aerospace and architectural applications to 

protect aluminum16, and laser modification, which generate surface textures 

even involving chemical changes to improve wear resistance, hardness, and 

surface roughness, widely used in industries like aerospace, automotive, and 

medical devices17. 

 

Surface modifications today are increasingly sophisticated, combining the 

precise design of surface geometries with advanced treatments that cater to the 

specific demands of the application. The integration of surface engineering with 

fields such as nanotechnology, materials science, and event the current artificial 



CHAPTER 1   
 

6 
 

intelligence are driving innovation in areas ranging from electronics to 

healthcare18. 

Particularly, this thesis is focused on the advances of surface engineering to 

control the wetting due to its versatile and transversal utility across various 

industrial exploitations. The ability to manage how liquids interact with surfaces 

(either by repelling or promoting spreading) has significant implications for 

improving surface performance, multifunctionality and durability in 

applications ranging from self-cleaning materials to biomedical devices15. 

 

1.1.1 Motivation: wetting control of the surface  

 

Wetting is a critical concept in various fields such as coatings, adhesives, and 

surface treatments, where controlling the interaction between liquids and solids 

is essential. Wetting refers to the ability of a liquid to maintain contact with a 

solid surface, resulting from the interplay between adhesive forces (between the 

liquid and the solid) and cohesive forces (within the liquid). The degree of 

wetting is commonly characterized by contact angle measurements, which is the 

angle formed between a liquid's droplet deposited on the solid surface and the 

solid surface at the point of triple phase contact (solid-liquid-vapor)19. The most 

abundant liquid in nature is water, both as a substance itself, and as a primary 

component of other substances. So, water is quite interesting designing surfaces 

to be hydrophobic (water-repellent) or hydrophilic (water-attractive). The 

surface can be stated as wet if the contact angle value of a water droplet 

deposited on it goes from 0⁰ to 90⁰, as a hydrophilic behavior. On the contrast, a 

hydrophobic surface presents a contact angle value higher than 90⁰ and the 

contact area between the surface and the water droplet is reduced at the 

equilibrium. Surfaces having a contact angle value smaller than 20⁰ are 

considered superhydrophilic and surfaces having a contact angle greater than 

150⁰ are called superhydrophobic. In this case, the drop seems to be resting 

almost spherically on the surface, as illustrated Figure 1. Achieving hydrophobic 

and hydrophilic surfaces is essential across multiple applications due to other 

properties derived from wetting that they offer: superhydrophobic surfaces, 

with high contact angles of a liquid droplet deposited on the surface, are valuable 

for self-cleaning, corrosion resistance, anti-icing, oil-water separation, and 

reducing drag in fluids20,21,22,23. Conversely, hydrophilic surfaces, with low 
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contact angles, promote enhanced adhesion, heat transfer, and are critical in 

biomedical applications, anti-fogging, and water collection24. 

Wetting behaviour can be controlled through two main surface aspects25:  

 

▪ Surface Topography: Modifying the physical structure of a surface, such 

as creating micro- or nano-scale roughness, can significantly alter 

wetting properties. For example, rough surfaces can amplify 

hydrophobicity, as seen in the "lotus effect" shown in Figure 1, where 

water droplets bead up and easily roll off, or can enhance hydrophilicity, 

allowing liquids to spread more uniformly26. 

▪ Surface Chemistry: The chemical composition of a surface also plays a 

major role in wetting when compositions are chosen that are conducive 

to forming chemical bonds with water or contrary to this. Treatments or 

coatings can increase or decrease the surface free energy, influencing the 

balance between adhesive and cohesive forces. For instance, surfaces 

treated with low-surface-energy materials like fluoropolymers tend to 

become hydrophobic, while those high surface energy materials such as 

metals and glass become hydrophilic27. 

 

These properties allow surfaces to be optimized for specific functionalities, 

whether repelling or absorbing liquids, improving efficiency, safety, and 

performance in areas like manufacturing, healthcare, and environmental 

engineering. This is why one of the key motivations behind surface engineering 

is to develop versatile surfaces of controlled wetting for application in different 

environmental conditions.  

Controlling the wetting of surfaces not only with polar liquids such as water but 

also considering interactions with other substances like organic liquids, aqueous 

suspensions, solid particles and biological agents is a significant current 

motivation due to its impact on performance, efficiency, and sustainability across 

various sectors such as aerospace, automotive, construction, biomedicine, food 

storage and electronics among others. For example, in healthcare, surfaces 

designed to resist bacterial adhesion are crucial for maintaining hygiene and 

preventing infections28. The construction and textile industries also benefit from 

advanced surface treatments that improve impermeability and durability29,30.   
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Figure 1. a) Definition of the ideal contact angle of a liquid droplet deposited on a solid surface in 

equilibrium with the gas phase31; b) Schematic representation of a water droplet on hydrophilic, 

hydrophobic and superhydrophobic surfaces32; c) Representation of droplet on a tilted surface 

identifying the advancing(ACA) and receding(RCA) contact angles, as well as the sliding (SA) or 

rolling-off (RoA) angle33. 

 

Therefore, by addressing wetting control, i.e. the ability to manage liquid and 

solid interactions at the interface, the stability, durability and reliability of 

surfaces can enhance product performance, reduce maintenance costs, and 

contribute to more environmentally friendly practices. For example, the 

preservation of transparency in surfaces exposed to extreme weather 

conditions, such as windows or vehicle and sensor screens, is crucial for 

maintaining visibility and safety. The accumulation of ice and dust on the 

surfaces not only compromises aesthetics but also poses a significant risk by 

reducing the field of vision and increasing the likelihood of accidents34. Thus, it 

is essential to develop protective technologies and materials but maintaining the 

optical properties. Research about anti-icing coatings, active heating systems, or 

preventive solutions by a proper surface design becomes a key area for 

improving safety and energy efficiency. 

Since the surface is the material frontier with the environment, stability and 

durability can be compromised by aspects such as the contamination. Fluid 

contaminants, such as oil residues, blood, creams, and fingerprints, are a concern 

in industries like transportation, textiles and electronic systems35,36.  

Omniphobic surfaces refer to those that can repel a wide range of liquids 

droplets, including both polar and non-polar fluids. Achieving omniphobicity, 

that is a high level of repellence characterized by a high slippery condition of 

liquids droplets on the surface, typically requires a combination of special 



                                                                                                                          CHAPTER 1  

9 
 

surface chemistry and topography. It is known that surface texturing where 

micro- and nano-structuration of the surface implies liquid repellence by 

trapping air in the porosity, allows a reduced contact area between the liquid 

droplet and the surface37. Other essential features are related to low surface free 

energy of treated or coated surfaces based on fluorinated compounds to 

minimize the chemical bonding affinity38,39,40. However, considering that the 

functionalization strategies currently employed must reduce the number of 

fluorinated compounds or be replaced by more environmentally friendly 

alternatives according to safety European regulations41,42, this thesis proposes 

the minimization of their use while exploring new approaches based on their 

environmental stability to mitigate their ecological impact43. 

Another pursued surface property derived from wetting that affects stability and 

durability of a functional material when interacts with environmental agents is 

its self-cleaning capability. Self-cleaning refers to the ability of a surface to clean 

itself by repelling solid and liquid contaminants like dust or dirt particles, 

minimizing the need for external cleaning efforts. This property is achieved 

through specific surface modifications that exploits again both surface chemistry 

and topography. For example, self-cleaning capacity is interesting in many 

human-life setups such as glasses44, finishing in domestic systems45, and facades 

in building and architectural structures46, solar panels47, windshields48, 

mirrors49, external components of cars and airplanes, and medical devices50. It 

means an option to reduce maintenance costs by minimizing the need for 

washing in high-rise buildings or hard-to-reach places while keeping surfaces 

clear and free of dirt, sterilize, and improving visibility, aesthetics, and energy 

efficiency.  

Particularly, the accumulation of fouling agents (organic biological rests on 

liquid suspension) on surfaces has become a major issue with considerable 

economic consequences for both industry and society. These contaminants can 

negatively impact a wide range of applications by compromising safety, health, 

and performance, leading to increased maintenance costs51. Fouling can take 

various forms, including liquid contaminants, solid particles, or biological 

elements. Solid fouling including dust, chlorates, and salts, affects outdoor 

operational systems such as solar panels52,53 and heat exchangers54. Biofouling, 

which involves the attachment of microorganisms, algae, or proteins has a 

detrimental impact on sectors such as biomaterials55, food processing56,57, 
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marine vessels58 and water distribution, and wastewater treatment plants59. 

Therefore, the need arises to develop full repellent surfaces with anti-fouling 

capability. For that, omniphobic surfaces could be potential candidates referred 

to the ability of a surface to resist the accumulation of unwanted biological 

materials. 

As a goal extension for surface engineering research, the ability to control the 

wetting behaviour at low temperatures directly affects new strategies to prevent 

the accumulation and formation of ice on surfaces. Icing is a widespread climatic 

issue in regions with sudden seasonal or daily changes and in those with long 

cold periods, where materials are subjected to abrupt temperature changes 

between day and night, or across different seasons with significant impact on 

human activities, services and infrastructure. In the field of aeronautics, ice 

formation on aircraft wings can lead to increased weight, aerodynamic 

disturbances (such as reduced lift) and the blockage of mechanical systems. 

These issues can cause flight delays and cancellations, making anti-icing and de-

icing techniques critical in aviation efficiency and safety60,61. Various methods, 

including chemical de-icing with glycols and sophisticated systems like 

pneumatic boats62,63 are employed to prevent or remove ice, particularly on the 

leading edges of wings. However, these methods can be costly, energy-intensive 

and environmentally harmful64. Ice accumulation also affects other sectors such 

as power lines where it can result in power outages and costly damages, while 

roads experience asphalt fatigue due to freeze-thaw cycles62,64,65. In the energy 

industry, icing can impair cooling systems66 and significantly reduce the 

efficiency of renewable energy sources, such as wind turbines and solar 

panels67,68. In addition, ice formation poses challenges for shipping near the poles 

and for all offshore platforms, compromising safety and productivity. Even in 

regions with milder climates, such as ski station resorts, freezing rain cause ice 

accumulation that disrupts operations, like making ski lights inoperable and 

obstructing telescopes69,70. This last refers to the challenge posed by transparent 

as well as robust surfaces, which must be characterized by their ability to 

withstand long working cycles under varying climatic conditions. Given the 

broad range of applications affected by icing, the economic impact of 

infrastructure damage, and the effects on human well-being, the ice protection 

industry has become a rapidly growing market, volved in the billions of dollars 

with an anticipated annual growth rate of 4% in the incoming years71.  
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In this thesis, proposals will be addressed to implement robust and forceful 

controlled wetting responses based on the functional interaction with the 

application environment. These purposes must be compatible with any type of 

nature, physical-chemical properties and geometry of the material. Particular 

attention will be paid to obtaining stable and long-lasting repellent surfaces, 

capable of developing extra performances of self-cleaning, anti-fouling and anti-

icing responses. Wetting control will be achieved through surface modification 

using innovative, scalable and environmentally friendly surface engineering 

techniques combining the design of suitable surface topography and chemical 

modifications. Consequently, the parallel challenge will be to establish protocols 

for characterizing multifunctional behaviours based on the wetting control in 

simulated work environments and the compatibility as protective exterior 

surface of active de-icing devices. 

 

1.1.2 Design of surfaces for the control of wetting  

 

From the pioneering works about the nature of solid-liquid interactions in 

wetting and non-wetting scenarios, surface design engineering has been 

progressing. In 1805, Thomas Young described the equilibrium behavior of a 

liquid droplet deposited on an ideal solid surface72. Later, differences in the 

dynamic contact angle of a droplet on a real solid surface, which are crucial for 

liquids droplets adhesion and mobility, were first described as “hysteresis” by 

the metallurgy community in the early 20th century73, although the phenomenon 

had been considered as early as Gibbs´s studies in the thermodynamics 

properties of surfaces as a discussion of “the frictional resistance to a 

displacement of the contact74. This phenomenon, known as Contact Angle 

Hysteresis (CAH), continues to be a subject of investigation today75,76,77. This 

parameter plays a crucial role in understanding the behavior of liquids on non-

ideal surfaces. Hysteresis refers to the difference between the Advancing and 

Receding Contact Angles (ACA and RCA), (Figure 1 c)), related to the energy 

required for a liquid droplet to spread or retract on a surface. This phenomenon 

is essential for evaluating the effectiveness and stability of hydrophobic surfaces, 

which are critical in a wide range of applications, from self-cleaning materials to 

anti-icing surfaces78. Subsequently, the understanding of non-ideal surfaces was 

further advanced through the Wenzel79and Cassie-Baxter80 theories related to 
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the influence of the roughness and the heterogeneous chemistry, respectively, in 

the wettability. These models, despite being subject to current revisions to 

include factors like anisotropy81, impacting and overflowing drop82, fractal and 

re-entrant geometries83 or the droplet volume84, remain valid for establishing 

the basic surface characteristics required to control the wetting behavior, 

particularly to produce highly effective water-repellent materials. 

 

• Biomimicry for the wetting control  

 

As an intrinsic protection and adaptability mechanism, certain nature species 

have developed surface characteristics, directly related to wettability, to 

confront or take advantage of the interaction with the environment as it is 

exemplified in Figure 2. A notable illustration is the hydrophobicity of duck 

feathers thanks to a peculiar nanostructure, which prevent water penetration85. 

The feathers of their wings have a very special structure, with micro- and nano-

structures that create a rough texture that traps small air pockets. This, along 

with an oily layer secreted from their subdermal glands, helps repel water. Other 

examples of repellent surfaces in nature, are the leaves of various plants86,87 , the 

skin of sharks and springtails88, certain insect exoskeletons and the butterfly 

wings89. The term “biomimicry” combines “bio”, and “mimicry” meaning live or 

living organisms, and to imitate, respectively. Therefore, technology 

manufacturing inspired in nature can suppose new optimal advances for surface 

innovative purposes. Traditionally, water repellency strategies go from the 

selection of natural materials, such as animal furs or natural fibers, which were 

subsequently enhanced by incorporating natural oils and waxes to withstand 

harsh environments90 to more advanced materials of tunable wettability based 

on biomimetics. 
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Figure 2. Left: examples of the most known natural repellent systems in nature (duck feathers, 

penguin and gecko skin, butterfly wing, and lotus leaf)85. Right: top) non-wet kingfisher in the rain 

and droplet impact on the kingfisher elastic feather91; medium) contact angle pictures of kale and 

SEM images of leaf veins91; bottom) picture of a hydrophobic taro leaf in the natural environment 

and SEM images showing its micro-nanostructures91. 

 

Repellent surfaces are recognized by their ability not only to difficult water 

interaction (superhydrophobic behavior) but also to resist contamination from 

fouling agents (omniphobic behavior) and solid particles (self-cleaning 

response). For that, prompting extensive research into strategies for design and 

creating biomimetic non-stick surfaces. The foundational principles behind 

bioinspired liquid-repellent surfaces are related to the impact of surface texture 

and roughness or the heterogeneous chemistry in wettability91,92 as presented in 

Figure 2, established by Wenzel and Cassie and Baxter models in 1936 and 1944, 

respectively93,94. Therefore, the different scales of roughness found in nature can 

be replicated through biomimicry to achieve surfaces with specific 

functionalities related to repellency. From the perspective of theory, design, and 

the development of new materials for biomimetic repellent surfaces, Figure 3, 

presents a summary of several advances61.  
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Figure 3. Top: key milestones in the field of wetting control61. Bottom: state of art of surface 

response examples related with advanced surface engineering designs95: I) experiments about 

wettability on coated and uncoated surfaces with different solvents, II) self-cleaning capability 

using real simulants, such as milk, water and tea, III) wettability studies in re-entrant structures 

with different liquids, IV) ice nucleation studies using re-entrant surfaces. 

 

The timeline highlights theoretical progress in surfaces chemistry, particularly 

of polymeric nature, as well as the development of Superhydrophobic Surfaces 

(SHS) and Slippery Liquid-Infused Porous Surfaces (SLIPS) based on the 

introduction of the hierarchy concept and the lubricant infusion, respectively. 

Correspondingly, Figure 3 bottom), illustrates examples of the evolution of 

applied surface designs for omniphobicity (Figure 3 bI)), self-cleaning behavior 

(Figure 3 bII)), anti-fouling responses (Figure 3 bIII)), and anti-icing capabilities 

(Figure 3 bIV))61,96,97. Key advancements in the development of water-repellent 

surfaces include the discovery of natural rubbers and the subsequent 

development of synthetic polymers in the 20th century98. This led to the 

production of low surfaces energy polymers such as polydimethylsiloxane 
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(PDMS), a type of silicone rubber, and polytetrafluoroethylene (PTFE), 

commonly known as Teflon. These polymers have been applied as coatings to 

modify wettability, particularly as hydrophobic materials. Later, an alternative 

method for creating low energy surfaces was developed, involving the self-

assembly of molecular monolayers, which allowed for precise control at 

atomistic scale over the surface chemistry and repellency99.  

In the late 1990s, advancements in visualization and fabrication techniques in 

materials science, specifically to observe and replicate the nanostructure of the 

lotus leaf, accelerated the implementation of water repellency by the creation of 

inspired synthetic superhydrophobic surfaces. Combining micro- and nano-

scales topography with high water contact angles (>150°), low contact angles 

hysteresis (CAH<5°), and low rolling-off angles (RoA<5°) were able to be 

employed in many industrial applications100,101. Although this complex 

hierarchical structure enhanced water repellency, porosity could become 

vulnerable under harsh environmental conditions whether under mechanical 

loads, high humidity, low temperature or presence of corrosive agents. This issue 

was addressed by developing a new type of functional materials, Slippery Liquid-

Infused Porous Surfaces (SLIPS) in which a porous scaffold is infiltrated with an 

immiscible lubricant to form a smooth, low adhesive, liquid overlayer on the 

surface. These slippery surfaces are stable under high pressure, exhibit virtually 

no contact line pinning, and have an omniphobic behavior102. However, the 

disadvantages of SLIPS include durability issues, as the liquid lubricant layer can 

degrade over time due to wear or environmental factors, reducing the surface's 

effectiveness. Additionally, maintaining a stable and uniform liquid layer across 

the surface can be challenging, especially in dynamic or harsh conditions. SLIPS 

can also be sensitive to contamination, as the presence of dirt or oils can disrupt 

the slippery properties103,104,105. Moreover, low surface tension fluorinated 

lubricants currently used in SLIPS must be replaced by strategies using silicone, 

canola, olive, and coconut oils for ecological purposes106.  

Engineered surfaces of low wettability have been designed to offer various 

benefits, such as minimizing drag in fluid flow, boosting heat transfer, and 

enhancing self-cleaning properties107. In the complex domain of ice repellency, 

these surfaces have shown considerable potential as passive anti-icing or 

icephobic materials108. Nevertheless, achieving low wettability with water, even 

with other non-polar liquids, is insufficient to preserve the repellent capacity at 
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low temperatures, particularly in environments of high degree of relative 

humidity. Icephobic surfaces must also possess the ability to inhibit ice 

nucleation, prevent frost formation and decrease ice adhesion. However, aspects 

of surface engineering that favor omniphobic behavior, such as porous 

hierarchical surfaces, may be counterproductive and fail to protect against ice 

formation when the nanostructure acts as defects conducive to condensation and 

freezing. Current anti-icing proposals inspired in nature such as oils in plants, 

and skin of animals (highlighting the study of sea cucumbers, whose skin 

features a structure with micro and nanofibers that inhibit the adhesion of ice 

crystals109) try to address options from self-propelling and bouncing to heat 

isolation and freezing delay whatever the environmental conditions in search of 

stable and durable functional surfaces110,111 . For instance, new anti-fouling 

strategies based on the wetting control of the surfaces are being explored to 

preserve the functional application as well as to enhance the operational life of 

materials112. 

Moreover, from the perspective of smart surfaces, the coupling of these passive 

protection surfaces to active de-icing systems promises striking efficient 

advantages. Passive surfaces are ideal to be integrated into active systems 

because they help to protect and improve energy efficiency based in the wetting 

behavior. Passive systems, such as self-cleaning coatings or wear-resistant 

surfaces, protect against abrasion, corrosion, and ice buildup, extending surface 

life and reducing maintenance needs. In terms of energy efficiency, passive 

systems can optimize energy use by minimizing the need for active intervention, 

like heating or defrosting, allowing active systems to work lowering overall 

energy consumption113,114. Therefore, the scientific community is at the time of 

defining protocols and characterization standards to evaluate those wetting-

based multifunctional properties that serve to establish the quality criteria of 

this interesting topic of surface engineering.   

 

1.2 Wetting description  

As previously mentioned, wetting or wettability of a solid surface provides useful 

information about the affinity and the interactions of a liquid in contact with a 

solid surface. It can be characterized by contact angle measurements of a liquid 

droplet deposited on the surface at the equilibrium condition according to the 

Young’s equation represented in Figure 1 and Figure 4. On an ideal surface (i.e., 
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completely smooth, rigid, chemically homogeneous, and inert), the Young’s 

equation establishes three interfacial free energies influencing the equilibrium 

static contact angle (CA): (S-L) solid-liquid, (L-V) liquid-vapor, and (S-V) solid-

vapor. The surface energy of the solid-vapor interface and the surface energy to 

the liquid-vapor interface are often referred to as the solid surface free energy 

(SFE) and the liquid surface tension, respectively. According to the Young 

equation, a liquid droplet tends to exhibit lower CA values on a solid surface with 

high SFE than on a solid surface with low SFE. However, surface geometry, 

roughness, surface energy and cleanliness of the surfaces as well as droplet size 

and environmental conditions are factors influencing the contact angle value31.  

Particularly, surface tension, capillarity and gravitational field affect the droplets 

sliding on the surface115. Under tilting wetting situations as shown in Figure 1 c), 

an asymmetry occurs between the contact angles measured in both sides of the 

drop deposited on the surface: the contact angle at the lower side, called 

Advancing Contact Angle (ACA), becomes greater compared to the one at the 

upper side, named Receding Contact Angle (RCA). Therefore, a hysteresis of the 

wetting is appearing, estimated through the difference of these dynamic contact 

angle values (CAH). Otherwise, the inclination angle of the surface when the 

liquid droplet starts to move down the tilting direction is known as the Sliding 

Angle (SA) or Rolling-off Angle (RoA). Hysteresis serves as an indicator of the 

liquid's adhesion to the surface116. Besides ACA and RCA can be also determined 

by increasing and decreasing the volume of the droplet until dewetting ocurs117 

on a horizontal configuration like shown in Figure 1 c). It has been demonstrated 

in the literature that a liquid droplet will roll off easily from the surface when the 

static contact angle is greater than 150⁰ and the hysteresis smaller than 5⁰118. 

Consequently, if the solid-liquid contact area is reduced, rolling droplets of 

specific volume can push, drag and trap dust and dirt particles from the surface 

in the defined self-cleaning response119. 

Other factors influencing the wettability of most solid surfaces range from 

physical to chemical ones: surface roughness, shape and size of surface motifs 

and low/high free energy functional groups. Variations in roughness are also 

caused by impurities and contaminants on the surface. The roughness of the 

surface is known to influence hysteresis because the surface asperities make 

different every contact point with the liquid droplet120. In consequence, the 

apparent contact angle, presented in Figure 4 is defined as the angle between the 
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apparent solid surface and the tangent to the liquid-fluid interface, being 

different from that of an ideal surface (intrinsic contact angle)121,122.  

 

 
Figure 4. a) Wetting models according to Young, Wenzel and Cassie-Baxter theories123; b) 

Schematic of the merged droplet tail retracting from the parallel grooved walls of a structure, 

representing the Laplace pressure as a function of liquid surface tension (γ) and the droplet radius 

of curvature at the top (Rtop) and bottom (Rb) of the deformed droplet124. 

 

Due to the mentioned defects, real surfaces have a range of stable CA values, also 

identified with the hysteresis range. It is crucial to emphasize that on smooth 

surfaces, the reported contact angle (CA) values for water droplets do not 

surpass 90⁰ due to the chemical nature of them. Therefore, an additional factor, 

the surface roughness, becomes indispensable for achieving higher CA values. 

Two models describe the influence of roughness/heterogeneous topography on 

the wetting behavior of a liquid droplet deposited on a solid surface: Wenzel's 

and Cassie-Baxter's theories, presented in Figure 4125. The Wenzel’s model 

describes wetting when there is no entrapped air between the solid and liquid. A 

liquid droplet penetrates the cavities of a rough surface, resulting in a larger 

surface contact area than a smooth surface by a roughness factor (r). This 

roughness factor is the ratio of the specific area to the projected area (apparent 

and intrinsic areas, respectively). According to this model, for a smooth surface 

with a CA greater than 90⁰, an increase in the roughness factor increases the 
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experimental CA and vice versa. It is noteworthy that a droplet in the Wenzel 

state is often recognized as sticky, given the importance of adhesion between the 

droplet and the surface, limiting the droplet's mobility on the surface (known as 

the “petal effect” in Figure 3). In contrast, the Cassie-Baxter´s model describes a 

scenario where the droplet does not fill the cavities of the rough surface. Air 

pockets are trapped between the solid and liquid, resulting in two interfaces: 

solid-liquid and solid-vapor below the contact meniscus of the drop, where the 

droplet wets only the top of the rougher motifs allowing effortless droplet sliding 

over the surface. According to Figure 4, the f parameter represents the fraction 

of the solid surface in contact with the liquid. Drawing from the pioneering work 

of Wenzel and Cassie-Baxter, three requirements must be met to achieve 

superhydrophobicity, i.e., high contact angle, low contact angle hysteresis, and 

low rolling-off angle values. This combination results from a well-designed 

surface chemistry and meticulously crafted topography. 

When surface features have an influence in the contour of the liquid droplet-air 

interface when is deposited on a rough or structured surface, the concept of 

Laplace's pressure notably influences the way this interaction occurs. In nature, 

Laplace effect is used to collect and transport liquids taking advantage of a 

patterned nanostructure like in the case of cactus spines126. Laplace pressure (P) 

refers to the differential pressure across a curved boundary between a liquid and 

a gas. It is determined by the surface tension of the liquid (ϒ) and the radius of 

curvature (R) of the liquid-air interface.  

 

                                                                𝑃 =
2𝛾

𝑅
              (equation 1)  

 

The surface's geometry of a rough or structured surface with entrapped air, led 

to alterations in the curvature of the liquid-air interface of the droplet affecting 

the Laplace's pressure experienced by liquid droplets in contact with the 

surface127. Laplace pressure is directly linked to the internal radius of the droplet 

(Figure 4 b)) and, therefore, to the Three-Phase Contact Line (TPCL) diameter. It 

highlights that for higher droplet diameter values, the Laplace pressure will be 

lower, meaning that a larger droplet will have a smaller pressure difference 

between its interior and exterior. In contrast, when the droplet diameter 

decreases (usually due to the evaporation process), Laplace pressure increases, 
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meaning that the surface tension generates higher pressure in a smaller droplet 

to balance the forces present on the surface. This explains why droplets with less 

contact with the surface tend to be more spherical and stable against evaporation 

or collapse if the surface force opposing water penetration is balanced by the 

Laplace pressure in the drop128. Therefore, Laplace pressure is a parameter that 

allows to identify a wetting regime change from Cassie-Baxter to Wenzel state 

during the evaporation of a droplet129. This parameter also affects the droplet 

jumping mechanism being useful to develop nanostructured surfaces for easy 

removal of droplets during steam condensation129 and microdroplet 

manipulation126.  

 

1.3  Strategies for liquid-repellent surfaces at room conditions 

Over the past two decades, innovative concepts have been explored with the 

objective of developing multi-repellent surfaces that means omniphobic surfaces 

with additional multifunctional properties such as anti-fouling, anti-corrosion, 

anti-fogging, and self-cleaning behaviors. Common strategies can be summarized 

in three basic approaches shown in Figure 5. 

 

1.3.1 Superhydrophobic surfaces (SHS) 

 

Understanding the principles and mechanisms underlying the remarkable liquid 

repellency of lotus leaves enabled the recompilation of the “lotus effect” on 

synthetic surfaces. This breakthrough served as the foundation for surface 

engineering such as a wide range of repellent surfaces based on hierarchical 

micro-nanostructures, capable of maintaining air trapped in the porosity below 

the liquid solid interface, and consequently minimizing the contact area as 

previously was commented.  
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Figure 5. Schematic of different approaches for liquid-repellent surfaces: a) Superhydrophobic 

surfaces (SHS), b) Slippery Liquid Infused Porous Surfaces (SLIPS) and c) Slippery Omniphobic 

Covalently Attached Liquid (SOCAL), and their potential applications. 
 

The application of low surface free energy materials is essential to reduce the 

chemical affinity between the surface and the water droplet. Main scheme of a 

superhydrophobic surface is shown in Figure 5 a). It is remembered that due to 

the reduced contact area between the liquid and the surface, SHS exhibit 

excellent water repellency, characterized by high contact angles, low contact 

angles hysteresis, and low rolling-off angles. It should be noted that when both 

CA and CAH are high, a liquid droplet may adhere to the surface due to the “petal 

effect” representing a state of non-wetting but high adhesion130. A water droplet 

experiences strong adhesion on a rose petal surface due to the papillose 

structure of its epidermis acting as strong pinning sites. This prevents liquid 

droplets from sliding on the surface even when the petal is inverted. This sticking 

water-repellent capability has been extensively studied and exploited for various 

applications, like oil-water separation131,132, anti-corrosion133,134, self-

cleaning135,136, anti-fouling137,138, drag reduction20,139, anti-fogging140,141 and anti-

icing22,142, although there is controversy between static water repellency and 

anti-icing capability as will be discussed later. 
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The required micro-/nano-structuration for the fabrication of superhydrophobic 

surfaces, called hierarchical topography, can be achieved through either top-

down or bottom-up approaches143. Top-down methods include techniques such 

as etching (chemical144,145, plasma146,147, laser148,149) lithography150,151, and 

template-based methods152. Bottom-up approaches involve techniques like 

coating153, and nanostructures deposition154,155, and sol-gel methods156,157. A 

combination of both approaches can also be used to create advanced SHS as will 

be intended in this thesis.  

As a peculiar application of superhydrophobic surfaces (SHS)158, the self-

cleaning response allows solid particles to be easily removed by the rolling 

action of water droplets. In an attempt of explanation at microscopic level, Geyer 

et al.159 estimated the lateral adhesion force acting during the self-cleaning of 

hydrophilic and hydrophobic dirt particles: 

 

𝐹𝐿 = 1.1
𝜔𝜑2∆𝛾2

𝑘
          (equation 2) 

 

considering that the meniscus formed due to the deformation of the interface 

during the self-cleaning is modelled as a k spring constant,  being the width of 

the apparent contact area of the droplet,  the surface fraction in contact with 

the particle and  the work of adhesion between the substrate and the dirt 

particle. 

Currently, the fabrication of SHS is well established and does not present 

significant technical challenges. However, despite their excellent water 

repellency, these surfaces have inherent limitations that restrict some practical 

applications. SHS are ineffective against low surface tension liquids, which can 

easily spread across the surface, displacing the trapped air content. Moreover, 

these surfaces cannot withstand pressure, causing liquids to penetrate the 

porosity and compromising their repellent properties. An important key for SHS 

is related to micro-nanostructures configuration which can negatively impact 

the material´s mechanical strength depending on the charge, and environmental 

conditions leading to the loss of wetting functionality when damaged160. Efforts 

have been made to extend the unique behavior of SHS to liquids other than water, 

such as low surface tension liquids (e.g., oils, organic liquids and alcohols). It has 

been identified that, in addition to the hierarchical morphology required for SHS, 
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a specific chemical functionality or a sophisticated topography (re-entrant, 

overhanging or Janus structures) is crucial for achieving superomniphobicity, 

and, by extension, anti-fouling, self-cleaning or anti-icing capabilities161. 

However, these surfaces still suffer from the general SHS drawbacks, highlighting 

the fragility of their morphological features that even can lead to mechanical 

locking issues when ice nucleates within those air traps162,163. 

 

1.3.2 Slippery Liquid Infused Porous Surfaces (SLIPS) 

 

This liquid-repellent methodology, which emerged in 2011 as a novel approach 

to obtain non-stick surfaces, is particularly effective at repelling low surface 

tension liquids, addressing some of the limitations of superhydrophobic 

surfaces. Inspired by the Nepenthes plant, commonly known as the pitcher plant, 

whose penstemon feature a porous structure infused with water or nectar to 

create a lubricating layer that causes insects to slip into the plant´s interior164. 

Aizenberg et al. developed the concept “Slippery Liquid Infused Porous Surfaces” 

(SLIPS)102, by infusing a low surface tension lubricant into a textured or porous 

material as it is shown in Figure 5 b). This technology takes advantage of the 

lubricant´s mobility, resulting in exceptionally smooth and defect-free surfaces 

with very low contact angle hysteresis (CAH) against low surface tension liquids. 

As a result, liquids and fluids droplets can easily roll off where the surface 

typically remains hydrophobic due to the wetting behavior of the outermost 

lubricant layer. For a stable SLIPS system, the lubricant must meet two criteria: 

1) it should have a strong affinity for the substrate while repelling liquid or fluid 

agents, and 2) it must be immiscible with the contact liquid165. Another key 

feature of SLIPS is their self-healing capability: when the surface is damaged, the 

lubricant quickly flows to repair the affected area166. However, despite this self-

healing property, the long-term durability has been questioned and certain 

limitations still hinder the large-scale practical applications of SLIPS. The 

effectiveness of these surfaces depends on the mobility of the lubricant at the 

molecular level, but this same mobility is also their primary limitation. Prolonged 

use may result in lubricant depletion to evaporation at working operation 

conditions different from the room temperature or interaction with fluids of 

different density leading to a displacement and deterioration of the surface´s 

properties167.  Additionally, the textured or porous scaffolds that retain the 
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lubricant are often fragile, limiting their mechanical robustness. To address this, 

studies are being focused on the stability of the lubricant, considering the surface 

energy of the substrate, the lubricant fluid nature, and the repelled liquid one to 

ensure effective liquid retention. Additionally, it is important to select a lubricant 

that does not result in drop clocking, as this could cause oil depletion as droplets 

roll off168. Furthermore, most efficient lubricants used in SLIPS are composed of 

fluorine-based chemistry. Therefore, lubricant losses by evaporation and water 

drop cloaking could cause environmental and human health issues.  

 

1.3.3 Other strategies for liquid-repellent surfaces  

 

One of the methods used to achieve repellent properties is the surface chemical 

derivatization through molecular grafting. Chemical derivatization is a process 

in which surfaces are functionalized by incorporating polymeric chains or 

specific molecules via covalent bonds. This method is widely used to modify 

properties such as hydrophobicity, chemical resistance, or biocompatibility. 

Fluorinated compounds are particularly relevant in this context, as they provide 

unique properties such as low surface energy and high thermal and chemical 

resistance. Experimentally, molecular grafting can be performed using methods 

such as radical grafting, photoinitiation, or chemical activation of the surface. 

According to the literature, typical steps include: 1) surface pretreatment (e.g., 

cleaning or activation), 2) initial functionalization with a reactive group, and 3) 

reaction with the fluorinated monomer or compound169. In chemical 

derivatization processes through grafting, the molecules most used are 

fluorinated monomers like Perfluoroalkylsilane (PFAS) compounds 

characterized by their C-F bonds, acrylates and methacrylates, as well as silanes, 

among others. Figure 6 shows a schematic of the main surface chemical reaction 

that occurs between the functional groups and the surface exposed to their 

vapors, as well as the result after the reaction. 
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Figure 6. Scheme of chemical derivatization by surface grafting of fluorinated molecules using 

PFAS to achieve repellent properties. Left: main activation process using O3 to clean the surface 

and to obtain -OH chemical groups. Right: formation of stable chemical bond between O-Si. 

 

As shown in Figure 6, a surface activation process is necessary to obtain hydroxyl 

groups on the surface (-OH) (Figure 6 I) in order to promote thermodynamically 

favourable O-Si bonding, that is, a chemical bond is formed between the surface 

and the functional molecule through the presence of silanol groups (Si-OH) in the 

chosen precursor (Figure 6 II)). In the context of this thesis, this type of strategy 

will be presented to achieve stable repellent properties. The development of 

hierarchical surfaces provides a larger available specific surface area to 

accommodate these types of molecules.  

McCarthy´s group introduced a new type of liquid-repellent surface called 

Slippery Omniphobic Covalently Attached Liquid (SOCAL)25. This approach 

focuses on minimizing contact angle values with different liquids to achieve 

superomniphobicity by utilizing smooth surfaces grafted with flexible molecular 

chains that exhibit liquid-like behavior due to their rotational freedom (see 

Figure 5 c)). Like SLIPS but without the need for a hierarchical support, SOCAL 

surfaces, despite having only moderate contact angle values, demonstrate 

excellent slippery properties by leveraging the mobility of the grafted molecules 

to achieve low CAH170,171. This strategy is a promising solution for developing 

surfaces with improved mechanical durability and significant liquid repellent 



CHAPTER 1   
 

26 
 

capability. Typically, the surface chemical reactions that occur on these smooth 

surfaces take place through silane reactions or hydroxyl groups (-OH) induced 

at the previously activated surface. Some of the used long-chain chemical 

molecules include chlorosilanes and methoxysilanes, which can be fluorinated or 

non-fluorinated chains, thereby enhancing the full repellent properties172. The 

presence of these flexible, free-moving chains on the surface provides great 

durability from the perspective of electromechanical tests, and strong 

mechanical shocks. 

Finally, bioinspired porous Janus materials, inspired by the banana leaves173, 

have emerged as an innovative solution for applications such as water filtration, 

and collection, and self-cleaning surfaces. These materials feature hydrophobic 

and hydrophilic properties on different surface sides or in a gradient way, 

granting them dual functionality174. Their porous geometry enhances particle 

and liquid separation, enabling efficient water contaminant removal. Janus 

configuration leverages an exhaustive control of an asymmetric micro- and 

nanostructures to achieve water repellence, making them effective for creating 

new smart functional surfaces175. 

 

1.4 Icephobicity 

Since wetting is affected when the temperature decreases, it cannot be assumed 

that the affinity or repulsion properties with liquid droplets are maintained 

when environmental conditions change. To begin to establish the related 

terminology of the behavior of the three phases: vapor, liquid water and ice when 

the temperature drops, we will use the term supercooling, also named 

subcooling176, referring to a situation where latent heat will not be released when 

the phase change temperature is reached, but the temperature of the material 

will gradually decrease until a point where ice crystallization begins.  

 

1.4.1 From wetting to icing phenomena 

 

Commonly, water contact angle tends to decrease from room to sub-zero 

temperatures what can be related to surface condensation of ambient moisture 

at temperatures around 0⁰C near the droplet contour, that increases its volume 

from its interface when remains deposited on a cold surface. Consequently, a 

transition from a Cassie-Baxter to a Wenzel state125 may usually be observed for 
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superhydrophobic surfaces that lose such character at low temperatures (Figure 

7). 

 
Figure 7. Schematic of the Cassie-Baxter to Wenzel transition at low temperatures177. 

 

Also, if the drop deposited on a superhydrophobic surface undergoes some 

evaporation process close to 0⁰C, its size decreases and the Laplace pressure 

inside the drop increases, which leads to the impaling of the drop on the surface 

in a new adopted Wenzel state178. Moreover, when water droplets are carried by 

wind currents and impact with high kinetic energy on cooled superhydrophobic 

surfaces (possible displacement of air pockets from the pores), and/or when the 

moisture from the environment condenses in the porous surface structure to 

develop a frost layer, there is also a Wenzel-driven ice formation.  At the dew 

point, droplets can reach a metastable supercooling state whereas at lower 

temperatures the droplets can freeze when frost begins to be formed around the 

water droplet and the ice nanocrystals adhere to the surface. The process of 

freezing of a water droplet deposited on a cold surface is described in 5 stages179: 

liquid supercooling, nucleation/recalescence, crystal growth, equilibrium 

freezing and solid subcooling as it is shown in Figure 8 a)180.  
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Figure 8. a) Conceptual diagram of the multi-scale droplet solidification framework based on 

spatial and temporal scales180; b) General phase diagram of water; c) Pictures of the freezing 

process of a water droplet deposited on a cold surface identifying the main stages: liquid 

supercooling, ice nucleation, freezing and ice subcooling. 

 

In the first stage, the temperature of the water droplets in liquid state decreases 

even below zero. The sudden return of the temperature of the supercooled water 

droplets to the icing temperature is called the recalescence stage, where crystal 

nuclei begin to be formed and grow whereas the latent heat is released in a short 

time until the complete freezing. Then the temperature of the ice particle 

decreases in the solid subcooling stage. 

Prior to the freezing mechanism or during its execution, moist environments can 

promote water condensation on the cold surface179. Depending on the wetting 

behavior and the heat exchange mechanism, film-wise or dropwise condensation 

can be observed on hydrophilic or hydrophobic surfaces, respectively. 

Superhydrophobic surfaces may result in a better energy transfer because 
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reducing the contact area by means of isolated condensed small droplets leaves 

free spaces for thermal transport and, consequently, for ice nucleation. 

Moreover, since small water droplets exchange heat with the environment and 

the cold surface by thermal conduction and radiation, a low thermal conductivity 

material may promote the generation of ice bridges of adjacent condensed 

droplets. Therefore, in anti-icing applications it is preferable to have surfaces 

that facilitate heat conduction and thermal radiation.  

Depending on the environmental conditions, particularly the temperature 

gradient, ice formation may happen in a homogeneous or heterogeneous 

nucleation mechanism. Homogeneous ice nucleation can be possible at the gas-

liquid interface if the evaporative cooling and the supercooled liquid stages are 

predominant i.e., governed by the difference between the melting temperature 

and the initial one and regulated by the competition between the decreasing bulk 

crystal free energy and the increasing surface free energy181. Thus, ice nuclei 

come from the spontaneous generation of stable and ordered hydrogen bonds 

between water molecules, what decreases the free energy promoting the 

increase of the nuclei and increasing the interface free energy between the ice 

and the liquid water. Both processes compete in the form of a nuclear energy 

barrier (Figure 9). Meanwhile, heterogeneous ice nucleation is commonly 

observed at the liquid-surface interface if the colder region is the solid material 

because the presence of the foreign surface decreases the nucleation barrier by 

reducing the free energy of the interface182. The temperature for such a process 

to occur does not have to be so low as that for homogeneous nucleation because 

of the presence of impurities, roughness or different surface chemistry. 

 

 
Figure 9. Representation of the homogeneous and heterogeneous ice nucleation 

mechanisms180,183. R is the radius of curvature for droplet and r* is the radius of ice particle formed.   
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These factors influence a lower energy barrier nucleation, and, consequently, the 

freeze resistance of a surface will be directly related to the surface tension and 

wetting. According to the classical nucleation theory, the critical size (radius) of 

ice nucleus184 can be expressed as:  

 

𝑅𝑐 =
2𝛾𝑖𝑙𝑇𝑚

𝜌𝑖𝐻𝑖𝑙∆𝑇
            (equation 3) 

 

being il the interfacial energy between ice and liquid water (~45 mJm-2), Hij is 

the latent heat of freezing, i the ice density and T the difference between the 

melting temperature (Tm) and the surface temperature. Theoretically, for T 

around 5-10 ⁰C, the critical radius of the ice nucleus would be around 9-4.6 nm184. 

That means that surface roughness in the nanoscale is prone to exposing surface 

defects that trigger ice nucleation. 

After ice nucleation, ice crystals grow and make contact between them in the 

called ice accretion process. There are three main types of ice that can form 

under different environmental conditions: glaze, rime, and mixed ice. Glaze (wet) 

ice forms when supercooled water droplets freeze upon contact with a surface, 

creating a smooth, transparent ice layer, typically under conditions of freezing 

rain with calm winds and temperatures near 0°C. Glaze ice is presented as 

transparent, not completely frozen, highly density ice. Rime (dry) ice, on the 

other hand, also distinguished like hard or soft, forms when supercooled water 

droplets freeze on contact with surfaces exposed to cold, humid air, resulting in 

a frosty, opaque, and rough texture, even with trapped air inside, often occurring 

in windy conditions with temperatures below freezing (around -15⁰C). Mixed 

ice, which is a combination of glaze and rime, forms under conditions where both 

freezing rain and supercooled droplets coexist, leading to a more complex ice 

accumulation with both smooth and frosty ice layers on surfaces. 

Depending on the environment and surface properties, such as the topography, 

the Ostwald ripening185 phenomena could be present during ice accretion. It 

refers to the transfer of water molecules from smaller sized droplets to larger ice 

crystals via diffusion through the bulk vapor phase due to the chemical potential 

difference between the small droplet and the large ice crystal. Finally, the 

mechanisms governing the ice accretion depend on the release of latent heat 

during freezing: if it is not possible to remove all the latent heat because the heat 
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exchange between the surface and the environment is inefficient, glaze ice 

accretes preferentially, whereas ice rime accretes when supercooled water 

droplets hit previous ice particles allowing a fast diffusion of latent heat. 

Therefore, anti-icing surfaces focused on inhibiting ice accretion must be 

designed to reduce the critical ice nuclei formation together with minimizing the 

ice crystal growth. 

 

1.4.2 General description of icephobic surfaces 

 

Icephobic surfaces are characterized by four fundamental aspects186,187: freezing 

delay capability inhibiting ice nucleation, reducing ice adhesion, condensate self-

removing and inducing melting of the accumulated ice. However, most of these 

surfaces do not fully exhibit all these characteristics, leading to optimal 

performance only under specific conditions. The icephobic properties of a 

surface are sometimes evaluated based on one or more material properties, such 

as water repellence or contact angle hysteresis. While these traits can indirectly 

influence the icephobicity of a surface, they are not, strictly speaking, direct 

measures of it. Several studies in literature have drawn direct correlations 

between water repellency and icephobicity. For example, Dalton et al.188 

developed a variety of surfaces ranging from superhydrophilic to 

superhydrophobic revealing that as the water contact angle increased, ice 

adhesion decreased, in line with the work of Meuler et al.189, that suggested 

superhydrophobic surfaces to prevent freezing. Kulinich et al.190, noted that the 

relationship between ice adhesion and water contact angle is only valid when 

contact angle hysteresis is low (lower ice-solid contact area)191. Meuler et al.192, 

examined ice adhesion on a broad set of smooth steel discs coated with different 

hydrophobic materials, finding that ice adhesion is tied to the value of the work 

of adhesion and that further reductions in ice adhesion are achievable only with 

structured surfaces.  

Consequently, a comprehensive definition of icephobicity encompasses four key 

physical principles: (I) thermodynamics governing the phase transition in the 

supercooled water-surface system, (II) heat transfer involved in the ice 

formation process, (III) the mechanism of the ice-surface interaction, and (IV) 

material properties related to long-term mechanical, chemical, and 

environmental durability. Each of these aspects plays a crucial role in 
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determining the icephobic performance of a surface. Based on this definition, 

icephobic surfaces are evaluated by four primary criteria: (1) average ice 

nucleation temperature (TN), defined as the temperature at which ice nucleates 

on a sessile water droplet placed on a surface when the system is slowly cooled 

under quasi-equilibrium conditions, or the average ice nucleation/freezing delay 

time (tf), which refers to the time required for ice nucleation of a supercooled 

droplet in thermal equilibrium with its surroundings193, (2) the rate of ice 

accretion on the surface; (3) the adhesion strength at the ice-solid interface; and 

(4) the surface’s long-term icephobic durability. Figure 10 provides a schematic 

overview. Once a droplet contacts a surface at freezing conditions, it can undergo 

a phase transformation from water to ice through the process of ice nucleation 

and subsequent growth. From a thermodynamic standpoint, the heterogeneous 

ice nucleation temperature, TN, depends on the Gibbs energy barrier for 

heterogeneous ice nucleation (G) and the CA (ϴ) of the water droplet194 

expressed as follows:  

 

𝛥𝐺 = 𝜋𝛾𝑙𝑣𝑅2(2 − 3𝑐𝑜𝑠𝜃 + 𝑐𝑜𝑠3𝜃)/3           (equation 4) 

 

where 𝛾𝑙𝑣 is the liquid-vapor surface tension and R the critical radius. So, the 

larger the ϴ when ϴ>90⁰, the higher the G and thus the better the anti-icing 

performance. The freezing process of water droplets on a solid surface, in 

addition, follows the principle of energy conservation195. 

 

𝑊𝑑 + 𝑚𝑤𝐿 + 𝑄𝑒𝑥𝑜 =  (𝑞𝑤𝑎 + 𝜙 + 𝑞𝑟)𝑡𝑓           (equation 5) 

 

where 𝑊𝑑 is the kinetic energy of the droplet hitting the surface, 𝑚𝑤 is the mass 

of the droplet, L is the latent heat of water, 𝑄𝑒𝑥𝑜 is the heat released by water in 

the freezing process, 𝑞𝑤𝑎 is the natural convective heat transfer between the 

droplet´s contact surface and the surroundings, 𝑞𝑟 is the radiative heat transfer 

between the droplet and the surface, 𝜙 is the energy dissipated during the impact 

and tf  is the droplet´s freezing time. Another key consideration is the interfacial 

heat transfer between the water droplet and the surfaces196 affecting by:  

 

𝑡𝑓 = 𝜌𝐿𝑉𝐻𝑆(𝑇𝑚 − 𝑇𝑠)          (equation 6) 
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where tf is the duration from the water droplet begins phase transition to the 

solid ice particle is completely formed, 𝜌 water density, V the water droplet 

volume, H is the heating transfer coefficient, S the contact area between the water 

droplet and the surface, Tm the equilibrium freezing temperature, and Ts is the 

temperature of the surface.  

Figure 10. a) Representation of the main factors defining icephobicity: freezing delay time, water 

repellence and low ice-adhesion properties; b) Ice shedding influencing ice adhesion divided into 

two models depending upon the wetting state of ice: shear ice removal mode with external force 

imposed on the ice/substrate surface interface and ice shedding mode with external force applied 

to keep the ice away from the ice/surface interface. 

 

Additionally, Li et al.197 demonstrated through molecular dynamics simulations 

that nano-grooves could decrease the ice nucleation rate and inhibit freezing. For 

surface roughness higher than 10 nm, increasing the energy barrier for ice 

nucleation involves modifying surface free energies through the implementation 

of perfluorinated groups (-CF2 or -CF3), for example. Furthermore, other authors 

proposed that the formation of a quasi-liquid water layer beneath the ice nucleus 

can be beneficial preventing the ice formation in local nanoconfinements198. 

Another extra factors that affect ice nucleation are related to enhanced 

nucleation sites, such as surface defects, cracks and impurities which can serve 

as additional and preferential nucleation sites, where water molecules can 
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cluster together and begin to form an ice nucleus instead of what occur with 

smooth surfaces which may delay ice nucleation. Since the ice nucleation 

requires a certain amount of energy to overcome the Gibbs energy barrier, 

surface defects can reduce this energy activation by providing an easy 

environment for aggregation of water molecules that may experience stronger 

interactions than those in a smooth area, promoting the hydrogen bonds and 

facilitating the phase transition from liquid to solid. In summary, defects can 

modify the interfacial free energy between the water droplet and surface 

whereas environmental factors such as temperature condition the ice nucleation 

as it is shown in Figure 10 a) and b)199. Nevertheless, icephobicity can be 

categorized into anti-icing and de-icing functionalities. Anti-icing encompasses 

attributes aimed at mitigating ice formation, while de-icing pertains to the 

removal of existing ice, including low ice adhesion and the capability to melt 

ice200. De-icing strategies have evolved to include passive methods like 

hydrophobic coatings and thermal techniques such as electrothermal and 

photothermal systems, as well as active methods like pneumatic and 

electromechanical de-icing. Electrothermal systems are effective but highly 

energy-demanding, while photothermal systems offer potential energy savings, 

though their effectiveness is condition-dependent. Passive methods are of low 

maintenance but less effective in extreme conditions, while active methods 

perform better in harsh environments but involve more complexity and 

maintenance. A key challenge remains improving the exposed surfaces of active 

devices to enhance their performance, energy efficiency, and long-term 

reliability in real-world applications201. 

So, active de-icing technology is the other main method202 to combat the 

formation and accumulation of ice on surfaces, but using external energy 

sources. Applications of the active de-icing systems span transportation 

infrastructure, where heated pavements and bridges prevent ice buildup and 

enhance vehicle safety, aerospace, where aircraft wings and control surfaces 

employ active de-icing methods for safe winter operations, and buildings, where 

heating elements in roofs and gutters prevent ice dams and related damage.  

A wide range of ice mitigation actions is available, which can be classified into 

four well-established categories: 
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✓ Thermal methods include electrical heating systems that utilize electrical 

resistance as heat dissipative elements by Joule effect embedded in 

roads, bridges, or aircraft wings to maintain a temperature above 

freezing to prevent ice formation or dettach ice from environmentally 

exposed surfaces. Also, hydronic heating, which circulates warm water 

through pipes beneath surfaces, commonly is used in pavement systems 

to melt snow and ice. Pneumatic systems blow jets of heated air to 

remove snow and ice, effectively de-icing specific areas like airport 

runways. Thermal coatings, such as conductive coatings, enhance heat 

transfer and provide active heating capabilities, reducing ice adhesion. 

Infrared heating lamps to directly heat responsive surfaces, are 

particularly useful for targeted applications like de-icing aircraft before 

take off203. 

 

✓ Chemical methods include systems with chemicals compounds working 

as icing inhibitors, such as salts or other de-icing agents, to lower the 

freezing point of water and enhance melting. They are applied as sprays 

or integrated into heated systems. Some examples of these chemical 

active systems could be related to self-propelled particles or active 

colloids, where catalytic and Janus elements are able to drive self-

propulsion by decomposing chemical fuels. Another example includes 

autonomous chemical oscillators, which are chemical systems that 

exhibit oscillatory behavior without external intervention, such as 

polymer gels. These polymers can undergo rhythmic swelling and 

deswelling in response to chemical oscillators204. 

 

✓ For the mechanical methods, expulsive methods like neumatic boots, 

high pressure gas flux or piezoelectric pulses to break off ice from the 

surface are contemplated. If activated with sufficient frequency, some 

expulsive systems can be used effectively for active anti-icing. 

Electromagnetic de-icing systems use a spiral coil placed near the inner 

face of a metallic surface to glue a thin, flexible sandwich205 of conductors 

and dielectric material to the protected surface113.  
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✓ Ultrasonic systems use radiofrequency to disrupt ice formation, 

particularly beneficial for sensitive applications like aircraft. Smart 

ultrasonic systems incorporate sensors and control devices to monitor 

environmental conditions and adjust heating or chemical applications, 

optimizing performance and energy use204. Then, since this thesis has 

been developed within the framework of an european project called 

SoundOfIce involved in the development of smart efficient de-icing 

solutions based in the aplication of acoustic waves, it has been possible 

to have access to advanced facilities to evaluate passive systems as well 

as prove its integration in active de-icing devices excited by acoustic 

waves. 

 

The disadvantages of active systems include their increased complexity, higher 

weight, and the need for frequent maintenance. Additionally, they tend to 

consume more energy and may be less durable, especially under extreme 

conditions. This highlights the need to integrate passive protective surfaces, 

although there may be risks of physicochemical and thermal and energetic 

transfer incompatibilities between the two systems and adhesion issues, which 

requires sufficient scientific and technical efforts to achieve that optimization206. 

In response to the limitations of current active de-icing systems, there has been 

a growing interest in developing consonant passive anti-icing materials. These 

passive methods involve designing surfaces with properties that naturally resist 

ice formation or facilitate ice detachment without relying on external energy 

sources or de-icing chemical agents to properly be combined with the benefits of 

reduced energy consumption through enhanced surface properties207,208. 

However, many of these efforts have been unsuccessful due to issues related to 

the continuity of the passive system at the integration interface, energy and heat 

losses, as well as the lack of stability and durability under work cycling or 

extreme conditions. This serves as one of the main motivations of this thesis: to 

develop robust repellent surfaces of remarkable anti-icing capability to be able 

to be adapted to active de-icing systemsF while maintaining their efficiency.  

Therefore, the following section address the main surface properties that must 

be taken into account when designing icephobic surfaces compatible with active 

de-icing devices. In the Figure 11 some of the represented wetting states 

potentially accepted as icephobic surfaces are shown. 
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Figure 11. Types of wetting states commonly proposed as icephobic surfaces. SLIPS refers to 

slippery liquid infused porous surfaces and Infused P-M refers to lubricant infused polymer matrix 

where green colour represents the lubricant209. 
 

1.4.3 Water repellence 

 

The first influential property of icephobic surfaces is their capacity to repel water 

droplets at room temperature, as surfaces that remain free of water contact are 

less prone to water condensation, frost formation and ice accretion under cold 

and humid conditions. This property can be further divided into two key aspects: 

the shedding of supercooled water and the reduction of water condensation. 

When water droplets contact a cold surface, they can freeze making the contact 

time between the surface and water a crucial factor in preventing ice formation. 

Surfaces promoting high water mobility enhance the shedding of water, 

particularly on configurations, thereby minimizing contact time and reducing the 

likelihood of ice formation210,211. In environmental conditions of supercooled 

water droplets existing below their freezing point, minimizing surface contact 

time becomes even more essential, as seen in the formation of glaze ice during 

freezing rain212. Icephobic surfaces often have hydrophilic properties promoting 

the spreading of water droplets and minimizing droplet retention what could 

reduce the likelihood of ice formation since making it harder for ice to bond 

firmly to the surface. However, only if the chemical composition based on ice 
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inhibitors or a hygroscopic response able to retain a liquid aqueous layer at the 

ice/surface interface or promote mechanical response to affect ice adhesion, it is 

found anti-icing behavior of hydrophilic surfaces213,214. Particularly, polymeric 

matrices of hydrogels infused with substances like ethanol215, ethylene glicol216 

or salty water216 instead of traditional lubricants can prevent ice formation even 

at extremely low temperatures because the antifreezing agents can diffuse to the 

surface, either melting existing ice or creating a barrier liquid layer between the 

ice and the substrate. However, these surfaces, classified as semi-active systems, 

require periodic replenishment of anti/de-icing compounds or substances.  

Conversely, non-wetting surfaces, hydrophobic ones, having a low affinity for 

water interaction, are often considered for icephobic applications. Nevertheless, 

they do not generally respond extremely well to the anti-icing criteria. 

Particularly, polydimethylsiloxane (PDMS) is a promising material for anti-icing 

coatings due to its ability to repel water and allow water vapor permeability217. 

Its permeability to water vapor enables the vapor to evaporate before it 

condenses and freezes209. Also, due to its elastomeric properties, PDMS enhances 

the mechanical properties of the surfaces, providing flexibility and resistance. 

Furthermore, PDMS can be surface-modified to improve its properties, and its 

durability and efficiency make it a sustainable, low-maintenance choice.This 

makes it an effective option for applications in aerospace, infrastructure, and 

heating systems, where ice accumulation could compromise safety or 

performance.  

Superhydrophobic surfaces are anti-icing candidates thanks to the exceptional 

drop mobility to avoid ice formation from droplets impacts at sub-zero 

temperatures due to their reduced contact time between droplets and the 

surface218. However, they show limitations under certain conditions. When 

droplets impact the surface at high velocities, they can penetrate into the surface 

at low temperatures, transitioning to a Wenzel state, which prevents rebound 

and facilitates ice nucleation219,220. Additionally, at extremely low surface 

temperatures, they may fail and allow water droplets to freeze directly onto the 

surface221. The effectiveness of drop rebound can also be compromised under 

high humidity due to effects222,223. Also the surface roughness, specifically with 

dense nano-asperities can improve resistance to drop impalement224,225.   
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1.4.4 Freezing delay and ice accretion  

 

Another critical property for anti-icing surfaces is the ability to delay the freezing 

of water droplets deposited on them. This delay is typically quantified either by 

the time required for droplets to freeze at a specific temperature or by the 

temperature at which droplets freeze the surface and surrounding environment 

are gradually cooled (eq. 6). This property is particularly valuable in scenarios 

where water shedding is not feasible, such as with small droplets or non-tilted 

geometries. Freezing time can be affected by surface roughness, droplet volume, 

heat transfer efficiency between the substrate and the droplet, surface free 

energy, and interface energy barrier of the nucleating droplet. There are two 

main factors for delaying freezing time: 1) use of low surface free energy 

chemical materials, and 2) modification of the surface roughness and 

topography. Thus, superhydrophobic low surface free energy materials act as 

retardant of the phase transition since the condensed droplets cover small 

contact surface areas, tiny isolated droplets can grow, coalesce, and being easily 

removed. Meanwhile, despite that the presence of micro-nano structures can 

enhance the heterogeneous nucleation, the presence of air in the porosity of 

hierachical surfaces can reduce the thermal conductivity226,227. Thus, surface 

roughness with asperities smaller than the critical ice nuclei radius, can further 

enhance freezing delay228.  

Optionally, SLIPS also exhibit icephobic properties, contributing to freezing 

delay due to reduced likelihood of heterogeneous nucleation229. Infiltrating an 

oily liquid in a porous solid matrix can hinder heat transfer between water 

droplets and the surface. However, they are not ideal for shedding supercooled 

water. Although droplets can roll off SLIPS, they do not bounce, which increases 

the contact time with the surface. Using a low viscosity lubricant can enhance 

droplet mobility and reduce the contact time230. For that, viscosity of the 

lubricant fluid affects the water droplet sliding velocity according to: 

 

𝑣 =
𝑉 (1−𝑓𝑙)

𝜇0
           (equation 7) 
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depending on the droplet volumen V, the area fraction of liquid layer fl and the 

viscosity of the infused lubricant µ0. However, it may also lead to significant 

lubricant depletion. 

A complement to this response is the anti-frosting capability, which refers to the 

surface´s ability to minimize or prevent frost formation. Frost is defined as ice 

that forms from humid air through desublimation212. However, under 

experimental conditions, the ice that forms may instead be rime ice200, which 

originates from small water droplets in fog that condense on the surface before 

freezing. Rime ice represents an intermediate form between frost and glaze ice, 

and its prevention is closely linked to the previously discussed property of water 

anti-condensation.  

Regarding ice accretion, since simulating natural icing conditions in a climatic 

chamber is not available to common laboratories, the mass of ice accretion per 

unit area on the surface can hardly be estimated231. Thus, depending on the 

environmental conditions, if water droplets can bounce from the surface prior to 

icing, superhydrophobicity is postulated as a potential reducer of ice 

accumulated mass. However, under high relative humidity, a frost layer can be 

formed on the surface suppressing its water repellent properties wich only could 

be beneficial if a liquid water interlayer remained on the hydrophilic converted 

surface affecting the ice accretion. 

 

1.4.5 Ice adhesion 

 

Low ice adhesion is a crucial property when ice has already formed on a surface, 

indicating that the preceding anti-icing mechanisms have been ineffective. When 

ice adhesion is minimized, mechanical removal of the ice particles via external 

forces becomes more feasible. Ideally, ice should detach under natural forces 

such as wind or gravity. A surface is generally classified as having low ice 

adhesion when the adhesion strength is below 100 kPa, while surfaces exhibiting 

ultra-low ice adhesion, where detachment can occur naturally, have adhesion 

strengths below 10 kPa232. Surface roughness plays a negative role in ice 

adhesion, due to the fact that ice embedding and growth in roughness create a 

blocking mechanism (Figure 10 a)). On the contrary, it is preferable to have a 

lubricating material on the surface, either a liquid water or an oil interlayer 

between the ice and the surface. The work of adhesion, defined as the ratio of the 
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shear force of ice separation from a surface to the apparent contact area is 

related with the wetting of the surface through33: 

 

𝑊𝑎𝑑ℎ = 𝛾𝐿𝑉(1 + 𝑐𝑜𝑠𝜃𝑅)           (equation 8) 

 

where LV and R are the liquid droplet surface free energy and the receding water 

contact angle, respectively. However, on rough surfaces the mechanical ice 

interlock through van der Waals and hydrogen bonds interactions must be taken 

into account for the ice adhesion strength233: 

 

𝑊𝑎𝑑ℎ,𝑟 = 𝑊𝑐𝑜ℎ𝑥𝛿 + 𝑊𝑎𝑑ℎ𝑥(1 − 𝛿)           (equation 9) 

 

being Wcoh the cohesive strength of ice (~1600 kPa), Wadh the adhesive strength 

of ice on an ideal flat surface and  the ice area fraction interlocked with the 

micro-/nano- structured surface234.  

Therefore, ice wetting behavior influences the ice detachment by a shear ice 

removal mode if an external force is applied on the ice/surface interface or by a 

concurrent ice shedding mode if the external force directed to keep the ice away 

from the ice/surface interface (Figure 10 b)).  

Low adhesion surfaces, many of which are polymeric coatings used in industrial 

applications (e.g., demolding in the food industry), are proposed for icephobic 

purposes. These surfaces are generally hydrophobic and of relatively smooth 

texture. While hydrophobic and low adhesion surfaces can be related to reduced 

ice adhesion, it is well established that ice adhesion decreases as both water 

wettability and surface roughness decrease189,235. However, even for very 

smoother hydrophobic surfaces, the reduction in ice adhesion is not sufficient to 

classify them as truly anti-icing surfaces, as the adhesion strength remains too 

high. Otherwise, hygroscopic polymers can absorb and retain moisture from the 

environment, forming a thin lubricating layer that prevents or reduces ice 

formation and adhesion. Their chemistry is defined by polar functional groups, 

such as hydroxyl (-OH), carboxyl (-COOH), and amine (-NH₂), which enable 

strong hydrogen bonding with water molecules. This hydrophilic nature allows 

them to dynamically respond to humidity and temperature changes, making 

them ideal for anti-icing surfaces. Common examples include polyethylene glycol 
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(PEG), polyacrylic acid (PAA), hydrogels like polyvinyl alcohol (PVA), 

hygroscopic polyurethane blends, and natural polymers such as chitosan236.  

Alternatively, although low ice adhesion has been reported for 

superhydrophobic surfaces with nanoscale roughness237, keeping this low 

adhesion is challenging. Problems such as ice interlocking with surface structure 

can hinder the reduction of ice adhesion238,239. This issue is further compounded 

when frost or dew forms between surface textures in humid conditions. But the 

main peculiar strategy of low ice adhesion are the SLIPS, thanks to the ultra-

smooth interface between the solid surface and the lubricant, as well as the 

mobility of this interface240,241. However, during ice formation, the lubricant can 

migrate to the droplet or ice surface, leading to lubricant depletion after several 

freeze-thaw cycles. This migration can result in ice anchoring to the surface 

scaffold, increasing ice adhesion. To address these challenges, research efforts 

have focused on enhancing lubricant stability and durability242. A more recent 

approach involves the use of hydrophobic surfaces with low elastic moduli. The 

key benefit lies in their deformability, which can result in exceptionally low ice 

adhesion243. For instance, elastic surfaces with subsurface hollow structures 

(macro-crack initiators) have demonstrated ultra-low ice adhesion due to 

enhanced fracture mechanisms at the interface coupled with the reduced 

modulus provided by the porous material244,245. Recent advancements have led 

to the creation of enhanced Liquid-Infused Surfaces (LIS)236 with elastic porous 

silicones function as a polymer matrix for SLIPS of microdroplets reservoirs. 

They can minimize ice anchoring even in cases of oil depletion and improve 

durability thanks to the flexibility. Finally, liquid layer generators are another 

approach to reducing ice adhesion, because the presence of ions in an aqueous 

lubricating liquid layer on hygroscopic polymers blocks the interaction with ice 

and reduces the melting and freezing point. Hygroscopic polymers can absorb 

water even from the ice and release to keep an unfrozen liquid layer at the 

ice/surface interface246, which leads to exceptionally low ice adhesion. Notably, 

polymer matrix surfaces infused with anti-icing liquids can also be categorized 

as liquid layer generators247. 
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1.4.6 Durability of icephobic surfaces 

 

In real life, the good passive anti-icing effect is related to whether the controlled 

wetting surface can be widely used. Mechanical weakness, chemical corrosion, 

ultraviolet light exposure, and temperature cycling among others can damage 

the stability of superhydrophobic surfaces248. Particularly, superhydrophobic 

surfaces may experience reduced durability due to wear during ice 

detachment249,250.When the environmental conditions are aggressive, such as in 

presence of high relative humidity, low temperature, high wind speed or high 

altitude, water droplets can  impact on the surface, get access to the inner 

porosity of hierarchical structures or condense over already formed ice particles. 

Furthermore, removal of ice from a surface by means of usual de-icing protocols 

where hierarchical structures needed for the superhydrophobic behavior may 

be seriously damaged251. Therefore, it is needed to improve the 

multifunctionality of anti-icing/ice-phobic surfaces, i.e. mechanical, self-

cleaning, anti-fouling, and anti-corrosion robust properties248 so as to optimize 

their practical application. Consequently, establishing stability and durability 

characterization protocols at laboratory scale becomes really necessary when 

one wants to evaluate the icephobicity behavior. For that, linear pressure wear 

and water impact under high pressure tests has been implemented using an Icing 

Wind Tunnel. Also, the resistance to abrasion and erosion tests, with solid 

particles and simulated rain, freezing-thawing cycling, chemical corrosion or UV 

light ilumination are crucial aspects to check of a durable anti-icing surface.  

 

1.5 Challenges for the design of robust repellent and icephobic 

surfaces 

The significant technological and economic importance of control of wetting of 

surfaces applied in any environment, particularly as repellent surfaces, has made 

chemists, physicists, biologists, and engineers converge on a multidisciplinary 

research area of great interest. A clear indicator is the fast and substantial 

increase in the number of scientific publications in peer-reviewed journals, as 

can be seen in Figure 12 a). Additionally, it is important to note that this concern 

is not limited to academic research but also extends to technological and 

industrial levels, as reflected in the growing number of patents in recent years 

(Figure 12 b)). However, despite the considerable effort devoted to developing 
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highly repellent surfaces and the significant progress made in this field, current 

solutions are far from optimal performance considering stability, durability and 

multifunctionality criteria. Certain challenges still need to be overcome to 

successfully transfer surfaces engineering strategies for controlled wetting 

technologies from laboratories to daily life.  

From the earliest superhydrophobic surfaces (SHS), inspired by the lotus effect, 

until today, the field of repellent surfaces has undergone significant interest for 

the scientific community in last years, leading to a deeper understanding of the 

principles and mechanisms involved in water-surface interaction, particularly at 

low temperature. Moreover, to be able to repel different organic liquids, solid 

particles, and biological agents plays a key role in a wide range of applications 

(Figure 12 d)). 

Figure 12. Scientific and technological evolution of the research on liquid repellent and anti-icing 

surfaces. a) Number of published papers in scientific journals, and b) number of published patents 

using superhydrophobic (purple bar) and omniphobic surfaces (orange spot). Scientific (bar) and 

technological (spot) evolution of the research on c) anti-icing surfaces and d) anti-fouling surfaces. 

(Source: spacemen patent research and Scopus). 
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Challenges associated to anti-icing surfaces primarily revolve around material 

performance, durability, energetic cost, and environmental impact252. These 

factors have significantly influenced research output, leading to an increase in 

publications and patents over the two past decades as can be observed in Figure 

12. The main challenges for anti-icing surfaces are related to material 

performance, finding configurations that effectively prevent ice adhesion while 

maintaining, or even offer, other functional properties. Emerging technologies 

represented through the number of patents in Figure 12 for the research on 

nanomaterials, biomimetic surfaces and smart systems prove the impact of the 

topic. For these reasons, along with strong industrial interest, a promising future 

for repellent and anti-icing surfaces can be anticipated. The state of the art is 

looking for contamination-free, stable and anti-icing surfaces what requires a 

series of scientific and technological challenges:  

 

▪ Durability: one of the primary issues of repellent surfaces is their limited 

durability.  Required structures, hierarchical porous topography, to 

achieve superhydrophobic or superomniphobic responses often lack 

mechanical strength. For the low-adhesion alternative, SLIPS, the 

durability largely depends on the stability of the lubricant layer, which 

can be easily depleted through leakage or evaporation, and the 

nanostructured container. Additionally, durability is a significant 

concern in terms of operating conditions, as these surfaces must endure 

extreme temperatures cycling, chemical environments, or liquid and 

solid abrasion. Therefore, the limited reliability is a crucial weakness that 

must be addressed to enable practical applications with optimal 

performance. Moreover, a consensus on common protocols for 

characterizing the interaction of the wetting controlled surfaces with the 

environment is trying to consolidate since the difficulty in accessing large 

facilities for extreme environment simulators and to establish standard 

values. 

 

▪ Multifunctionality: currently, developments in highly repellent surfaces 

tend to focus on preventing the adhesion of specific liquids or fouling 

agents, and ice, at the cost of degenerating the functionalities of the 

material, especially if it is applied at severe environmental conditions. A 
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more universal technological integrated solution, capable of addressing 

a protective action, adaptable to the environment, compatible with 

multifunctional applications would mean impact a broad range of 

sectors.  

 

▪ Surface compatibility and scalability: from a manufacturing perspective, 

scalability and energetic processing cost are also key issues. Advanced 

surface properties, like dual liquid and solid repellence, often require 

complex fabrication processes and simple geometric configuration of 

substrates, making real, and large-scale production difficult. Moreover, 

surface compatibility is required when repellent surfaces are to be 

generated on chemically and physically different substrate materials 

where functional integration and adhesion at the interface must 

withstand environmental changes such as temperature, pressure and 

humidity, as well as the impact of external agents. Particularly, surfaces 

of controlled wetting on thermally sensitive, flexible or transparent 

substrates without affecting their intrinsic properties is still a main 

research challenge. Modifying a surface to be repellent may compromise 

the genuine properties like heat resistance, adhesion, or optical 

transparency. Nowadays, techniques for fabricating repellent coatings 

through wet methods, such as dip-coating, spray-coating, and spin-

coating, are widely used due to their versatility and low cost. These 

techniques enable the formation of functional coatings by applying 

precursor solutions that solidify or polymerize on the surface. However, 

difficulties in achieving uniform coverage on complex or large surfaces, 

limited coating adhesion to certain substrate materials, or low ecological 

waste generation point to the use of alternatives. Additionally, precise 

control of surface roughness required for repellence often demands 

rigorous processing optimization and sophisticated installations hardly 

scalable, which can increase development times and energy 

consumption. Other issues like inconsistent solvent evaporation, 

sensitivity to environmental conditions, and the tendency to generate 

defects, such as cracks or bubbles, can affect the quality and durability of 

the final coating253. Particularly, plasma treatment enhances surface 

cleaning, activation, and adhesion, improving coating bonding while 
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when assisted vacuum deposition techniques, allow precise, uniform 

deposition of thin films controlling the generation of new stoichiometries 

and improved surface properties preserving the bulk ones. Plasma and 

vacuum technologies also emerge as suitable for coating complex 

geometries and three-dimensional structures as well as compatible with 

flexible, soft, and sensible substrates thanks to the reduction of the 

working temperature until room conditions. Additionally, plasma 

deposition eliminates the need for solvents, making the process more 

environmentally friendly by reducing chemical waste and health risks. 

This solvent-free approach supports sustainable and safer 

manufacturing practices254. 

 

▪ Environmentally friendly perspective: sustainability standards often 

limit the use of certain substances suitable for the desired functionality. 

The utilization of environmentally friendly materials for the design of 

repellent surfaces presents several issues regarding the current 

regulatory compliance about strict restrictions on fluorinated chemical 

compounds due to their environmental impact and potential 

bioaccumulation (the current framework is governed by Regulation (EU) 

2024/573. Identifying alternatives that reduce the required content for 

optimal performance, be stable under operation avoiding release to the 

environment, or deliver similar performance without negative ecological 

consequences can be difficult. Ongoing research and development are 

necessary to find innovative material configurations that provide an 

effective liquid repellence while remaining sustainable. Lastly, new 

strategies must undergo rigorous testing to ensure they meet 

performance standards, a process that can be both time-consuming and 

costly, especially for those seeking eco-friendly certifications. Moreover, 

regarding the experimental processing techniques from an 

environmental perspective, wet deposition methods have significant 

drawbacks due to the use of organic solvents, which are often volatile, 

toxic, or non-biodegradable, contributing to air pollution and health 

risks. Additionally, these processes generate substantial chemical waste, 

as leftover solutions often require specialized disposal, increasing 

environmental impact and costs. These approaches also demand large 
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amounts of water or solvents for cleaning, further raising resource 

consumption and waste production. Without mitigation strategies, such 

as eco-friendly solvents or recycling processes, these techniques are not 

sustainable in the long term255. Therefore, feasibility must focus on the 

use of dry, clean processing techniques.   

 

1.6  Objectives and outline of the thesis  

The interaction between surfaces and the environment, including fluids, and 

solid external agents, particularly ice, poses significant challenges with high 

scientific and technological impacts. Novel mitigation strategies for wetting 

control and, especially ice accumulation, are being claimed from a practical point 

of view for different application fields such as energy production, transport, 

construction, city life and household facilities. Mainly new alternatives for 

providing stable protective surfaces against environmental changes must 

respect the specific functionality of the material, ensure good adaptable 

integration and be resistant to severe working conditions, an efficient and 

sustainable manufacturing route. This thesis proposes the development of 

robust passive surfaces of controlled wetting to work under simulated harsh 

environmental conditions. Particularly, the overall goal aims to be able to 

combine and tune superhydrophobic, omniphobic, anti-fouling, self-cleaning, 

anti-fogging and/or anti-icing properties compatible with multitude of 

functional materials. As innovative proposal, the integration of hierarchical 

structures with distinctive chemical modification proposals that respond to the 

challenges described above on different systems, from porous substrates to 

aeronautical profiles of complex geometries, highlighting ecological processing 

methodologies, will be intended. Thus, vacuum and plasma-assisted 

technologies offer key advantages for novel applications in materials science, 

electronics, optics, and biomedicine among others. These methods ensure high 

cleaning by operating in controlled environments, minimizing contamination 

and producing high-quality material properties. The second approach of this 

thesis is to be able to characterize under simulated environmental conditions the 

new wetting-derived properties at lab scale, particularly the anti-icing response, 

as well as at large scale advanced facilities (icing wind tunnel).  And the third 

main objective is to integrate the multifunctional surface strategies on de-icing 

active systems. 
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A critical challenge in the development of wetting controlled surfaces 

implemented as passive anti-icing systems, besides the compatibility from the 

multi-stacking and energetic points of view, is their stability and durability 

working under real environmental conditions, such as temperature and 

humidity cycles or exposure to abrasive and corrosive agents like UV light, rain 

erosion, and liquids chemical immersion. Therefore, this thesis aims to develop 

surfaces with robust protective characteristics by ensuring omniphobic wetting 

behavior persistent at severe environmental conditions. This is achieved 

through an advanced surface nanoengineering approach capable of 

incorporating repellent, anti-fouling, and anti-icing functionalities using scalable 

thin film technologies based on vacuum and plasma techniques, compatible with 

any substrate and geometry. The objectives proposed in this thesis will be 

focused on:  

 

❖ Development of robust functional surfaces of controlled wetting by 

means of the generation of a hierarchical structure. Particularly, three 

levels of roughness scale based on the fabrication of supported one 

dimensional (1D) core@shell nanostructures by vacuum and plasma 

technologies, compatible with porous substrates will be explored to 

provide wetting selectivity, and superhydrophobicity of potential 

application in liquid separation and self-cleaning (Chapter 3).  

 

❖ Combination of special chemical modification through flexible polymeric 

coatings and low surface fluorination approach with hierarchical 

topography to get omniphobicity for a stable multi-repellency response 

of porous membranes (Chapter 3). 

 

❖ Generation of durable repellent multifunctional hierarchical stainless 

steel surfaces by the combination of laser treatment with nanocolumnar 

coatings and the chemical surface modification by different low 

fluorination strategies: from solid coatings to SLIPS passing for chemical 

grafting to achieve anti-fouling, anti-corrosive, self-cleaning and anti-

icing capabilities (Chapter 4).  
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❖ Fabrication of stable superhydrophobic, omniphobic, anti-fogging and 

anti-icing transparent surfaces through the combination of patterned 

micro-/nano-structuration of glass by laser treatment with low 

fluorinated surface functionalization (Chapter 5). 

 

❖ Scaling at medium substrate size and complex geometries of the 

multifunctional hierarchical surface fabrication, based on the supported 

core@shell nanostructures strategy, controlling the surface aspect ratio 

for durable icephobic passive properties tested under realistic 

environmental conditions at large advanced facilities (Chapter 6).  

 

❖ Demonstration of the compatibility of the passive anti-icing 

multifunctional hierarchical surfaces integrated in active de-icing 

devices, based on electrothermal effect and on surface acoustic waves, as 

robust repellent protective external elements (Chapter 6). 
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2.1 Introduction  

The goal of this chapter is to present the chosen methodologies, and materials 

within the context of this doctoral thesis. The diverse methods employed in 

surface modification and coating synthesis within this research are 

comprehensively addressed as well as the surface engineering and 

nanotechnology strategies utilized for the achievement of an exhaustive control 

of the wetting and derived surface properties, particularly omniphobicity, anti-

fouling and anti-icing. Finally, the consolidation of new characterization 

protocols of the proposed multifunctional surfaces, particularly the 

water/surface interaction under realistic simulated environmental conditions as 

well as their stability and durability performances, encompass a detailed 

exposition of the employed analytical techniques. 

 

2.2 Methodology  

Surface modification is defined as a set of processes through which the chemical, 

physical, or properties of a material's surface are altered to enhance its 

performance in specific applications. Unlike bulk modifications, surface focus 

exclusively on the outermost region of the material, which directly interacts with 

its environment or other materials, leaving the core properties largely 

unaffected. A key aspect of surface modifications is their ability to generate new 

surface chemistry, inducing the formation of novel phases, compounds, or 

structures do not present in the original material. This is achieved through 

physical or chemical treatments or the application of coatings. Changes may 

include controlled oxidation (forming protective oxide layers to resist 

corrosion), or nitriding (introducing carbon or nitrogen atoms to enhance 

surface hardness), ion implantation (introducing specific ions to create localized 

chemical compositions), or chemical functionalization (adding specific 

functional groups to improve adhesion, reactivity, or biocompatibility). Common 

methods for surface modification include thermal surface treatments, chemical 

processes, coatings, and advanced techniques such as plasma or laser 

processing1. 

Deposition, as a concept, frames a series of techniques employed to 

incrementally build thin or thick layers on a solid surface, either atom-by-atom 

or molecule-by-molecule. The resulting layer functions as a coating, thereby 

modifying the properties of the substrate surface in accordance with the 
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intended application. The thickness of these deposited layers varies across a 

spectrum from nanometres to hundreds of micrometres depending on the 

chosen method and material type. The properties of thin films exhibit significant 

differences from the bulk materials, especially as thickness approaches the 

nanometric scale, due to the specific processes inherent in the layer growth. 

Crucial parameters governing deposition control include growth rate, gas 

pressure, temperature, surface stability, and the nature of the deposited 

material.  

Modification of surfaces can be achieved through two primary approaches: 

bottom-up and top-down techniques, each offering distinct methodologies. 

Bottom-up techniques focus on assembling structures atom by atom or molecule 

by molecule, leveraging natural self-organization or chemical processes to form 

nanostructures. Examples include sol-gel processes, vapor phase deposition and 

electrochemical deposition. In contrast, top-down techniques involve the 

removal or shaping of material from a larger substrate to achieve nanoscale 

features, employing methods such as chemical etching, mechanical milling, and 

soft lithography. Both approaches provide versatile options for fabricating 

nanometric surfaces, depending on the desired structure, material properties, 

and processing condition2. 

Current surface modification techniques can be classified into dry methods and 

wet methods, each offering distinct processes for altering surface properties. Dry 

methods involve the use of physical or chemical processes in gaseous or solid 

states, often under controlled atmospheres, and include techniques such as 

plasma treatments, ion implantation, laser processing, and physical vapor 

deposition. On the other hand, wet methods rely on liquid-phase processes to 

modify surfaces, including chemical etching, electrochemical treatments, sol-gel 

techniques, and dip-coating. The primary differences between these approaches 

lie in their operational conditions and material interaction mechanisms: dry 

methods typically offer high precision, localized control, and are suited for 

applications requiring minimal environmental contamination, whereas wet 

methods are often more cost-effective, scalable, and suitable for complex 

geometries but may involve challenges such as waste management, uniformity 

and material compatibility3. 

Some of the popular techniques used for coating growth are vapor-phase 

deposition methods, which can be either physical or chemical. The main 
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difference between Physical Vapor Deposition (PVD) and Chemical Vapor 

Deposition (CVD) lies in their mechanisms: PVD relies on physical processes, 

such as evaporation or sputtering, to deposit, while CVD uses chemical reactions 

to form a coating on the substrate. PVD typically requires a vacuum environment 

to ensure the controlled transport of vaporized material, whereas CVD can occur 

at atmospheric pressure or under reduced pressure, depending on the 

process4.The thermodynamically intricate gas condensation process leading to 

layer formation involves the vapor atoms to the surface, culminating in the 

aggregation of ordered or disordered atomic structures, ultimately determining 

the resultant nanostructure, composition and crystallinity4. 

The combination of plasma and vacuum technologies5 can enhance the precision, 

quality, and efficiency of various processes in industries such as 

microelectronics, material science and aerospace4. It allows better control over 

the reaction environment, and to improve results in terms of material properties, 

surface treatments and product quality6. Moreover, looking for the development 

of hybrid surface engineering strategies, vacuum deposition methods will be 

employed in combination to non-vacuum methodologies of surface modification 

based on wet chemical routes: the spin coating method devoted to the 

coexistence of liquid and solid phases on the surface and the grafting of 

macromolecules for the most external surface termination. In summary, the 

addressed strategy for the obtention of hierarchical surfaces involves exhaustive 

control and compatibility of the surface topography with different roughness 

levels and the chemical termination using a low surface energy agent, 

particularly fixing the focus on fluorinated strategies, but in reduced 

concentrations.  

Addressing the challenge of wetting control, fluid repellence and icephobicity, 

three methodologies have been explored in this thesis: 1) first level of roughness 

at scale of several hundred of microns on the substrate, whether by using porous 

substrates or laser technology in order to modify the surface topography; 2) 

growth of nanostructures through vacuum and plasma technologies to be able to 

achieve the roughness levels at scale of a few microns and at the nanoscale 

associated to the external configuration that governs pursued functionality; 3) 

an extra surface modification in chemical or structural format like multi-shell of 

nanostructures and/or using different SFE agents to enhance the repellent 
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properties as well as the anti-icing behavior, as stable and durable properties in 

simulated real application conditions.  

 

2.2.1 Vacuum deposition technology 

 

"Vacuum" is etymologically derived from the Latin word "Vacua," signifying 

emptiness, the absence of matter. However, operationally, absolute vacuum is 

not attainable, so working at vacuum conditions implies a confined space with a 

lower gas density per unit volume than  that of the encompassing atmospheric 

air. The practical applications of vacuum span diverse fields, including 

electronics, optics, packaging, and solar cells among others. Their utilisation 

imparts distinctive advantages, like notably precision, and uniformity of the 

surface modification, and a marked reduction in external contamination. In 

materials science, vacuum deposition emerges as a versatile and extensively 

employed process. This technique involves the deposition of thin films onto a 

substrate within a vacuum environment. The precision of this method allows for 

the gradual deposition of specific materials of controlled thickness below the 

microscale, following an atom by atom or molecule by molecule assembly. The 

indispensability of vacuum thin film deposition lies in its capacity to employ 

control over the chemical-physical reactivity of the deposition processes while 

minimizing gas collisions. This reduction in collisions facilitates the involvement 

of higher energy particles to promote adhesion, diffusion or etching processes, 

among others. Notably, when oxygen is generally perceived as a potential 

contaminant due to the alteration of the coating properties or degrading the 

adhesion to the substrate, vacuum deposition serves as a crucial strategy to 

mitigate this effect7,8. The operational pressure values at which vacuum 

deposition is conducted from a technical point of view typically span from 10-1 

mbar to 10-12 mbar known as low to high vacuum conditions, respectively. This 

extensive pressure range enables the production of coatings with varying 

characteristics, such as the structural control ranging from entirely compact to 

porous morphology9. In essence, vacuum deposition stands as an imperative 

methodological approach, offering a spectrum of applications and benefits in the 

realm of precision surface engineering and materials science4. 
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Particularly, vacuum deposition methods executed from the vapor phase of a 

target material, by two overarching categories mentioned above, PVD and CVD, 

are delineated based on the desired functional surface project. 

 

▪ Physical Vapor Deposition  

 

 PVD processes comprise a category of atomic controlled deposition techniques 

based on the sublimation phenomena wherein material transforms a solid 

source into atoms or molecules. Subsequently, these vapor species are 

transported through a vacuum or low-pressure gaseous environment, ultimately 

condensing onto a substrate. Coating thickness spectrum ranges from a few 

nanometres up to thousands of nanometres to be utilized in diverse applications, 

including semiconductor manufacturing, food storage, and protective 

purposes4,10. The vacuum PVD method involves environmentally friendly 

processes, markedly reducing the reliance on toxic raw materials, chemical 

reactions, and chemical disposal. Notably, one of its salient features is the high 

purity of the deposited thin films and the capability to control the structural 

composition from inorganic to organic materials growth. Adaptability is a 

hallmark of the PVD process, to cover substrates spanning an extensive range of 

sizes and geometries, like silicon wafers, cutting tools, and windows11. PVD 

processes are broadly scalable in all its versions: sputtering and thermal 

evaporation, which include vacuum evaporation, Pulsed Laser Deposition (PLD), 

Molecular Beam Epitaxy (MBE), Ion Plating, Activated Reactive Evaporation 

(ARE), and Ionized Cluster Beam Deposition (ICBD)12. 

But PVD methods have some disadvantages, such as a relatively low deposition 

rate, which can make them time-consuming and less efficient for large-scale 

production. Additionally, PVD is not suitable for polymers, as the high 

temperatures involved can degrade or damage these materials4. 

Within the scope of this thesis, the emphasis will be directed towards two 

distinctive PVD variants employed for the fabrication of organic, inorganic, and 

hybrid materials: Glancing Angle Deposition (GLAD) and Organic Physical Vapor 

Deposition (OPVD), both encompassed within the framework of thermal vacuum 

evaporation. 
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❖ Glancing Angle Deposition   

 

Physical vapor deposition at oblique or glancing angles represents two 

variations of physical vapor deposition, wherein the vapours of the sublimated 

material impinge upon the substrate at a highly acute angle to the perpendicular 

direction of vapor incidence. When this angle falls below 80⁰, it is referred to as 

Oblique Angle Physical Vapor Deposition (OAPVD or simply OAD), whereas if it 

surpasses 80⁰, it is named Glancing Angle Physical Vapor Deposition (GAPVD or 

simply GLAD). Both approaches allow the production of thin films with different 

morphologies, characterized by alternating tilted, oriented columnar structures, 

interspersed with open gaps of comparable dimensions. At GLAD configuration, 

it is possible to fabricate thin films of columns of nanometric widths with a high 

degree of microstructural control and open porosity. This evaporation technique 

is usually assisted by electron beam of a specific material to improve the 

deposition rate. Directional nanocolumnar growth is a phenomenon that occurs 

because of a process known as “shadowing” on the substrate´s surface13. In the 

early stages of growth, atoms and atomic clusters can condensate on the 

substrate, conforming separate seeds or nuclei. When the substrate is positioned 

at an oblique angle respect to the vapor flux direction, these nuclei create a 

geometric shadow over the substrate areas behind them. This shadowing effect 

prevents new material growth on those hided regions, avoiding the formation of 

a continuous layer. In addition, the nuclei accumulate the incident atoms that 

should be deposited in shadowed areas, forming columns that can grow in the 

direction of the vapor source and preventing lateral diffusion14 (Figure 1 a)).  

This methodology has been applied in this thesis to fabricate metal oxides 

oriented nanostructured porous coatings like stainless steel oriented 

nanocolumns (Chapter 4). 



                                                                                                                    CHAPTER 2 

73 
 

 
Figure 1. a) Illustration of the growth mechanism in GLAD configuration15, b) geometric 

representation of a GLAD evaporation process, c) different steps for the organic nanowires (ONWs) 

growth using π-conjugated molecules16 and d) scheme of a OPVD reactor17. 

 

❖ Organic Physical Vapor Deposition  

 

Organic Physical Vapor Deposition (OPVD) utilizes stable organic precursor of 

low sublimation temperature, Ts. Particularly, organic vapors whose molecules 

can be re-condensed by π-conjugated stacking such as metalloporphyrin, 

metallophtalocyanines and perylenes allow the generation of one-dimensional 

(1D) nanostructures. The formation of organic nanowires (ONWs) involves the 

vapor condensation of the π-conjugated molecules onto a substrate, through 

supersaturation and crystallization process as it is shown in Figure 1 c). Some 

key substrate aspects to promote the obtention of ONWs are the surface previous 

state and the temperature. Regarding the first one, morphology, roughness and 

chemical nature are factors that influence the surface free energy and the 

sticking coefficient of the arriving organic molecules. Particularly, rough 

morphologies and ordered topographical defects can provide nucleation sites. 

a)

b)

c)

d)
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Therefore, before the organic nanowire’s growth by thermal sublimation, an 

activation surface process (UV illumination, oxygen plasma, ozoniser) must be 

employed16. For the second point, substrate temperature is determinant to 

achieve a free movement of molecules when arriving to the surface. If there is 

not enough available energy to promote a freely movement of the molecules to 

ensure a self-assembly mechanism, a continuous film will be formed. However, 

if the temperature is too high, the molecules do not stick to the substrate and no 

nucleation will be initiated. There is a specific temperature range where the 

density and width of the ONWs can be controlled18. 

The different steps shown in Figure 1 c) for the growth of organic nanowires 

begin with the nucleation of the π-conjugated organic molecules on the pre-

activated substrate16. Once the roughness parameter and the temperature for the 

self-assembly of these molecules are suitable, a monocrystalline growth of an 

organic nanowire occurs. The OPVD methodology (Figure 1 d)) has been 

employed in this thesis as part of a soft-template method for the obtention of 

supported 1D core@shell nanostructures17. 

 

▪ Chemical Vapor Deposition  

 

CVD is an interesting process in material science due to its ability to produce 

high-purity, high-performance coatings with precise control over composition, 

thickness, and uniformity, essential for semiconductor and microelectronics 

industries19. The versatility of CVD allows for the deposition of a wide range of 

materials, including metals, semiconductors, and insulators. Additionally, CVD 

processes can be tailored to achieve desired properties such as high hardness, 

corrosion resistance, and thermal stability20. Its scalability and adaptability 

make CVD indispensable for both research and industrial applications. In this 

deposition technique, the substrate is exposed to one or more vapors to generate 

a solid layer deposited on it with the desired chemical composition. The 

precursors within the chamber either decompose or suffer chemical reactions on 

the substrate´s surface. Most CVD processes work within a pressure range from 

10-3 mbar to 102 mbar values. But the main CVD requirement is operating at 

elevated temperatures typically around 1000°C. CVD processes can be 

categorized into three main types4: thermal, plasma, and laser CVD.  
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In this thesis, the CVD method employed for thin film deposition has been Plasma 

Enhanced Chemical Vapor Deposition (PECVD), which will be described below.  

 

2.2.2 Plasma assisted methodologies  

 

Plasma discharge, commonly known as the fourth fundamental state of matter, 

consists of an ionized gas wherein positive and negative ions, neutral particles, 

and electrons coexist responding collectively to the action of electromagnetic 

fields. A significant feature of a plasma discharge is the prevalence of particles in 

an electrically charged state6. The transformation of matter into plasma happens 

as a sequence initiated by applying thermal energy. Following the heat transfer 

path between phase transitions, upon the application of a substantial amount of 

further energy to a gas, an electrical breakdown occurs. In this highly energetic 

phase, gas ionization is promoted and electrons and ions within the gas undergo 

significant chemical-physical reactivity resulting in an ionized state commonly 

known as plasma6,21. Plasma is broadly characterized by basic parameters like 

density and temperature of electrons, ions, and neutral species21. In the quasi-

neutral state of plasma, the densities of electrons and ions are typically equal, as 

plasma density whereas the energy distribution can be different for each species 

collectivity. Considering these parameters, plasmas discharges can be 

systematically categorized into three distinct classes based on their thermal 

equilibrium6: 

 

• Plasmas in a state of full thermodynamic equilibrium (thermal 

equilibrium plasma): the electron, ion, and neutral particle 

temperatures are similar. However, their practical significance is 

diminished due to their non-existence under controlled laboratory 

conditions. Instances of relevance arise in contexts such as the fusion 

reactor21 or the laser confinement of plasma, where these temperatures 

provide insights into the dynamics of such phenomena. 

 

• Plasmas in a state of partial thermodynamic equilibrium (local thermal 

equilibrium plasma): the temperatures of electrons, ions, and neutral 

particles are confined to a similar range. In the specific context of local 

thermal equilibrium plasma, the ion temperature typically spans from 
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3000 K to 10000 K, corresponding to 0.4 - 1 eV. This range stands notably 

higher than the temperatures observed in non-thermal plasmas. 

Conversely, the electron temperature in local thermal equilibrium 

plasma is significantly lower. The establishment of a plasma in a state of 

partial thermodynamic equilibrium can be achieved through various 

methodologies, such as direct current (DC) or radiofrequency (RF) arcs, 

or by utilizing an inductively coupled torch. Noteworthy applications 

include processes like plasma spraying and thermal plasma-based 

chemical and physical vapor deposition21. 

 

• Plasmas out of local thermodynamic equilibrium (non-thermal 

equilibrium plasma): also known as cold plasmas, the temperatures of 

ions and neutral particles are lower than those of electrons, in the range 

of 2 - 10 eV. Non-thermal equilibrium plasmas are produced through 

various methods, including corona discharge, glow discharge, arc 

discharge, and wave-heated plasma. The realm of non-thermal 

equilibrium plasmas finds application across diverse fields such as 

aeronautic and environmental engineering, biomedicine, textile 

technology, and analytic chemistry. The utilization of non-thermal 

equilibrium plasmas in these domains serves the purpose of minimizing 

temperature range processes6. Many advantages in using cold plasmas or 

non-thermal equilibrium plasmas have been studied since electron 

temperature is higher than gas temperature and plasma reactions can 

proceed at low temperatures, even room temperature. In this thesis, only 

non-thermal equilibrium plasmas are involved to assist the surface 

engineering processes. 

 

The combination of plasma and vacuum reactor technologies represents a patent 

strategy for specific fields. This synergy is often denoted such as “plasma-

enhanced vacuum processing”22 and it finds utility across diverse applications 

taking advantages of some important processes controlled by it:  
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o Surface modification and thin film deposition are interesting 

procedures in semiconductor manufacturing23 and materials science. 

In these domains, a vacuum chamber is established at low-pressure 

to induce the deposition of thin films onto substrates improving 

surface performance without altering the bulk characteristics. This 

process enables meticulous control over film thickness (below the 

micron), composition, and inherent properties. Noteworthy in this 

field is the Plasma-Enhanced Chemical Vapor Deposition (PECVD)5. 

 

o Plasma cleaning constitutes a technologically advanced method by 

means of the combination of vacuum and plasma reactors. Within 

these configurations, the vacuum environment meticulously 

precludes the presence of adsorbed impurities and gases at the 

surface and/ or porous structure, thereby facilitating the action of 

plasma in purging and eradicating surface contaminants24 adhered to 

substrates25.  

 

o Vacuum plasma sterilization represents a sophisticated application 

that combines vacuum technology with plasma to attain 

exceptionally efficient sterilization26 of medical devices. Taking 

advantage of high-energy UV photon generation and reactive species, 

mainly oxidizing ones, in the plasma discharge, the low-pressure 

environment guarantees the elimination of biological contaminants. 

 

o Surface activation is a crucial preparatory step achieved through 

plasma treatment6, designed to prime surfaces for subsequent 

processes, including adhesion, bonding, or coating. The controlled 

and uniform activation of surfaces is facilitated by the vacuum 

environment27, which effectively mitigates undesired interactions 

with atmospheric gases, ensuring a pristine and well-regulated 

activation process. Subsequently, the action of plasma through soft 

etching processes or chemical functionalization improves the 

adhesion of coatings and the adaptation of interfaces in the 

manufacture of multilayers. 
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o Plasma etching and sputtering processes, integral to 

microfabrication, frequently entail the utilization of vacuum 

chambers coupled with plasma discharge generation28. Low pressure 

facilitates the work of highly energetic species and lengthens their 

mean free path to improve the range of meticulous removal or 

surface roughness generation29 all the while enabling vigilant control 

over the reaction environment. It plays a pivotal role in functional 

material science and surface engineering, wherein vacuum chambers 

are complemented by plasma reactors30. 

 

▪ Plasma Enhanced Chemical Vapor Deposition  

 

Originally designed to lower the processing temperature in CVD, (PECVD) is one 

of the most widely used procedures due to multiple advantages offered by using 

a plasma discharge as reaction medium in numerous applications, such as a 

higher deposition rate and uniform thickness, new stoichiometries, and 

compatibility with all type of substrates, particularly temperature-sensitive 

ones, and geometries31. Different applications and functions are shown in Table 

14,32. 

For usual PECVD processing, cold low-pressure discharge plasmas are sustained 

within chambers providing energy to facilitate CVD reactions simultaneously to 

activate and direct the film growth. The plasma discharge composed of electron 

and positive-ion concentrations with energies from 1 to 10 eV facilitates the 

decomposition of gas molecules from the chemical reactive species into a variety 

of constituent components (atoms, molecules, free radicals, electrons, ions, etc). 

All these molecular fragments interact with each other, through chemical 

reactions to occur at temperatures lower than 300 °C, compared to a CVD 

process12.  
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Table 1. Examples of PECVD applications and functions. 

 

Applications Functions 

Aerospace and 
outer space 

Protective coating for storage media 
Protective coating against solid particle erosion and corrosion 

Automotive Protective coatings for engine components (low friction and 
wear) 

Biomedical and 
biosensors 

Protective coatings for implants 
Protective coatings for surgical tools 

Manufacturing Protective coatings on cutting tools (high-speed machining, dry 
machining, non-metal, and composites) 

Textiles Hydrophobic coatings 
Packaging Barriers against gas and vapor permeation coatings on flexible 

substrates 
Controlled 

fusion research 
Control of plasma/wall interactions for the performance on 

fusion devices (tokamaks and stellarators) 

Fuel cell 
materials 

Development of electrodes and membrane electrolytes 

Solar cells Development of microcrystalline silicon films 
                                        

Applied power needed to generate a plasma discharge can be supplied by 

electrodes located inside the vacuum chamber or by inductive coupled antennas 

in remote configurations. Therefore, the plasma discharge can be generated by 

DC, Alternating Current (AC), RF, Micro-Wave (MW) or Electron Cyclotron 

Resonance (ECR) approaches. Particularly, in this thesis work have been 

employed two of them: RF- and MW- PECVD systems. RF plasma reactors 

commonly use a plano-parallel configuration where one of the electrodes is 

grounded and the other is connected to the power supply, although alternately 

exchanges its role as anode and cathode of the discharge. At frequencies between 

kHz to hundred MHz, electrons respond instantaneously to the oscillations of the 

electric field, while plasma ions, due to their greater mass, only respond on 

average to the oscillation period. Thus, the active electrode, usually used as 

substrate holder, becomes electrically polarized according to a capacitor model 

(self-bias voltage) that allows to increase the ion bombardment energy on the 

surface from several to hundred eV. RF plasmas have lower charge density 1010 

cm-3 at pressures of 10-2 - 10-1 mbar. Other technological interesting approach is 

the use of microwave excitation source combined with magnetic confinement, 

ECR-MW, working by a slot antenna configuration33. In this operational mode, 

microwave energy is synchronized with the inherent resonant frequency of the 
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electrons while a static magnetic field is present. It means that physically, 

electrons undergo helical paths during a single period of incident microwave 

oscilation34.  ECR-MW discharges are employed in a remote configuration that 

allows to regulate the ion bombardment of the film and decrease the 

temperature of the substrate during the deposition. Thus, ECR-MW plasmas 

easily occur at lower pressures 10-5 to 10-3 Torr with higher ionization degree 

and available ionic energy34,35. Figure 2 shows the schemes of the PECVD 

reactors employed in this thesis17,36: RF-PECVD system for the development of 

conformal fluorinated polymer coatings (CFx coating) and ERC-MW-PECVD 

reactor for the growth of conformal oxide layers as part of the soft-template 

method used for the fabrication of 1D core@shell nanostructures, either as a 

precursor seed for the generation of nanostructures or as a functional coating for 

them.  

 
Figure 2. a) RF PECVD reactor scheme working at 13.56 MHz 36, b) ERC-MW PECVD SLAN I reactor 

scheme working at 2.45 GHz17. 

 

▪ Soft template method for hybrid 1D nanostructures fabrication  

 

One of the pioneering methods developed by the Nanotechnology on Surfaces 

and Plasma group where this thesis was conducted involves the use of PVD, 

specifically OPVD and PECVD techniques for the growth of supported 1D 

multifunctional core@shell nanostructures. These hybrid 1D nanostructures 

have been employed for the implementation of Chapter 3 and 6. There are three 

fundamental steps involved in the production of 1D nanostructures detailed in 

the Figure 3 and additional steps that may or may not be necessary depending 

on the application of these nanostructures. 
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1) Formation of nucleation centres 

The growth of ONWs follows a seed-mediated process (Figure 3 a)). In 

this context, the term “seed” is used broadly, referring to nucleation 

centres, essentially through a certain level of roughness, for promoting 

the organic crystal formation. This roughness can be achieved through 

various methods, such as plasma etching, laser surface treatments or the 

deposition of microstructured, non-percolated thin films or 

nanoparticles, preferably by vacuum and plasma techniques.  In this 

context, for both Chapters 3 and 6, TiO2 microstructured metal oxide thin 

film of 150 - 200 nm thickness was employed to provide the required 

seed roughness. 

 

2) Growth of supported ONWs  

The formation of ONWs is carried out by a temperature controlled 

(OPVD). The growth of these organic crystalline nanowires from 

different molecules (π-stacking mechanisms) is compatible with a wide 

variety of seed surfaces (Figure 3 b)) such as commercial substrates (SS 

grids, cellulose filters, metallic alloys….). Additional reference materials 

are employed for the fundamental characterization such as Si (100) and 

Fused Silica.  

 

3) Deposition of a conformal shell  

The third step involves PECVD process to generate a functional metal 

oxide (MOx) shell of controlled properties, such as its topography, onto 

the grown ONWs, as shown in Figure 3 c), resulting in a hybrid 

core@shell nanostructures referred as ONW@MOx. It is worth noting 

that TiO2 has been chosen as shell coating in this thesis. It is also 

important to emphasize that the PECVD shell deposition plays a crucial 

role in the vertical alignment37 of the nanowires, as opposed to their 

random orientation.  
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Figure 3. Representation of the soft-template method phases and other hybrid surface 

modification processes. a) Seeds formation by ECR-MW PECVD, b) Growth of ONWs by OPVD, c) 

Fabrication of core@shell nanostructures by ECR-MW PECVD, d) Deposition of polymeric 

coating/infusion of lubricant liquids by spin-coating, e) Surface functionalization of hybrid 

core@shell nanostructures using functional macromolecules. 

 

2.2.3 Other methodologies for surface modification 

 

To produce hybrid hierarchical surfaces of multifunctional behaviour, two 

additional non-vacuum techniques have been implemented in the context of this 

thesis.  

 

 

 

 

 

a)

b)

c)

d)

e)
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• Laser surface treatments 

 

Wettability is profoundly influenced by surface properties, particularly 

topography and morphology38. Among the top-down etching strategies, laser 

treatments represent fast and effective approaches for generating roughness 

and surfaces28. Greater control and precision playing with laser irradiation 

over various regions of the electromagnetic spectrum allows the creation of 

complex and detailed patterns at micro and nanoscales39 in different kind of 

substrates as exemplified in Figure 4. Infrared (IR) lasers are effective for 

engraving and texturing materials, whereas Ultraviolet (UV) lasers, like 

excimer lasers operating between 193 nm and 248 nm, allow the fabrication 

of very fine and precise surface patterns. Additionally, green pulsed lasers at 

532 nm are effective for engraving and modifying metallic and plastic 

surfaces enable the achievement of either more or less aggressive conditions 

for surface modification. Nanosecond pulses generate more heat invested in 

causing a stronger thermal effect, making them ideal for removing material 

of a randomly roughness surface. Picosecond pulses offer greater control and 

reduce thermal damage, pointing up to more selective treatments. 

Femtosecond pulses, being extremely short, minimize heating effects being 

suitable for complex structures of unaltered underlying material focused 

under the laser beam40. The combination of laser pulse duration with the 

spectral region energy, together with other laser parameters such as power, 

repetition frequency, scan rate, hatching type, distance between scanning 

lines, and number of cycles, is adapted to the type of surface roughness and 

the specific patterns. 

The morphology and roughness of metal alloys (Chapters 4 and 6) were 

modified by laser treatment at room temperature with a 20 W diode-pumped 

Nd:YAG (Powerline E, Rofin-Baasel Inc.) unpolarized laser emitting at 1064 

nm with 100 ns pulse width and 20 kHz repetition rate. In contrast, laser 

patterns in transparent glass (Chapter 5) were generated with a 

femtosecond (fs) laser (Carbide model, Light Conversion, Lithuania), using 

its third harmonic (UV range) at 343 nm. 
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Figure 4. Schemes of a) the Nd:YAG IR laser treatment on metallic alloy substrates (AL6061 

and 304 SS), and b) Light Conversion fs laser working at UV region (343 nm) on transparent 

glass. 

 

At the working distance, the laser beam exhibited a spatially Gaussian energy 

profile with an elliptical spot, where 1∕e² beam dimensions were 2a = 60 µm 

and 2b = 36 µm, with e being the eccentricity of the ellipse. This laser also 

offers the option of using a Pulse Peak Divider (PPD) to reduce the effective 

frequency of the laser treatment. The following working conditions were 

used for the treatments: 6.07 W laser power, 200 kHz oscillator frequency, 

10 kHz effective frequency, 25 mm/s laser scan rate, and 238 fs pulse 

duration. With these laser processing parameters, the energy per pulse was 

estimated as 30.35 µJ/pulse. 

The use of IR nanosecond laser in Chapter 4 and Chapter 6 was devoted to 

achieve aggressive laser treatments generating great surface roughness at 

the microscale, and the use of UV femtosecond laser in Chapter 5 to create 

soft focused laser treatment on transparent surfaces to achieve specific 

patterns. The laser machining conditions required are more aggressive to 

generate significant roughness in metal surfaces, while a much more focused 

and precise laser is needed for more fragile materials like glass, where the 

abrasion conditions of IR in nanoseconds pulsed could damage it. 
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• Spin coating deposition  

 

Spin coating involves the fabrication of a thin layer of the desired material 

onto a flat substrate. Typically, a certain quantity of liquid precursor is 

dispensed at the center of the substrate. The substrate is set into high-speed 

rotation, making the liquid material, depending on its density and viscosity, 

spread over the substrate thanks to centrifugal force, covering it completely 

and being cured at relatively low temperatures (almost room). This 

technique is strategically applied to introduce low surface tension lubricant 

liquids like fluorinated oils (Krytox) and silicone oils in the porous 

hierarchical surfaces to perform Slippery Liquid Infused Porous Surfaces 

(SLIPS). Furthermore, it is utilized for embedding nanostructures into 

polymeric matrices or generate polymeric coatings in a multishell 1D 

nanostructure configuration as represents Figure 3 d). This non-vacuum 

technique has been employed in Chapter 3, 4 and 6. The obtention of 

embedded nanostructures into polymeric matrices aims mainly to enhance 

the adhesion to the substrate as well as the mechanical and impact 

properties for durability and stability performance of the proposed 

multifunctional surfaces if their wetting properties are preserved or even 

reinforced. The spin coating depositions were carried out using a spin speed 

of 3500 rpm. 

 

• Grafting of fluorinated molecules  

 

The grafting consists of a chemical derivatization method that involves the 

anchorage of functional organic molecules on exposed surfaces41. It is a 

technique that ensures the chemical functionalization of porous hierarchical 

surfaces since the vapor precursor can interact with the entire exposed 

specific surface. For the binding of functional molecules to be effective, it is 

advisable to clean and activate the surface to generate available radicals. 

Particularly, grafting of fluorinated molecules provides numerous benefits 

from the point of view of a repellent surface, as the grafted molecules become 

an integral part of a surface of modified low free energy42. This process 

entails the utilization of fluorinated precursors of low vapor pressure to 

produce free-movement and flexible fluorocarbon molecule chains on the 
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surface's uppermost layer at room conditions41 as it is presented in Figure 3 

e). This experimental method comprises two main steps: 1) after a primary 

pumping reactor, surface pre-activation by a soft oxygen plasma or 

ultraviolet ozonized system treatment (around 10 min), possibly leaving 

exposed hydroxyl radicals, 2) exposition to a fluorinated reactive vapor in a 

sealed desiccator maintained in a thermal bath at 80⁰C for two hours inside 

an extractor hood. This technique has been employed in all the chapters. 

 

2.3 Materials used for the fabrication of wetting controlled surfaces 

To be able to fabricate different superhydrophobic, omniphobic and anti-icing 

passive systems based on vacuum and plasma techniques, the used materials 

description includes substrates of applied interest, different organic and 

inorganic precursors for the fabrication of thin films and hierarchical structures, 

and low surface free energy terminations.  

 

2.3.1 Substrates 

 

Doped silicon 4” wafers Si (100) (TOPSIL) were employed as reference material 

for fundamental characterization of the fabricated multifunctional surfaces. Also 

fused silica 1.5 x 1.5 cm2 plates (VIDRASA S.A.) were used to be able to analyze 

the optical properties.  

As they are presented in the next chapters, commercial substrates of applied 

interest were employed. Commercial membranes like stainless steel S0770 SS 

grid filter (Sigma-Aldrich), of 40 mm diameter and 70 µm pore size, employed to 

treat pollutant water, and Whatman cellulose filters, grade 4m of 40 mm 

diameter and 11 and 25 µm pore size, typical of filtration processes, are 

proposed here as templates for the generation of hierarchical surfaces.  

Regarding metal alloy substrates, stainless steel 304 (~98% purity) polished 

austenitic substrates pieces (20 x 20 mm2) with a thickness of 3 mm and 

aluminum alloy Al6061 (~98% Al) surface-polished substrates pieces (15 x 15 

mm2) with 1.5 mm of thickness were supplied by Goodfellow. 

To demonstrate the ability to fabricate functional hierarchical surfaces on 

transparent substrates, Borofloat® 33 supplied by VIDRASA S.A, is a flat 

borosilicate glass with a thickness of about 1 mm and 10 x 5,5 cm2 size format 

has been employed. 
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2.3.2 Precursors for surface modification, thin film and nanostructures 

deposition  

 

Two different nanostructure configurations have been employed to obtain 

hierarchical surfaces: tilted nanocolumnar and 1D core@shell nanostructures 

coatings from the following precursors: 

 

▪ Stainless Steel (SS) nanocolumnar coatings: SS alloy AISI (99.99% purity) 

pellets (Equipment Support Company U.S.A., Inc) of 1/4´´ diameter x 1/2 

´´ long were used in the electron beam evaporation (GLAD) process.  

 

▪ Organic@metal oxide 1D core@shell nanostructures:  Titanium 

tetraisopropoxide (TTIP) supplied by Sigma-Aldrich has been the 

precursor utilized to synthesize seed and shell metal oxide layers, of 

specific microstructure crystallinity, by PECVD (Figure 5). For the 

organic nanostructured scaffold, the Π-conjugated Phthalocyanine (H2Pc) 

and 1,5-diaminoanthraquinone (DAAQ) molecules were used in the soft-

template method deposition, supplied by Sigma-Aldrich.  

 

To achieve omniphobic and anti-icing properties, as well as other functional 

properties such as adhesion to the substrate, flexibility, or robustness, materials 

with low surface free energy (SFE) are required. For a hydrophobic behaviour, 

the SFE should be lower than 72.8 mN m-1, which is the value associated to the 

surface tension of liquid water at room conditions. Besides, due to the low 

surface tension (20 - 30 mN m-1) of most solvents, lubricants, and oils, an SFE 

surface value lower than 20 mN m-1 is required to achieve oleophobicity43. For 

example, materials made of silane base are recognized for having surface free 

energy around 19 - 21 mN m-1 44. However, these silicone-based surfaces do not 

usually present slippery conditions. On the contrary, fluorinated precursors have 

been more effective. Zisman et al. proposed this classification of surface free 

energy of specific functional groups: -CH2 (36 mN m-1) > -CH3 (30 mN m-1) > -CF2 

(23 mN m-1) > -CF3 (15 mN m-1)45. For the latter, the strong difference between 

fluorine and carbon electronegativities ensures a low polarizability, weak 

intramolecular forces, and low surface free energy. 
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Figure 5. Molecular representation of main used precursors to develop the hybrid hierarchical 

surfaces: a) Titanium tetraisopropoxide (TTIP), b) Free metal phtalocyanine (H2Pc) and 1,5-

diaminoanthraquinone (DAAQ), c) Sylgard 184 PDMS composition formula, d) C-C4F8 organic gas 

cyclic fluorinated precursor for CFx coatings, e) Krytox 100 series chemical formula, and f) chemical 

composition of fluorinated molecules used in grafting: 1H,1H,2H,2H,2H-

perfluorooctyltriethoxysilane, trichloro(1H,1H,2H,2H-perfluoroctyl) silane and 1H,1H,2H,2H-

perfluorodecyltriethoxysilane. 
 

Therefore, a silicone-based compound and different fluorinated ones were used 

in this thesis under the format of thin films (thickness lower than 300 nm), 

infused lubricants (in porous matrices of thickness lower than 1 µm) and 

anchored fluorinated macromolecules looking for an eco-friendlier 

multifunctional proposal of reducing the required fluorine amounts in wetting 

control applications:  

 

▪ Silicone-based coating: SYLGARD 184 Curing agent and SYLGARD 184 

Silicone base for the fabrication of polydimethylsiloxane (PDMS) 

coatings by spin coating distributed by Sigma-Aldrich. 
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▪ CFx conformal thin film: C-C4F8 gas organic precursor (Linde) has been 

employed for the fluoropolymer coating deposition by PECVD. 
 

• Fluorinated precursors for grafting: three different synthetic fluorinated 

hydrocarbons that contain fully fluorinated carbon chains, supplied by 

Sigma-Aldrich were tested for surface chemical derivatization: 

1H,1H,2H,2H,2H-perfluorooctyltriethoxysilane, trichloro(1H,1H,2H,2H-

perfluoroctyl) silane 97% and 1H,1H,2H,2H-

perfluorodecyltriethoxysilane 97% in order to check the possibility of 

reaching repellent properties minimizing the fluorine content or through 

the establishment of lower number of  C-F bonds in shorter chains, and 

stable chemical bond (O-Si) to the hierarchical surfaces. 

 

• Perfluoropolyether lubricant: compounds used as general lubricant 

agents in the aerospace industry due to high temperature resistance like 

KrytoxR 100 (DuPont) high molecular weight fluorinated lubricant was 

employed to get slippery (SLIPS) surfaces.  

 

2.4 Characterization techniques of multifunctional wetting 

controlled hybrid hierarchical surfaces 

In this section, the used characterization techniques are detailed, distinguishing 

between techniques that provide physicochemical and morphological 

information about the surface and those that offer insights into wetting and anti-

icing behaviour. The characterizations have been carried out thanks to access to 

advanced facilities of the Nanotechnology on Surfaces and Plasma group, the 

Institute of Materials Science of Seville (ICMS) and the University of Seville 

Research, Technology and Innovation Centre (CITIUS), in addition to other 

relevant collaborations. 

 

2.4.1 Physicochemical and morphological analysis  

 

Examination of surface morphology has been performed by Scanning Electron 

Microscope (SEM) to investigate micro/nanostructures and thicknesses using a 

Hitachi S4800 microscope, employing different acceleration voltages ranging 

from 2 - 5 kV. Also, the topography of laser surfaces was examined using Confocal 
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microscopes Sensofar PLµ 2300 and Sensofar S Neox. In a confocal microscopy, 

the Sa and Sq arithmetic and root mean square roughness parameters, 

respectively, have been determined: the first one represents the arithmetic mean 

of the topography heights relative to a baseline, providing a general measure of 

roughness, whereas the second one is the square root of the mean of the squares 

of the topography heights relative to the baseline. This parameter is more 

sensitive to variations in roughness, emphasizing contributions from larger 

irregularities46.  

The surface chemical composition (first 3-5 nanometers thickness) was 

determined through X-ray Photoelectron Spectroscopy (XPS) analysis, 

employing a SPECS Phoibos 100-DLD electron spectrometer at ultra-high 

vacuum chamber (<10-9 mbar). Spectra were acquired in the pass energy 

constant mode at 50 eV and 20 eV for survey and high binding energy resolved 

regions, using a non-monochromatic Al Kα source. Chemical composition was 

also studied by Energy Dispersive X-ray (EDX) spectroscopy, which is a 

microanalysis technique that provides information on the chemical composition 

of ~3.0 µm surface depth. In the EDX-SEM analysis, we worked with a Hitachi 

S4800 at 15 kV and 10 mA provided with a Bruker© X-Flash Detector 4010. 

Optical properties of the developed surfaces were studied using Ultraviolet-

visible-Near InfraRed (UV-vis-NIR) spectroscopy. One significant effect to 

consider during the interaction of light with a nanostructured layer, if the light 

wavelength is comparable to the size of the material features, is light scattering. 

This scattering phenomenon involves random changes in the direction of the 

incoming photons, typically occurring without any loss of energy. Therefore, to 

fully characterize nanostructured samples, the use of an integrating sphere is 

often necessary to effectively capture the full components of the transmission 

and reflection spectra47,48. UV-Vis-NIR optical properties of samples deposited on 

reference and commercial transparent substrates were measured between 200 

- 1100 nm using a PerkinElmer Lambda 750 spectrometer equipped with a 60 

mm diameter integrate sphere and a Cary 100 spectrometer in the range from 

200 to 900 nm. 
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2.4.2 Analysis of the wetting and repellent properties at room and low 

temperatures  

 

Wetting behavior was characterized at room temperature and under simulated 

environmental conditions, i.e. low temperature and high relative humidity.  

 

▪ Room environmental wetting analysis:  

 

Static contact angle (CA) values were measured using an OCA 20 

DataPhysics setup (goniometer instrument) presented in Figure 6 a) by 

varying volumes of bi-distilled water and non-polar liquids 

(diiodomethane) droplets dispensed onto the surface sample, from 2 to 

10 µl. This instrument features a computer-controlled droplet-shape 

analyzer and dispensing syringes. Wetting properties were determined 

by analyzing optical images of the deposited water droplet through both 

frontal and vertical cameras (3250 f/s and 2450 f/s). These 

measurements were averaged based on a minimum three to ten data 

points per sample. Dynamic contact angles were determined by 

hysteresis and sliding experiments. Rolling-off angles (RoA) were 

measured using the tilting function of the goniometer from 0⁰ to 90⁰ to 

precisely determine the angle at which the sample facilitates water 

droplet sliding. Meanwhile, contact angle hysteresis was assessed as the 

difference between the advancing and receding angles when 5 µl of water 

volume is controllably injected or removed from the surface. In Figure 6 

b), OCA 25 DataPhysics system is shown, what includes an 

environmental chamber with a thermoelectric module TPC160, for 

temperature control ranging from -30 ⁰C to 150 ⁰C and a humidity 

generator (HGC 30) to simulate real conditions and condensation 

experiments.  
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▪ Anti-fouling tests by wetting measurements:  

 

The proposed anti-fouling tests were conducted using the OCA 20 

DataPhysics equipment with 2 µl volume of the different bio-fouling 

simulant liquids: humic acid (65 mNm-1)49, and sodium alginate (60 

mNm-1)50 solutions in water at 10 mg ml-1 concentration, and bovine 

serum albumin protein (51.5 mNm-1)51 to determine different liquid 

contact angles when droplets are deposited on the surface. Subsequently, 

using drop volumes between 5-15 µl, RoAs measurements were taken to 

determine the minimum angle values at which sliding of these fouling 

agents occurred. 

 

 
Figure 6. Pictures of the different wetting goniometers: a) OCA 20 DataPhysics 

equipment, b) OCA 25 DataPhysics for environmentally controlled wetting analysis, c) 

detail of the environmental chamber from external view during a water condensation 

experiment (left) and images taken with the top (middle and zoomed image) and the 

lateral (right) cameras. 

 

c)
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▪ Self-cleaning response characterization:  

 

For the study of the self-cleaning properties of the surfaces developed in 

this thesis, an experimental holder was used to position the samples in a 

fully horizontal position, but with the option to adjust the tilting angle. 

Once the different dirt simulants, graphite powder and common salt 

crystals were applied, we could check their removal with water droplets 

of a few microliters volume, which highlighted the superhydrophobicity 

of the surface by dragging the particles. 

 

▪ Laplace pressure effect on droplet evaporation at low temperature: 

 

The experiments conducted to evaluate the stability of the 

superhydrophobicity of the developed hybrid hierarchical surfaces by 

measuring the Laplace pressure evolution in an evaporation test, were 

carried out in chamber of the OCA 20 goniometer. A volume of 5 µl of bi-

distilled water was deposited on the cold surface under a dry atmosphere 

with a constant N₂ flow. The evaporation event, where drop diameter 

and WCA measurements were monitored was performed at 0 °C of 

substrate surface (at those conditions, it is expected to have a water 

surface tension value of 75.5 mNm-1 compared to 72.8 mNm-1 at 20 °C).  

 

▪ Study of the water condensation on developed surfaces:  

 

Observation of water droplet condensation on the fabricated surfaces 

was performed under severe climatic conditions in the environmental 

chamber of the OCA 25 goniometer. The sample was set to a temperature 

of 2 °C, and then exposed to controlled environmental humidity levels, as 

shown in Figure 6 c). This experiment has been conducted with the 

sample at horizontal position (0 ° tilt) or tilted 90 ° to study the sliding of 

the condensed droplets on the surface.   

Analysis of the water condensation on the functional surfaces from a 

microscopic point of view has been performed by Environmental 

Scanning Electron Microscope (ESEM) using a Quanta FEG 250 

microscope located at Biomedical Research Institute of Malaga in 
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Nanomedicine Platform, IBIMA (BIONAND Malaga, Spain) and 

Thermofisher QuattroS ESEM with a STEM3+ detector located at the 

National Institute of Applied Sciences (INSA) in Lyon (France). ESEM 

experiments in INSA were conducted during my international stay of 92 

days in Lyon (France) with the objective of characterizing the interaction 

between water and hybrid hierarchical surfaces. An ESEM can operate at 

higher pressure conditions than a conventional SEM, allowing it to 

analyze delicate samples under simulated environments. Typically, an 

ESEM operates in a pressure range from low vacuum (around 10-4 Pa) to 

relatively high pressures, approximately 10 to 2000 Pa. This pressure 

range is sufficient to maintain a controlled gaseous environment, 

enabling the observation of samples with moisture content and 

processes involving liquids, such as evaporation or condensation52. In 

this type of environmental microscope analysis, the electron beam 

voltage was around 25 - 30 kV. The experiments realized in INSA using 

ESEM were also performed in a STEM mode, whose technology was 

developed by the microscopy group at INSA53,54 and helped to improve 

the resolution of the experiments involved water. For all these 

experiments, the sample was held on a cooled sample holder to act as a 

cold focus, promoting condensation in a range of 2–6 °C, 98-100% 

relative humidity, and water vapor pressure ranges from 300 Pa to 1200 

Pa. 

To unravel in a deeper sense the interaction of water with the 

hierarchical surfaces, Environmental Transmission Electron Microscopy 

(ETEM) was employed in INSA. The ETEM provides advanced 

information at atomic level imaging, capable of performing “in-situ” 

studies of chemical reactions and phase changes, and better control of 

environmental conditions for specific temperature and pressure studies. 

The equipment was a FEI Titan 80-300 ETEM equipped with a lab-made 

gas unit and a Gatan Elsa cryo-sample holder53. The experiments were 

carried out at temperature ranges from -2 °C to 7 °C of the surface while 

making the necessary adjustments for inducing water condensation on 

it. The working pressure was between 600 and 900 Pa to observe water 

condensation. Besides, the samples were pre-treated in an “in-situ” 

plasma cleaning service equipment to tune the wetting of the 1D 
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core@shell nanostructures for comparison between repellent and 

spreading surface predisposition. 

 

2.4.3 Characterization of the anti-icing behaviour  

 

Analysis of the icephobic response of the developed surfaces covers different 

aspects: from delaying freezing to ice accretion, that have been studied at 

laboratory scale and in large, advanced facilities, particularly Icing Wind Tunnel 

(IWT) in the National Institute of Aerospace Technology (INTA, Madrid, Spain).   

 

▪  Freezing delay time measurements:  

 

Wetting contact angle at low temperatures and Freezing Delay Time 

(FDTs) experiments of a water droplet deposited on a cold surface were 

conducted in the controlled environmental chamber of the OCA 20 

system under dry atmosphere allowing real-time monitoring of the 

phase transformation (Figure 7). The substrate temperature was 

precisely regulated and maintained using a Peltier device, monitored 

through a thermocouple positioned 1 mm from the water droplet on the 

surface. Dry nitrogen at approximately ten standard cubic centimetres 

per minute (sscm) was cooled at 0 ⁰C and passed through the chamber to 

simulate a dry environment, allowing equilibrium between water vapor 

and supercooled water droplets or ice particles. A syringe containing 

distilled water was introduced into the chamber at 0 ⁰C, and a 2 µl water 

droplet was deposited onto the surfaces at room temperature (25⁰C), 

after which the temperature was reduced to the predetermined value (-

5 ⁰C or -10 ⁰C). The temperature was decreased at a rate of -1 ⁰C/s until 

reaching 0 ⁰C and then at -0.1 ⁰C/s for subzero temperatures.  
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Figure 7. Picture of the controlled environmental chamber accessory of OCA 20 

DataPhysics conditioned for freezing experiments and main scheme of FDT experiments 

using a cooling and Peltier system. 

 

▪ Ice adhesion tests on the developed surfaces:  

 

Pull-off and push-on ice adhesion tests both assess the bond strength 

between ice and the surface but differ in the direction of applied force. 

The pull-off test applies a perpendicular force to detach the ice from the 

surface, measuring adhesive strength, while the push-on test applies a 

parallel force to evaluate the ice's resistance to sliding or shear failure, 

providing insights into its stability under lateral forces.  Ice adhesion 

measurements were performed using two different methods: pull-off 

and push-on tests, in collaboration with the Applied Physics Department 

of the University of Granada (UGR), the Materials science and 

environmental engineering Unit of the University of Tampere (TAU, 

Findland) and INTA. For pull-off ice adhesion experiments, the setup 

presented in Figure 8 a)55 consisted of a pulling probe featuring a hollow 

Teflon cylinder situated on the top of the surface. This cylinder had 

specific dimensions: an internal diameter of 9.86 ± 0.12 mm and an area 

of 76.4 ± 1.9 mm2, with a water level of approximately 13 mm. An integral 

component of this setup was a freezing chamber designed to achieve a 
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temperature of -13 ⁰C. The critical element for the pull-off ice adhesion 

test was the dynamometer (IMADA ZTA-200n/20N), positioned outside 

the freezing chamber and linked to a motorized linear stage (IMADA 

MHZ-500N-FA). The experimental procedure consists of placing the 

sample in the fridge and waiting for the complete solidification of the 

water cylinder around 30 minutes. After the rime ice had formed, the 

dynamometer was engaged, and a pulling force, perpendicular to the 

sample, was applied to measure the force required to lift the ice from the 

surface sample following a tensile mode. Considering the area of the 

cylinder, adhesion strength was expressed in kPa (Force (N)/Area (m2)). 

The same experimental set-up for ice adhesion measurements in pull-off 

configuration in tensile mode has been implemented in a large climatic 

chamber, a Universal Material Testing Machine with controlled 

temperature and humidity for assessing wetting, ice formation, 

accumulation, and adhesion intended for research in the framework of 

the European SoundofIce project, established in the Nanotechnology on 

Surfaces and Plasma laboratory.  

Push-on ice adhesion tests, these were conducted at Tampere University 

(Finland). The rime ice type was created in the icing wind tunnel (a 

specialized facility that combines both ice formation and wind flow to 

simulate real-world conditions involving freezing temperatures, 

humidity and air flow), and the ice adhesion strength was examined 

using a dynamometer setup described in Figure 8 b). These experiments 

were carried out in shear mode to push the ice accumulated at -20 °C 

previously. Value of 25 m/s of airspeed was imposed in this facility for 

the previous ice rime formation. 

To complement the characterization, centrifugal ice adhesion 

experiments were also conducted in the IWT facilities of INTA (Figure 8 

c)). In this case, glaze ice was formed at -5 °C. The methodology involves 

placing 50 x 50 mm² samples in a specific holder before ice formation, 

using collimators to direct the ice formation to the selected area (around 

2.75 cm x 5 cm). The sample is weighed before and after the experiment 

to determine the ice mass by difference. During the ice adhesion test, the 

surface is fixed in the arm of a Centrifugal ice Adhesion Test (CAT) 

system. The arm is then accelerated at 300 rpm until the ice detaches. 
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Knowing the angular velocity, the ice weight, and the ice adhered area, 

the adhesion value is calculated using shear stress56,57. 

 

▪ Ice accretion tests on the developed surfaces:  

 

Ice accretion measurements in the IWT at INTA consist of evaluating how 

ice forms and accumulates on a surface exposed to cold conditions and 

airflow. During these experiments, winter weather conditions are 

simulated, where wind and low temperatures promote the freezing of 

water droplets or vapor on the surface of interest. INTA's IWT (Figure 

9) is a laboratory scale facility meticulously designed to simulate icing 

conditions "in cloud" for the comprehensive study of ice accretion on 

aeronautical materials. This wind tunnel boasts an open section 

configuration and is housed within a 54 m3 cold climate chamber, 

ensuring temperature stability down to -20 ⁰C for prolonged testing 

periods. 
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Figure 8. Pictures of some ice-adhesion testing devices: a) Ice adhesion experimental set-

up in pull-off configuration (UGR): left) zoomed surface regions before and after the ice 

detachment, medium) tensile and shear mode schemes, right) general view of the 

tensiometer and the refrigerator chamber; b) Ice adhesion setup in push-on shear mode 

performed in IWT (TAU): left) general view of IWT with zoom on the supercooled water 

droplet dispenser and the sample holders, right) tensiometer configuration for shear 

mode measurement, and c) Centrifugal ice Adhesion Test system from INTA58: left) 

general view, right) example of ice accreted block (top) and sample mounting (bottom). 

a)

b)

c)
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Within the same INTA's IWT facilities, a specific ice accretion test was 

conducted. Depending on the temperature and the liquid water content 

(LWC) (water mass per unit volume of air), two different ice crystals can 

be formed on a surface. Glaze ice forms when liquid water droplets 

impact cold surfaces and freeze rapidly, resulting in a smooth, glass like 

appearance that is dense and heavy, typically occurring during freezing 

rain and when the temperature is around -5 °C. Meanwhile rime ice 

develops from the condensation of water vapor that freezes upon contact 

with cold surfaces, characterized by a rough texture and irregular crystal 

formations.  This one is less dense than glaze ice and forms in high 

humidity and low temperature conditions around -15 °C. Mixed ice 

consists of a combination of both glaze and rime ice, displaying features 

of both types, with varying density influenced by rapid changes in 

temperature and humidity59.  

The test facilities are situated within the cold climate chamber, which 

allows for temperature adjustments ranging from room temperature 

down to a minimum of -40 ⁰C60. Before ice accretion process, the samples 

were allowed to cool in a cold room.  

 

 
Figure 9. Picture of the ice-wind tunnel (IWT) from INTA with indicated main parts: 

contraction, test section where the sample is facing to the air flux containing supercooled 

water droplets and diffuser61. 

 

Test section

Air flow
Diffuser

Contraction
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An important parameter for this type of experiment in large facilities 

simulating real conditions is the wind speed, which specifically is set at 

25, 50, and 70 m s-1 at INTA. During an ice accretion experiment in the 

IWT, besides the LWC and the wind speed, the mean volume diameter 

(MVD) is another key parameter in the simulation of adverse 

environments. For the current experiments, the LWC value was 25 ml 

min-1 (1 g of water /1 m³ of air), and the MVD values depended on the 

type of ice formed. Although the specific conditions are detailed in 

Chapter 6, it is important to highlight that the type of ice formed was 

glaze ice at -5 °C (simulating the most aggressive wind speed conditions, 

with the highest possible water content from an experimental 

perspective, and common temperature in cold areas). The methodology 

consisted of placing the samples in tilted position around -5 °C facing an 

air/water flow maintained at temperatures between -5 °C and -10 °C. A 

controlled water flow was dispensed using a peristaltic pump, combined 

with air flowing at 70 m s-1. The samples were placed at a 45° angle to 

facilitate observation of ice accretion onto the surface through a camera. 

The amount of accreted ice was determined by weighing the sample, 

before and after the experiment. All these experiments and 

measurements were carried out in the same cold room where IWT is 

located.   

 

2.4.4 Stability and durability essays 

 

Aging, regarding working under cycling and aggressive environmental 

conditions, is a key factor which checking a surface must pass to demonstrate its 

level of reliability and stability. In this thesis, robustness and durability have 

been verified by visual inspection, measuring reproducible wetting and, in some 

cases, chemical composition, after the developed surfaces have been subjected 

to special tests, following the current protocols established in the literature 

according to performed applications62,63. Durability tests have consisted of 

immersion for 30 minutes in different organic liquids like isopropyl alcohol, 

humic acid and bovine serum (biofouling agents), two different thermal cycles: 

3 cycles of heating at 150 °C for 2 hours and cooling at room temperature, and 5 

freezing-thawing cycles from -5 °C to room temperature, as well as irradiation 
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with UV-vis light for one and a half hours at a distance of 30 cm from the light 

source (ASB-XE175 Xenon lamp with power of  300 mW/cm2). 

 

▪ Corrosion test for functional hierarchical stainless steel surfaces:  

 

In Chapter 4, the developed surfaces of low fluorinated hierarchical stainless 

steel have been subjected to corrosion essay. The anti-corrosive properties were 

assessed through electrochemical analysis, employing the potentiodynamic 

polarization technique available in the Department of Surface Engineering 

Corrosion and Durability of the National Center for Metallurgical Research, 

CENIM-CSIC (Madrid). The electrochemical measurements were conducted in a 

conventional three-electrode cell, where the deposited thin films served as the 

working electrode. A stainless-steel rod constituted the counter-electrode, while 

a saturation calomel electrode (SCE) served as the reference electrode64. The 

identification of relevant electrochemical parameters, such as corrosion 

potential, pitting potential, and corrosion/passive current, followed the 

procedures outlined in literature and represented in Figure 10 a)65. Corrosion 

potential (Ec)  is the electric potential at which a metal's rate of oxidation 

(corrosion) and reduction reactions at its surface are balanced66. This potential 

indicates the tendency of a material to corrode in a specific environment, with 

more negative values generally signifying a higher likelihood of corrosion. Pitting 

potential (Ep) is the specific electric potential at which a localized corrosion 

initiates on a metal's surface in an aggressive environment. When the potential 

reaches this threshold, it overcomes the protective oxide layer on the metal, 

leading to the formation of small, deep pits. Pitting potential is an important 

indicator of a material's resistance to pitting corrosion, (higher values generally 

indicating better resistance67). Finally, the values of corrosion/passive current 

(Ip) refer to the electric current that flows through a corroding material when it 

is in a passive state. This occurs when the material has developed a protective 

oxide layer that inhibits further corrosion65. Further details of the experimental 

corrosion tests will be defined in Chapter 4, where the corrosive medium 

employed was NaCl solution. 
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Figure 10. a) Representation of main parameters involved in the corrosion potentiodynamic 

polarization test66; Epit: Pitting corrosion potential and Ecorr: Corrosion potential, b) Climatic 

chamber images, detailing both water dispensers (spay-top right and dripping-bottom left). 

 

▪ Durability and stability at icing conditions:  

 

Additional durability and reproducibility tests were carried out using the 

Universal Material Testing Machine with controlled temperature and humidity 

for assessing wetting, ice formation, accumulation, and adhesion, shown in 

Figure 10 b). Several important specific parts of the climatic chamber can be 

highlighted: an adjustable motion platform for regulating and moving the 

position of the desired sample within the plane, a rotatable support allowing 

positioning from horizontal to 90⁰ without the need for external access to the 

climatic chamber, a tray of associated electrothermal Peltier modules for 
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independently controlling the sample's temperature, separate from the 

chamber's temperature, a thermostatically controlled water dosing system for 

conducting long and cycling water interaction as well as performing ice 

formation experiments under two possible working modes: water spray or 

continuous dripping on the surface at a fixed temperature. Visual inspection is 

possible due to transparent windows (quartz or ZnS) and a thermographic 

camera. Durability, stability and reproducibility tests using this climatic chamber 

were carried out, for simulated rain erosion and thermal/humidity cycles 

working between 2 °C -5 °C with the default value of relative humidity (3 cycles 

of 2 hours). The evaluation of the appearance and the wetting behavior before 

and after these experiments under simulated real conditions inside the climatic 

chamber allowed the evaluation of permanent anti-icing performance.  
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Abstract  

In recent years, there has been a focus on achieving adapted surfaces for 

microfluidic, vital in biomaterials, and water purification. This study combines a 

soft-template method assisted by vacuum and plasma techniques to create 

metallic oxide nanofibers on porous substrates like cellulose membranes and 

stainless steel (SS) grids. Under mild conditions of fabrication, 3D 

nanomembranes have been obtained by means of the combination of 3 levels of 

roughness: the one of the porous supports at the microscale, the one due to the 

geometry of the nanofibers (from a few micrometers to several hundred 

nanometers) and the one of the metallic oxide nanostructure surfaces. As a 

result, the hierarchical surfaces repelling water droplets and allowing oil 

droplets spreading serve as effective water/oils filters. UV light activation of 

photoactive metallic oxide nanostructure surfaces lets the wetting tunability 

from hydrophobic to hydrophilic responses. 3D nanomembranes are compatible 

with surface modification protocols leading to omniphobic (i.e. full liquid 

repellence) and self-cleaning surfaces.  
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3.1 Introduction 

Controlling wetting on advanced surfaces is crucial because it allows for the 

design of materials with specific functionalities across various applications. 

Wetting behaviour, (how a liquid interacts with a surface), affects processes like 

cleaning, fluid transport, and heat transfer. For example, in microfluidics, 

controllable wettability enables precise manipulation of tiny liquid volumes, 

while in anti-fouling coatings, it helps to prevent the accumulation of unwanted 

substances on surfaces. Additionally, superhydrophobic materials can repel 

water efficiently, making them valuable for self-cleaning surfaces, 

waterproofing, and anti-icing applications. The ability to engineer surfaces with 

tuneable wetting properties also extends to medical devices, where controlled 

wetting can reduce bacterial adhesion or optimize drug delivery systems. 

Furthermore, research into superhydrophobic and superhydrophilic surfaces is 

driving advancements in energy-efficient water harvesting and innovative heat 

management solutions, which are particularly relevant for industrial and 

environmental applications. Achieving effective wetting control often involves 

manipulating surface chemistry and microstructure, which can create tailored 

interactions with liquids, leading to enhanced performance in specific 

conditions1,2,3. For example, the ability to separate liquids in minuscule 

quantities is a crucial aspect of controlling wetting, particularly in microfluidics 

and advanced materials applications. This capability presents several significant 

implications such as surface engineering highlighting surface roughness and 

chemical modification4. Advanced materials, where nanostructured surfaces 

have shown that manipulating the geometry can lead to effective droplet 

formation and separation, indicating different textures to achieve desired 

droplet behaviours5,6 which is potential for innovation. For example, to ongoing 

development in controlling wetting at the microscale offers to drug delivery 

systems, where precise liquid amounts need to be administrated, and in the food 

industry for ingredient separation5. 

Control of wetting on porous substrates, such as nanomembranes, presents 

significant challenges due to the complex interplay between the surface´s 

physical and chemical properties. For these types of porous substrates there are 

many reasons why controlling wetting can be an issue, highlighting the capillary 

effects and liquid absorption4, surface heterogeneity7, instability of surface 
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coatings and inconsistent wetting state transitions8, from Cassie-Baxter to 

Wenzel states that can be unpredictable on textured porous surfaces9.  

Moreover, the extended studies of liquid separation within nanotechnology and 

materials science necessitates the deployment of sophisticated techniques for 

the manipulation and separation of minuscule quantities of liquids at the 

nanoscale level10. This involves the utilization of innovative methodologies like 

nanofiltration, microfluidics, and nanomembranes to efficiently isolate, sort, and 

manipulate small liquid samples or volumes for diverse scientific and 

technological applications. In this context, membranes play a pivotal role in 

selectively controlling the transfer of matter and/or energy between them. The 

efficiency and functionality of membranes are contingent upon various factors, 

including material composition, pore size, structural geometry, distribution, and 

pertinent physical-chemical aspects such as density and surface tension10. These 

elements significantly influence a membrane's efficacy in separation processes, 

particularly within the realms of microfluidics and nanodevices. Microfluidics, 

entailing the manipulation of fluids at the microscale, relies on nanodevices for 

their remarkable responsiveness11, capable of employing both passive and active 

modes of separation techniques. Hydrophilic membranes, with affinity for water, 

are frequently employed in gravity-based filtration of emulsions due to their 

resistance to clogging12. However, their efficacy diminishes when tasked with 

separating water-in-oil emulsions. Ongoing developments in membrane 

technology aim to overcome these limitations, striving to create membranes 

tailored to diverse separation needs through research in surface modification, 

advanced materials, and innovative structural designs13. These advancements 

are in fields such as environmental remediation, pharmaceuticals, and industrial 

processes, where precise liquid separation14 is indispensable. 

Transitioning to the commercial substrate domain, nanomembranes with 

nanoscale pore sizes find application in various fields such as high-efficiency 

cathodes in lithium batteries15, contaminated water filtration processes13, and 

semiconductor devices16 such as nanotubes or graphene17. This highlights the 

emergence of the concept of "fast flexible electronics"18. A noteworthy facet in 

membrane technology involves nanomembranes, capable of providing high 

selective wetting. This attribute is particularly pertinent in applications such as 

self-cleaning phenomena in windows19, anti-fog coatings for glass, as well as 

antibacterial and antiseptic coatings20. Nanomembranes with superhydrophobic 
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but oleophilic properties are of significant interest for wastewater treatment21, 

biomedical22, and veterinary applications23 as filters, given their ability to repel 

water while allowing the passage of oils. This unique capability positions them 

as excellent candidates for filtering biological fluids24, such as blood, where the 

separation of lipids24 from aqueous components is crucial. In biomedical and 

veterinary contexts23, nanomembranes enhance sample preparation, 

biomolecule separation, and in-vitro diagnostics procedures22,25,26. 

Within this expansive framework, we propose a promising methodology to 

achieve the control over wetting by creating hierarchical surfaces that take 

advantage of the microporosity of substrates, allowing them to be applied as 

selective membranes, making them both repellent and self-cleaning. This 

involves merging a soft-template approach utilizing single-crystalline organic 

nanowires (ONWs) as vacuum-processable 1D templates with the plasma-

enhanced chemical vapor deposition of TiO2 nanofibers as it is described in 

Chapter 2. This TiO2 shell was chosen for their photoactive and wetting 

properties. These nanofibers are deposited onto high-porosity and rough 

supports like cellulose and stainless steel (SS) filters. Cellulose filters are 

highlighted due to their porosity, biodegradability and cost (generally more 

affordable) and SS filters are employed due to their durability (resistant and 

long-lasting), corrosion resistance and easy cleaning. The ability to integrate the 

growth of these repellent and self-cleaning nanofibers onto such substrates is 

reflected in the demand for these materials in applications such as low-flow-

retention filtration processes and liquid. Its versatile applications extend to soil 

and seed analysis, food drying, and atmospheric gas control27, filtration of juices 

and beers to eliminate particles without alterning flavor and for its application 

in the treatment of water containing suspended pollutants28. They also play a 

crucial role in food production, particularly in filtering oils and other edible 

liquids29, as well as laboratories for filtering solutions in chemical analyses30. 

Finally, these hierarchical surfaces fabricated on porous substrates using the 

previously indicated methodology serve as templates for hosting chemical 

agents through plasma techniques, spin coating, and vapor phase deposition.  

Our study explores the selective wetting characteristics of nanostructured 

porous materials, highlighting their potential applications as filtration systems 

and microfluidics valves. We demonstrate how surface modification of these 

materials enhances controlled wetting behavior, providing high selectivity and 
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tunability under UV exposure. Additionally, we present an innovative technique 

for separating small mixed volumes of polar and non-polar liquids through 

gravitational and surface tension influences. The investigation includes a 

thorough examination of the chemical alteration of TiO2 nanostructured 

membranes with fluorine, integrating them into elastomeric 

polydimethylsiloxane (PDMS). This integration preserves the unique three-scale 

roughness achieved through the nanostructuring process, promising the 

creation of manageable, reliable, and enduring self-cleaning surfaces. 

 

3.2 Experimental Section  

3.2.1 Materials  

 

The substrates employed in this study comprised porous supports and reference 

compact, smooth substrates, namely Si (100) silicon and fused silica, these last 

measuring 1.5x1.5 cm2. The commercial substrates selected for the deposition of 

3D nanomembranes were the S0770 SS grid filter from Sigma-Aldrich, featuring 

a 40 mm diameter and a 70 µm pore size which was chosen. To precede the 

utilization of flexible filters in subsequent stages, a Whatman qualitative 

cellulose filter, Grade 1, measuring 42.5 mm in diameter with an 11 µm pore size, 

was employed. Additionally, another Whatman qualitative cellulose filter, Grade 

4, sized at 40 mm in diameter and featuring a 25 µm pore size, was employed.  

 

3.2.2 Methods 

 

3.2.2.1 Fabrication of hierarchical surfaces on porous substrates: 3D 

Nanomembranes   

 

TiO2 nanofibers were the result of applying the soft-template method described 

in Chapter 2. This methodology allows the deposition of single-crystalline 

nanowires to achieve 1D templates in different commercial substrates: cellulose 

filters and (SS) grids. Figure 1 shows a reminder about different steps for the 

synthesis of nanofibers (NFs) in specific supports (1 to 4 steps) and the result of 

these nanostructures growth in different commercial substrates. The difference 

between organic nanowires (ONWs) and nanofibers (NFs) is the presence of the 

TiO2 shell, where ONWs of H2Pc is the organic core as final material. 
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Figure 1. Plasma-assisted deposition of core@shell NFs on 3D supports. Steps 1-4: Pictorial 

representation of the multistep procedure for the formation of the H2Pc@TiO2 nanofibers on flat 

and 3D supports.  a,b) SEM images of a) the cellulose filter and b) stainless steel membrane after 

the conformal PECVD of the TiO2 acting as a nucleation layer for the formation of the NFs (step 1), 

c,d) Top view SEM images of the H2Pc single-crystalline nanowires growing on the TiO2 nucleation 

layer for two different densities (step 2) in cellulose filters. 

 

Figure 1 shows a high conformality of the TiO2 layer, showing the typical 

cauliflower morphology according to the deposition conditions: formation at 

room temperature under 100% oxygen plasma31 by (PECVD) technique. Figure 

1 c) and d), shows the different densities at different magnifications for the 

ONWs deposition under two different growth rates namely c) < 0.5 Å s-1 and d) 

> 1.5 Å s-1 of H2Pc nanowires formed on a TiO2 nucleation layer. H2Pc nanowires 

were growing thanks to the driven mechanism for crystallization process led by 

the high directionally of the self-assembly with specific organic molecules, where 

π-stacking growth is characteristic for this type of molecules32 and under mild 

temperatures (being aware of the presence of cellulose in the employed porous 

substrates) and vacuum conditions, by a simple thermal evaporation process as 

described in Chapter 2. It is noteworthy that the shell keeps the specific 

microstructure of the deposited material, in this case, TiO2. The final step 
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involves obtaining an inorganic shell by low pressure PECVD (described in 

Chapter 2) of 200 nm for 1 hour of deposition, resulting in a core@shell 

nanostructure. The shell’s thickness can be adjusted by managing the TiO2 

deposition time. The outcomes presented in this work pertain to the core@shell 

nanostructure referred to as H2Pc@TiO2 nanofibers (NFs). These molecules 

(H2Pc) were evaporated using Ar plasma at 2x10-2 mbar, with a substrate 

temperature of 170⁰C and a growth rate of 1 Å s-1. The existence of the core 

explains the blue color appearance of the cellulose and metal grids as it will be 

observed in the next figures, and it is important to indicate that the deposition 

processes were for both substrates simultaneously. The blue color of these 

organic molecules results from the characteristic Q-band absorption typical of 

these organic functional molecules. The final step (step 4) is the repetition of 

steps 1-3 to get these nanofibers on both sides of the supports, highlighting that 

these steps did not occlude the pores of these commercial nanomembranes. 

 

3.2.2.2 Modification of hierarchical surfaces on porous substrates  

 

As a final and necessary step to achieve water-repellent properties 

(superhydrophobicity), the anchoring of fluorinated molecules in the form of 

chemical functionalization was carried out on these types of nanostructured 

membranes. This fluorine-based grafting involved chemical derivatization. TiO2 

nanofibers were exposed to 1H,1H,2H,2H-PFTOES for 2 hours following the 

steps described in Chapter 2. Before it, the surfaces were chemically activated by 

an oxygen plasma PECVD for 10 minutes, (details were shown in Chapter 2). 

Otherwise, to reinforce the mechanical stability of the nanofibers, 3D 

nanomembranes were coated by a thin layer of polydimethylsiloxane (PDMS) 

using 2:1 ratio of PDMS precursor to curing agent dissolved in a 1:3 toluene 

solution, using a spin-coater working at 3500 rpm with 2 different steps for the 

deposition. Eventually, these PDMS-embedded 3D nanomembranes were also 

subjected to the fluorine-based grafting procedure, respecting the porosity of 

these nanomembranes, as will be presented throughout this chapter.  

Regarding the labeling for these nanomembranes, the label H2Pc@TiO2 NFs is 

used to address the formation of core@shell NFs using H2-phtalocyanine as the 

organic core and TiO2 as inorganic shell. For different surface modifications, 
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employed labels will be H2Pc@TiO2 NFs + F-grafting or H2Pc@TiO2 NFs + PDMS 

+ F-grafting, in the same order as experimental procedure. 

 

3.2.3 Characterization of hierarchical surfaces on porous substrates  

 

The morphological aspects and density of the nanofibers were comprehensively 

investigated through microscopic imaging at varying magnifications, facilitating 

a meticulous statistical analysis (ImageJ) of the 3D nanomembranes. SEM images 

were captured utilizing a Hitachi S4800 operating at 2 kV, encompassing both 

reference and commercial substrates, including cellulose filters and stainless 

steel grids. Establishing a one-week interval of sample storage in dark conditions 

to avoid changes in photoactive activities of TiO2 shell, the wettability properties 

were systematically evaluated by performing droplet contact angle 

measurements using polar (bi-distilled water, WCA) and non-polar (CH2I2 

diiodomethane, DCA) liquids. These measurements were performed using the 

OCA 20 DataPhysics goniometer, as detailed in Chapter 2. The determination of 

the static measurements was with 1 µl droplets on the surfaces, while the 

dynamic sliding, Rolling-off-Angle (RoA), experiments were conducted with 5 

and 10 µl droplets with water and diiodomethane. The presentation of statistics 

encompassing data from five measurements on each surface provides an 

averaged contact angle value with estimated errors ranging between 3% and 7%. 

The exploration of wetting selectivity has been carried out by water-

diiodomethane separation demonstration through a glass funnel and joint 

material designed to support nanomembranes of 19 mm in diameter. The 

photoactivation of the surfaces was achieved through UV-vis (Ultraviolet-

Visible) irradiation in an ambient air environment. A comprehensive spectrum 

emanating from a 175 W ASB-XE175 xenon light source lamp was employed for 

these experiments with a specific distance between lamp and samples of 30 cm 

with a power of 300 mW cm-2, where the key aspect will be the hydrophobic-

hydrophilic conversion. 
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3.3 Results and discussion 

3.3.1 Photoactive hierarchical surfaces on porous substrates: 3D 

nanomembranes morphology   

 

Figure 2 shows SEM images at different magnifications of the hierarchical 

surfaces obtained by the deposition of H2Pc@TiO2 NFs on 3D porous substrates 

compared to the reference ones. The synthetic approach is compatible with high-

density NFs formation on both cellulose and SS membranes. Minor variations in 

NFs density, thickness, and length across the different supports are attributed to 

surface temperature, membrane surface area differences and material 

membrane roughness. Considering that the roughness of the TiO2 seed layer is 

the same for each of the commercial substrates used, the sticking coefficient is 

also the same, and the substrate temperature is identical for both because it is 

necessary for nucleation to occur, the characteristic aspect that may result in a 

higher or lower density of nanowires is the micro/meso-porosity of the 

commercial membranes. In the case of larger pores, as observed in the metallic 

nanomembranes, there was more space for the nucleation of the nanowires since 

this type of nanowire tends to nucleate more rapidly in geometries with high 

surface defects, such as the corners of these pores in the metallic filters, whereas 

a conformal density was observed in the case of cellulose substrates. In both, 

metallic grids and cellulose filters, NFs presented in length and diameter 

distributions, with maximum around 4 µm/ 0.20 µm and ranging from 2 to 9 

µm/0.10-0.35 µm for the length/diameters, respectively.  

Despite the varied substrates, SEM images revealed a consistent and 

homogeneous growth of NFs with uniform density. The TiO2 shell maintained its 

characteristic globular and cauliflower-like microstructures when they were 

observed on the porous substrates. Additionally, the application of plasma-

assisted technology ensured the alignment and adhesion of NFs on both rigid and 

soft substrates which are also chemically different. 
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Figure 2. Formation of H2Pc@TiO2 NFs on flat reference and 3D porous substrates. Characteristic 

SEM images at different magnifications of the a) and c) H2Pc@TiO2 NFs deposited onto Si (100), d) 

and g) on the stainless steel grid, h) and k) on the 25 µm cellulose membrane. 

 

Although on the Si (100) substrate, vertical alignment of NFs was more 

pronounced (Figure 2 a)), on the stainless steel grid (Figure 2 e)-g)), they also 

presented preferential orthogonal alignment and to a lesser extent on cellulose 

along the topographic undulations. This alignment results from the plasma 

sheath electric field and the increased nanofiber rigidity during the TiO2 shell 

formation33. Detailed observations of the metallic grids (Figure 2 d)-g)), and 

cellulose filters (Figure 2 h)-k)), showed an excellent NFs growth conformality 

achieved through plasma-assisted growth, allowing high-density NF 

development across the whole exposed geometric features and internal parts of 

the 3D supports. For the first time, we present that using the soft-template 

approach with substrates of open porosity, including materials such as stainless 

steel membranes and temperature-sensitive cellulose filters, we can achieve a 
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conformal growth of aligned NFs using specific and compatible organic 

molecules thanks to shell deposition on mild work conditions. 

 

3.3.2 Wettability of photoactive hierarchical surfaces on porous substrates  

 

The initial step of the characterization of the tunable wetting surface involves an 

assessment of static and dynamic contact angles using diverse liquids, both polar 

and non-polar in nature. This comprehensive investigation encompasses the 

examination of the wetting behavior with water, representing a polar liquid, and 

diiodomethane, representing a non-polar liquid. The outcomes of these analyses 

are succinctly presented in Table 1, collecting the control of wetting behaviors 

by designing the structure and chemical functionalities based on the deposition 

of NFs on both flat and 3D supports. Table 1 shows how reference silicon and 

fused silica substrate presented both hydrophilic (water) and oleophilic 

(diiodomethane) responses given the low contact angle values. However, thanks 

to the surface nanostructuration with the H2Pc@TiO2 NFs deposition, an 

increment in the water contact angles (WCA) on fused silica (134⁰) and Si 

substrate (123⁰) have been obtained, respectively. Diiodomethane contact angle 

(DCA) cannot be measured, indicating an enhanced oleophilic surface state of the 

flat reference substrates. In instance of porous substrates, the initial wettability 

diverges significantly from that of the flat reference materials. Cellulose supports 

presented complete superhydrophilicity and superoleophibicity, while the 

metallic grid has displayed high contact angle values with both polar and non-

polar liquid droplets. Upon the formation of H2Pc@TiO2 NFs on cellulose, the 

wetting behavior suffered a transformation, shifting from a membrane that was 

entirely permeable to water to one that inhibited water absorption. Also the W-

RoA values, show low sliding values (~0° and 17° for NFs without any chemical 

functionalization). 
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Table 1. Values of water and diiodomethane contact angles (WCA and DCA, respectively) and 

rolling-off angles (RoA) with water (W-) and diiodomethane (D-) droplets for H2Pc@TiO2 NFs, 

H2Pc@TiO2 NFs+ F-grafting and H2Pc@TiO2 NFs+ PDMS + F-grafting, deposited onto porous 

membranes and reference substrates for comparison. 

 

Samples WCA (°) W-RoA (°) DCA (°) D-RoA (°) 

Fused Si 24 >90 19 -- 

Si 27 >90 10 -- 

11 µm cellulose 0 -- 0 -- 

25 µm cellulose 0 -- 0 -- 

SS grid 133 >90 85 >90 

H2Pc@TiO2 NFs on 
fused Si 

134 20 0 -- 

H2Pc@TiO2 NFs on Si 123 25 0 --- 

H2Pc@TiO2 NFs on 
11 µm cellul. 

~180 0 0 -- 

H2Pc@TiO2 NFs on 
25 µm cellul. 

~180 17 0 -- 

H2Pc@TiO2 NFs on  
SS grid 

~180 10 34 -- 

H2Pc@TiO2-F NFs on 
SS grid 

~180 5 153 35 

H2Pc@TiO2-PDMS-F 
NFs on SS grid 

~180 5 136 15 

 

The uncoated metallic filters exhibit a petal effect behavior34 characterized by 

high WCA and RoA values, whereas with the presence of NFs, the surface 

presented sliding angles akin to the lotus effect (RoA ~ 10⁰) resulting a good 

opportunity to achieve a selective wetting with superhydrophobic and oleophilic 

properties, minimal adhesion against the impact of water droplets and a 

maximum one for diiodomethane spreading on the surface. These values notably 

surpass those exhibited by the nanostructured flat references (RoA ~ 20⁰). The 

most minimal sliding angles were observed with H2Pc@TiO2 NFs on cellulose 

membranes, even inducing a lack of adhesion for 10 µl water droplets on the 

lower-porous-size cellulose substrate. Consequently, the fabrication of 

hierarchical surfaces on porous materials using nanostructures with a high 

aspect ratio, termed 3D nanomembranes, endows them with superhydrophobic 

capability and superoleophilic response. These properties find utility in selecting 
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the liquids passing through the nanomembranes and facilitating the separation 

of liquid mixtures, particularly those involving water. Moreover, this 

functionality enables precise control over the directional movement of liquids.  

Finally, the combination of the hierarchical surface through the core@shell 

nanostructures with the different surface modifications exhibits high WCA 

values, with both samples showing superhydrophobic characteristics and W-

RoA values below 10° (W-RoA of 5° for H2Pc@TiO2-F and H2Pc@TiO2-PDMS-F). 

From the perspective of wetting with diiodomethane, a value of 153° for 

H2Pc@TiO2+F-grafting and a value of 136° for the same hierarchical surface but 

with a thin PDMS layer between the shell and the surface fluorination were 

reached. Low D-RoA values were detected for these two samples, emphasizing 

the superoleophobic nature of this proposed combination. 

Figure 3 illustrates alterations in wetting behavior, transitioning from a water-

permeable membrane to a water-repelling state for cellulose membrane with a 

transformation attributed to the varying pore sizes under examination. With the 

fabrication of nanofibers (NFs), the metallic grids showed superhydrophobic 

behavior, attaining a state of complete water droplet repellence, as depicted in 

Figure 3.c) and d). Concurrently, that membrane underwent a noteworthy shift 

from oleophobic (85⁰) to oleophilic (34⁰). Importantly, the nanostructured 

cellulose substrate maintained consistently high surface free energy when 

confronted with droplets of low-tension liquids, as detailed in Table 1. This 

experimental observation substantiates the transition in wetting behavior from 

Wenzel to Cassie-Baxter surfaces35.  
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Figure 3. Wetting behavior of the cellulose filter and metallic grid a), c) before and b), d) after the 

nanostructuration with the H2Pc@TiO2 NFs. Water droplets of 2 and 10 µl were used in panels b) 

and d) and e), f) deposited on the metal grid and the H2Pc@TiO2 NFs/cellulose surfaces, 

respectively. (In this last, the tip was kept inside trying to counteract capillarity versus surface 

repellency).  

 

This phenomenon arises from the combination of three distinct roughness 

levels: firstly, the porous substrates with dimensions in the order of tens of 

micrometers; secondly, the micrometer-scale length of the nanofibers; and lastly, 

the nanoscale morphology of the TiO2 shell. Consequently, the modification of 

commercial membranes with H2Pc@TiO2 NFs, without substantial chemical or 

physical alterations (beyond a color change), manifests a unique 

superhydrophobic and superoleophilic response. 

 

11µm cellulose H2Pc@TiO2 NFs/ 11µm cellulose
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3.3.3 Evaluation of the wetting selectivity and liquid filtration of 3D 

nanomembranes 

 

To demonstrate the superhydrophobic/superoleophilic capability of these 

nanomembranes, some liquid filtration tests are depicted in Figure 4. The panels 

present a comparison of results involving a) the metallic grid, b) 25 µm, and c) 

11 µm cellulose filters nanostructured with H2Pc@TiO2 NFs deposited on their 

surfaces during a liquid filtration/separation test using a 1:1 emulsion of water 

and diiodomethane, with a consistent flux controlled by a syringe. As observed 

in the pictures of Figure 4, the droplets from the emulsion (around 2 µl) tended 

to primarily spread across the surface, although some liquid retains a semi-

spherical shape.This phenomenon has been attributed to the lower surface 

tension of water in the initial stages of the experiment (Figure 4 a1), b1) and c1)). 

Conversely, the higher density and surface tension of the non-polar liquid led to 

an immediate spreading of diiodomethane over the entire surface. This behavior 

was more pronounced in the cellulose filters, as it is illustrated in Figure 4 b2) 

and c2), when an increasing number of small droplets coalesced to form a 

microdroplet that grows until they covered the entire surface, as is shown in 

Figure 4 a3), b3), and c3). Diiodomethane has been effectively separated from 

water due to the superhydrophobic/superoleophilic nature of the hierarchical 

membrane surfaces supported by the gravity effect. Furthermore, it is crucial to 

emphasize that no alteration of the filtered diiodomethane or the separated 

water properties (no bluish color) were detected, indicating the absence of 

hypothetical detachment or dilution of the organic core from the NFs.  
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Figure 4. Non-polar/polar liquid emulsion separation and filtration. The photographs show the 

sequences of a: 1:1 diiodomethane/water emulsion droplets interacting with the 3D 

nanomembranes of a) metal grid and cellulose filter of b) 25 µm and c) 11 µm decorated with 

H2Pc@TiO2 NFs. Water remains on the surface and diiodomethane leaks out because of the wetting 

selectivity of these 3D nanomembranes surfaces. 

 

3.3.4 Wetting tunability through photoactivation of the hierarchical 

surfaces on porous substrates 

 

The ability to craft multifunctional systems through the synergistic integration 

of materials with distinct functionalities within nanoarchitectures stands as a 

pivotal advantage inherent in the applied methodology for fabricating 

core@shell nanofibers. TiO2 as shell is deposited in its amorphous phase since it 

is grown under room temperature conditions on an organic nanowire, indicating 
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that the photoactivity of this amorphous phase may behave somewhat 

differently compared to the crystalline phase. Particularly the chemical inertness 

of TiO2 coating, coupled with the commendable mechanical properties of the 

organic core in the NFs, serves to fortify the stability of the resulting hierarchical 

surfaces. In this specific context, the photoactivation capability of the 

nanostructured TiO2 shell was demonstrated to facilitate a reversible transition 

between superhydrophobic to superhydrophilic states upon exposure to UV 

light36,37. The graph in Figure 5 presents the evolution of hierarchical porous 

surfaces water contact angle compared to that on a flat reference under a) visible 

(Vis) and b) UV-vis illumination. 

 
Figure 5. Superhydrophobic-to-superhydrophilic conversion of the hierarchical porous surface, in 

function of the irradiation wavelength, and support (metallic grid, 11 µm cellulose filter, and Si 

reference substrate) through the variation of the water contact angle with the irradiation time as 

labeled with a) visible and b) UV-vis lights. 

 

The water contact angle of surfaces fabricated on cellulose and metallic grids 

exhibited a decrease within the initial minutes of exposure to visible (Vis) light, 

a surprising outcome given that TiO2 traditionally demonstrates photoactivity 

primarily under excitation at ultraviolet (UV) wavelengths. Consequently, there 

was a simultaneous reduction of about 20° in the water contact angle by 
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approximately 200 seconds for both porous supports unlike the Si reference one. 

Subsequently, the WCA stabilized, maintaining its superhydrophobic nature38. 

This fact could be related to the presence of active species in the visible region 

as part of our hierarchical surface. The presence of free phthalocyanines (H2Pc), 

which not only provide a blue color to the samples but also exhibits a Q-band in 

the 600-700 nm region, could be activated when irradiated with these 

wavelengths. Given the porosity of the TiO2 shell, these species may migrate 

through the walls, causing hydroxylation (presence of -OH groups) in the shell. 

The fact that the samples continued to exhibit a bluish color after the experiment 

suggests that H2Pc remained in the pores. The presence of carbon from the air, 

as well as contaminants captured during the experimental process, may 

contribute to a decrease of a high WCA of the TiO2 surface when irradiated39,40,41. 

This intriguing observation may also be attributed to the light-absorbing 

capacity of these substrates, compared to the nanostructures deposited on Si 

(100), which exhibits a stable response under Vis illumination. 

This phenomenon underscores differential controls with UV-visible wavelength 

illumination, inducing a swift transition of all three surfaces to hydrophilic states. 

Nonetheless, the kinetics response varies contingent upon the support type, with 

the metallic grid manifesting a comparatively slower decrease in WCA in 

comparison to silicon and cellulose hierarchical surfaces. It is noteworthy that 

only on the cellulose filter the conversion was complete within the experimental 

timeframe, rendering superhydrophilic after 600 seconds of illumination 

according to amorphous TiO2 behavior in the literature42,43. Previous studies on 

hydrophobic membranes adorned with TiO2 nanoparticles have documented 

delayed photoactivation or necessitated elevated synthesis temperatures to 

achieve crystalline TiO2 phase and enhance the photoactivation performance43,44. 

The intricate mechanisms governing water condensation on hydrophilic or 

hydrophobic TiO2 thin films and highly porous nanostructures have been 

scrutinized to precisely control the photoactivation of wettability, a 

phenomenon also observed in other photoactive, low-dimensional metal oxide 

nanomaterials44. The recovery of superhydrophobic properties on the surface 

can be initiated through heating, extended dark storage, or exposure to low 

vacuum conditions overnight45,38. The multifaceted capabilities of TiO2 

hierarchical porous surfaces, as evidenced by their tunable wettability 
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responses, amplify their potential utility across a spectrum of scientific and 

technological areas. 

These findings unveil opportunities for the application of TiO2 nanomembranes 

in diverse domains, potentially serving as photonic microfluidic valves for liquid 

selection under light activation. Furthermore, their prospective roles encompass 

acting as self-cleaning membranes or sensors, with additional applications in the 

photocatalytic elimination of water pollutants21.  

 

3.3.5 Chemical modification of the hierarchical porous surfaces to achieve 

omniphobicity  

 

Numerous factors, including the composition of the fibers, mechanical or 

chemical stability upon contact with liquid drops, and adhesion of the fibers to 

the support, play pivotal roles in ensuring the stability of NFs on porous surfaces. 

In a specific context, the TiO2 composition of the shell imparts high chemical and 

notable thermal stability to the NFs, while the organic core concurrently confers 

flexibility to accommodate the impact and motion of drops on the 

nanomembrane surface. PECVD methods, described in Chapter 2, are renowned 

for their conformal deposition of metal oxides and polymers on different 

supports, exhibiting enhanced performance in terms of tunable wetting and 

compatibility with intermediate layers to enhance material adhesion.  

Therefore, critical considerations in our system involve the substrate itself, the 

hygroscopic cellulose, and the integrity of the NFs after cyclic wetting with polar 

and non-polar liquids. Figure 6 presents SEM images illustrating the 

nanostructured cellulose surface after contact to a 3 µl water droplet for a 

duration of 10 minutes. Discernible topographic alterations mainly 

characterized by swelling are evident. 
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Figure 6. Hygroscopic effect on the cellulose a) 11 µm and b) 25 µm pore-size filters decorated 

with the H2Pc@TiO2 NFs just after wetted with water droplets of 3 µl volume for 10 min. 

 

However, despite these modifications, the 3D nanostructures exhibit robust 

adhesion to the cellulose surface, thereby offering tangible evidence of the 

stability of the nanofibers (NFs) even after undergoing 4 cycles of contact with 

water and diiodomethane. To fortify mechanical stability further, the 

forthcoming sections will explore a polymeric embedding of the NFs with 

elastomeric coatings such as a highly flexible polymer, polydimethylsiloxane 

(PDMS)46. This methodology, previously documented to improve contact angles 

with non-polar liquids on high-aspect-ratio nanostructured surfaces37, is 

anticipated to bolster NF adhesion to complex geometrical substrates, 

mechanical stability, and flexibility of the resulting hierarchical porous surfaces. 

Consequently, the H2Pc@TiO2 NFs were enveloped with a thin layer of PDMS 

(details were described in Chapter 2). SEM images for the two surface 

modifications carried out on these hierarchical surfaces deposited on 

commercial membranes are presented in Figure 7 a)-c), depicting the features 

of the NFs decorated metallic grid followed by the deposition of PDMS. Several 

key aspects can be emphasized at this point firstly, in panel a), and supported by 

Energy Dispersive X-ray (EDX) spectroscopy analysis in panels d-i) show that the 

PDMS coating process does not clog the membrane pores of the metallic grid.  

Second, although part of the NFs appears completely buried in the polymer, yet 

the microscale roughness of the surface is high, as the heads of the longest NFs 

stand out of the PDMS surface.  
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Figure 7. Embedding the H2Pc@TiO2 NFs on porous substrates in a stretchable polymeric matrix. 

a-c) SEM images at different magnifications after the F-grafting and PDMS modification of the 

metallic grid decorated with NFs. d) EDX combined and e-i) elemental signals´ images for the 

different elements as labeled of the H2Pc@TiO2 -PDMS-F NFs on the metal grid. 

 

In Figure 7 d), a general chemical overview can be observed thanks to the 

different colours representing the various chemical elements, highlighting the 

presence, as seen in Figure 7 e), of carbon found in the flexible molecules of the 

fluorinated chemical anchor, as well as the carbon present in the PDMS. Carbon 

may also appear in the porosity of the shell and originate from the air. Oxygen is 

associated with the content in the silanol groups (Si-OH) of the chemical reagent 

for the fluorinated anchoring, as well as that present in the PDMS and TiO2 shell. 

Figure 7 g) indicates the percentage of fluorine in the form of C-F bonds formed 

through the surface derivatization on these hierarchical structures.  The 

presence of Si is attributed to the chemical reagent for the anchoring of fluorine, 

and to one of the chemical composition of the PDMS, and finally the Ti shown in 

Figure 7 i), is due to the TiO2 shell of these core@shell nanostructures. 
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b) c)

100 µm

C O

F Si Ti
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Since it was previously indicated, it is evident that PDMS coating process does 

not obstruct the metallic grid micropores. This result is significant since the 

incorporation of the polymer does not compromise the grid´s filtering capability 

for air or gases. Additionally, while some NFs may appear immersed in the 

polymer, the microscale surface roughness remains high, even if the heads of the 

longest NFs are embedded in the PDMS. This effect, despite being able to reduce 

the solid area fraction and roughness, it can maintain the RoA characterized by 

low values as shown in Table 1.  

A parallel strategy has recently been documented to enhance the performance of 

1D nanomaterial layers concerning mechanical robustness under bending, 

strain, and stress cycling, involving materials such as carbon nanotubes, ZnO38, 

and Cu and Ag nanowires33. This is a noteworthy outcome, signifying that the 

embedding of the nanofibers in the polymer does not compromise the filtering 

capacity of the grid for air or gases, a crucial aspect demonstrated in the 

subsequent illustrative Figure 8, where an experiment was conducted by 

introducing  some papers into an Erlenmeyer flask and positioning both 

core@shell nanostructured membranes with PDMS, and F-grafting at the 

entrance of the flask. The main idea was to use an air gun to pass through these 

hierarchical nanomembranes and observe movements in the inserted papers, 

highlighting the non-occlusion of the micropores of the nanomembranes with 

these fluorinated nanostructures embedded in a polymer matrix. 

In this specific context, the creation of the hybrid H2Pc@TiO2-PDMS NFs is 

envisaged to amplify the longevity of the 3D nanomembranes. This enhancement 

results from the augmented flexibility and robustness of the nanofibers, not only 

in the face of continuous drop impacts and mechanical stress but also when 

subjected to prolonged periods of UV and vis light illumination.  



                                                                                                                     CHAPTER 3 

133 
 

 
Figure 8. Demonstration of the liquid repellent NFs-PDMS-F 3D nanomembranes as full gas 

permeable using an air gun. 

 

Moreover, to achieve fully repellent properties in these nanostructured 

hierarchical surfaces, an extra surface functionalization through chemical 

anchoring of special molecules has been proposed, particularly the grafting of 

fluorinated molecules on the TiO2 shell or the embedded nanostructured surface. 

It is important to note that this process, as described in the Chapter 2, requires 

exposing these H2Pc@TiO2 (core@shell) nanostructures to a soft oxygen plasma 

to ensure the chemical reactivity of the surface to form Si-bonds from the 

PFOTES molecule and free -OH groups on the surface of the TiO2 shell or PDMS 

coating47. The chemical anchoring procedure of fluorinated molecules is 

characterized by being an efficient and uniform process across the surface48 of 

the nanomembranes, as reflected in the EDX colour maps shown in Figure 7. This 

also induced a notable reduction in the RoA values with water as visually 

depicted in the photographs presented in Figure 9 a), because of an improved 

superhydrophobicity and repellence to non-polar liquid droplets, inducing 

superomniphobicity. This property refers to the extreme resistance of a surface 

to be wet by various liquids, including both polar and non-polar fluids. 
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Figure 9. Superomniphobicity of NFs-PDMS-F hierarchical porous surfaces. a) Pictures of 1 µl 

water droplet repellence of the H2Pc@TiO2-F NFs on the metallic grid, b) Pictures of 1 µl 

diiodomethane droplet sliding and repellence of the H2Pc@TiO2-PDMS-F NFs on the metallic grid 

tilted 5⁰. (Pictures taken from videos recording at 240 fps). Please note that the focus is settled 

when the drop is pinning to the needle. 
 

In this event, 1 µl water droplet exhibited a distinctive bouncing behavior on the 

surface, repeating the action three times before ultimately being expelled from 

the F-grafted nanofiber (NF) decorated metallic grid in a flat position. 

Simultaneously, larger water droplets of 10 µl manifested sliding behavior at 

tilted angles of approximately 5⁰, as comprehensively outlined in Table 1. This 

surface modification exerts a substantial influence on the contact angle with non-
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polar liquids, yielding a (DCA) as high as 153⁰ and RoAs below 35⁰ for 5 µl 

diiodomethane droplets. As it is exemplified in Figure 9 b), 1 µl diiodomethane 

droplet was showcased failing on the tilted F-PDMS membrane and freely rolling 

out of it. It is imperative to note that prior investigations on alternative fluorine-

based membranes, whether fabricated with polymers49 or graphene oxides50 and 

applied in ion exchange, have been employed but typically involved complex wet 

chemical processes and achieved only a hydrophobic state. Notably, polymeric 

membranes found in literature for distillation11,21,51,52, even if omniphobic, lack 

complete water repellency and slipperiness. Additionally, in approaches 

centered around nanostructuring membranes with nanoparticles53, 

omniphobicity has been restricted to sliding capacity of water droplets. 

To demonstrate the superomniphobic behaviour in a more comprehensive way, 

Figure 10 presents a sequence of pictures featuring the F- and F-PDMS- 

nanomembranes exposed to the dosing of 5-20 µl of a 1:1 emulsion of water and 

diiodomethane. For the first case, in Figure 10 a1) and a2), the liquid emulsion 

selectively could filter only at the external-tube edge, with even small water 

droplets rolling off the surface and adhering to the tube´s outer wall (Figure 10 

a1)-a6)). Despite diiodomethane exhibiting some wetted surface area on the 

functionalized membrane due to a contact angle of ~153⁰, the non-polar liquid 

was not filtered through it, instead, it remained within the H2O+ CH2I2 mixture 

as a retained droplet of increasing volume.  

In the case of F-NFs (Figure 10 b1)-b6)), the liquid emulsions were retained on 

the surface with clear liquid separation. As the liquid volumes increased, small 

droplets detach and roll off the tube´s outer walls (Figure 10 b6)). It is 

noteworthy that during the experiment, diiodomethane remains on top of the 

porous membrane, even resisting the gravitational force and accumulated water 

above. Its higher density did not lead to settling at the bottom of the tube, 

contrasting with the dominant surface free energy effect observed in Figure 4.  
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Figure 10. Stability of the superomniphobic 3D nanomembrane. Pictures of the 3D 

nanomembranes on metallic grid in contact with a 1:1 water/diiodomethane emulsion 

microdroplets, modified with a) H2Pc@TiO2-F NFs, b) H2Pc@TiO2-PDMS-F NFs after being UV-Vis 

irradiated. 

 

An added advantage of both F- and F-PDMS surface modification is the 

robustness and stability of the omniphobic behaviour. After 1 hour of UV-vis 

irradiation, the functionalized nanofibers showed a water contact angle (WCA) 

of 124⁰ and a diiodomethane contact angle (DCA) of 136⁰ highlighting this 

experiment such as durability test. 

 

3.3.6 Self-cleaning properties of omniphobic H2Pc@TiO2 3D 

nanomembranes  

 

In addition to the potential for wetting selectivity for liquids separation or 

achieving complete liquid repellence, functionalized hierarchical porous 

surfaces can utilize their omniphobic nature to perform self-cleaning 

properties42. This self-cleaning capability extends not only to both polar and non-

polar liquids but also to solid particle pollutants. Unlike alternative self-cleaning 

methods that rely on external factors54, in this chapter, a self-cleaning test has 

been conducted by impacting water droplets onto the functionalized hierarchical 

porous surface contaminated with graphite powder. As an example, the different 

hierarchical surfaces on the metallic grid exhibit different levels of self-cleaning, 

as illustrated the Figure 11. The surface of H2Pc@TiO2 NFs on the metallic grid 

demonstrates the ability to remove accumulated dirt upon the impact of water 

droplets. 

a1)

b1)

a2)

b2)

a3)

b3)

a4)

b4)

a5)

b5)

a6)

b6)

drop
bouncing out

growing
H2O+CH2I2 drop

CH2I2 and H2O 
separation CH2I2 retention

H2O 
out

growing
H2O drop



                                                                                                                     CHAPTER 3 

137 
 

 
Figure 11. Self-cleaning test pictures of superomniphobic hierarchical porous surfaces 

contaminated with carbon particles assisted by the impact of water droplets, for the following 

functionalized cases: a) H2Pc@TiO2 NFs, b) H2Pc@TiO2-F NFs, and c) H2Pc@TiO2-PDMS-F NFs on 

the metallic grid. 
 

The droplet persisted on the surface containing graphite powder particles until 

reaching a certain volume, at which point the droplet detached from the 3D 

nanomembrane (Figure 11 a)). Similarly, F-grafted NFs on the metallic grid 

exhibited efficient self-cleaning but in a faster way, requiring smaller droplets to 

remove dust more swiftly. In the case of F-PDMS-NFs on the metallic grid, Figure 

11 c) shows complete surface cleaning after passing the first small drops sliding 

on the surface, effectively removing graphite particles along their paths. This 

aligns with the findings in Table 1, indicating lower rolling-off angles and, 

consequently, lower adhesion of the hybrid H2Pc@TiO2-PDMS-F NFs porous 

surface, where water drops push and drag the polluting particles.  

Figure 12 shows the SEM images taken at various magnifications, 

demonstrating the clean state of the functionalized 3D nanomembranes after the 

impact of water droplets with the surface contaminated with carbon particles. 

The self-cleaning feature of these surfaces is particularly advantageous in 

scenarios where dust particles settle, and new fluid pollutants may be present in 

liquids or liquid mixtures during separation and filtration processes55. 
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NFs / SS mesh
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NFs / SS mesh

c) H2Pc@TiO2-
PDMS-F NFs / 
SS mesh



 CHAPTER 3 
 

138 
 

 
Figure 12. Picture and SEM micrographs of the F-PDMS 3D nanomembrane from the metallic grid 

after several experiments of self-cleaning. No signal of carbon particles has been found along the 

entire scanned porous surface area. 
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3.4 Conclusions 

In this work, we have explored the application of the soft-template method 

combining vacuum and plasma techniques to synthesize core@shell nanowires 

and nanofibers, successfully adapting it to fabricate hierarchical porous surfaces 

as 3D nanomembranes. Plasma-enhanced chemical vapor deposition (PECVD) 

for the formation of metal oxides, particularly for the fabrication of photoactive 

amorphous TiO2, has been proven as an effective protocol to control the 

roughness needed for organic nanowires seeds and to conform the nanofibers 

shells. We have showcased the method's adaptability for surface modification on 

diverse 3D porous substrates, including metal grids and cellulose filters, 

operating seamlessly at room temperature. From the perspective of potential 

applications, selective wetting and photoactivity of microvalves have huge 

importance in various fields. In microfluidics, these properties can be utilized to 

control fluid movement precisely, enabling advanced lab-on-a-chip technologies 

for biomedical diagnostics and chemical analysis. By harnessing photoactive 

materials, microvalves can be designed to respond to light stimuli, allowing for 

dynamic control over microfluid flow and enabling functions like on-demand 

release or mixing of reagents. Additionally, selective wetting can enhance the 

efficiency of droplet manipulation, which is crucial in applications such as inkjet 

printing and microreactors.  

The resulting nanofibers exhibit 3D shells characterized by nanoscale roughness, 

specifically adopting a distinctive cauliflower-like morphology. This contributes 

to a triple scale of roughness, encompassing the microscale length of the fibers 

(in the micrometer scale) and the characteristic morphology of the porous 

supports (tens of micrometers). This distinctive structure imparts pronounced 

superhydrophobic behavior, even on hygroscopic cellulose filters. 

Leveraging the inherent oleophilic nature of amorphous TiO2, we have proposed 

novel material configurations for effectively separating polar and non-polar 

liquids microdroplets, showcasing photoactivity under ultraviolet illuminations. 

Exposition to UV light renders the surfaces hydrophilic in less than one hour.  

The synergistic integration of F-grafting with PDMS embedding of the nanofibers 

emerges as the most effective functionalization, endowing the surfaces with self-

cleaning properties against carbon particles, stable even after prolonged 

exposure to various environmental conditions, including UV illumination. 



 CHAPTER 3 
 

140 
 

Importantly, this surface modification does not obstruct the membrane pores, 

ensuring the air and gases flux across.  

In summary, developed hierarchical porous surface not only discriminates 

between liquid droplets based on surface tension response but also acts against 

microfluid phases and solid particles. The multifaceted functionalities of the 

developed 3D nanomembranes, extendable to alternative core@shell 

nanoarchitectures, make them promising candidates for diverse fields, ranging 

from advanced liquid separation techniques in the microscale, microfluidics 

valves, biomedical devices to self-cleaning surfaces with broad practical 

implications. 
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Abstract  

Stainless steel (SS) alloys have found widespread applications across various 

industries, household applications, and commodities where precise control of 

surface properties is imperative for tailoring their interaction with the 

environment. In this study, a novel procedure for processing stainless steel 

surfaces, yielding a multifunctional response encompassing 

superhydrophobicity, omniphobicity, self-cleaning, anti-fouling and robust anti-

icing capabilities resistant to corrosion tests have been presented. The 

methodology involves a two-step process: generation of dual-scale roughness 

topography and surface modification based on low fluorination. From the first 

step SS hierarchical surfaces are obtained through a liquid-free procedure 

consisting of the deposition of SS nanostructures by electron beam evaporation 

at oblique angle on a laser-induced microstructured SS surface. Subsequently, 

the hierarchical surfaces have been subjected to slight fluorination through two 

different protocols: plasma-assisted deposition of a thin Teflon-like coating or 

the grafting of fluorinated molecules. Furthermore, potentiodynamic analysis of 

the corrosion behavior demonstrates the preservation of a corrosion resistance 

like that of the compact SS substrate. Remarkably, the chemical stability of these 

low fluorinated hierarchical surfaces supports their versatile application across 

a wide range of scenarios. From a methodological standpoint, proposals for anti-

fouling and anti-icing behavior based on the control of surface wetting are 

presented for the first time for this type of metallic substrates. 
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4.1 Introduction 

Stainless steel is one of the most in-demand metallic materials today, but to 

understand its performance as a metallic surface, a wide range of environmental 

factors must be considered. It is notable that the global impact of corrosion 

processes is greater than 3% of the Global Gross Domestic Product for this 

material, and currently, the application of available corrosion control practices 

may only save about 35% of losses. The environmental factors that this type of 

material interacts with include humidity, varying temperature values, chlorides 

and pH acids, different salt levels, and biological fluids1. 

Stainless steel inherently possesses anti-corrosion properties and good thermal 

conductivity, making it an effective heat dissipation system, while also being 

economically cost-effective and compatible with a wide range of designs in the 

market2. However, these properties alone are not sufficient to make this type of 

metallic material completely stable in its environment and against the factors it 

is exposed to. Therefore, it is essential to seek multifunctionality to equip it with 

new functionalities, enhancing its energy efficiency, preventing contamination 

processes, improving safety performance, and increasing sustainability. Classical 

function of SS requires new capabilities according to improve the wetting 

control, antibacterial response3,4, self-cleaning5,6, friction resistance7,8 or 

compatibility with food contact9 for specific applications. Specially, anti-icing 

capacity is another “must” for many SS engineering pieces highligiting low 

enrivonmental temperatures. A lot of industrial applications requiring a good 

anti-corrosive performance rely on the singular properties of stainless steel. Due 

to the inherent compactness of the surface oxidation layer, this extensive 

category of iron-based alloys shows an innate self-protective mechanism, 

enabling prolonged resilience against exposure to authentic industrial 

environments10,11. Over the intermediate term, severe conditions, including 

saline and/or humid atmosphere, particulate matter, biological agents, or 

chemical factory emissions may endanger the anti-corrosive and anti-erosion 

capabilities of stainless steel. In response to these challenges, strategies 

involving the incorporation of additional elements through doping to create new 

alloy properties and/or the implementation of advanced surface treatments are 

posited as effective measures12,13. In general, the controllable wetting, 

interaction with environmental agents, and passive anti-icing capabilities of a 

surface are intricately governed by its topography and chemical composition. 
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With respect to the former, surfaces exhibiting roughness encompassing both 

nano-and-micro-scales, demostrate water and, to some extent, ice repellence 

since was presented in Chapter 1. Hierarchical surfaces on stainless steel 

material are generated through the combination of structures at different scales, 

which can include micro- and nanostructures to enhance properties such as 

corrosion resistance, and anti-fouling characteristics through the control of 

wettability. Common methods for creating these surfaces include chemical 

treatments, laser technology, and different vacuum and plasma deposition 

techniques14. In the state of the art for this kind of metallic substrate, the use of 

functional groups with a polar nature, such as those present in silicone- or 

fluorine-based compounds, have been studied and it constitutes an additional 

advantageous factor to avoid the deposition of water or other liquid droplets on 

surfaces15. These combined strategies of surface modification, involving both 

micro/nano roughnening and chemical surface functionalization with polar 

species have been comonly employed in materials such as aluminum metal16, 

polymers17 and composites18,19. However, their standardization for 

implementation on SS surfaces has been infrequent. Dual-scale and 

nanostructured topographies generated onto SS surface through laser3,7,20 or 

electrochemical21,22 methodologies serve as effective means for tunable 

wettability and other surface characteristics such as anti-microbial properties23. 

The limitations in controlling the wettability of metal surfaces treated chemically 

or with laser technology are a well-documented challenge. In chemical 

treatments, wear and insufficient surface penetration can reduce coating 

adhesion, limiting durability and effectiveness. This occurs because if the 

chemical substance does not reach the micro-grooves or necessary roughness, 

delamination or, in more severe cases, a suboptimal surface for wettability 

control can result. Regarding laser technology, the creation of roughness can 

present similar issues: a good surface texture is achieved but requires extreme 

precision in working conditions, especially when aiming to avoid aesthetic 

imperfections. Achieving effective water repellency in laser-treated metals27,20 

tipically requires employing highly aggressive, high-fluence laser treatments to 

generate substantial surface roughness. Nonetheless, when applied to stainless 

steel, these intense treatments often induce alterations in surface stoichiometry, 

thereby compromissing corrosion resistance. Additionally, the microscale 

roughness produced by both methods does not always achieve a sufficiently fine 
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structural hierarchy to ensure complete water repellency or resistance to other 

external agents24, as these properties often require combined nanometric and 

micrometric textures25. A combination of methods, such as laser treatments 

followed by specialized nanometric coatings, could be considered to improve 

structure and adhesion20,26,27. 

To attain additional functionalities, surface texturization in different degrees of 

roughness requires the integration with a suitable chemical functionalization. To 

illustrate that, SS subjected to laser treatment, in conjuction with 

fluoroalkylsilane-silica nanoparticles, has been utilized to achieve 

superhydrophobicity28. This approach concurrently yields a significant 

reduction in friction within humid enviroments. Furthermore, the combination 

of surface nanostructuring and targeted chemical functionalization has been 

employed to confer anti-fouling properties upon SS29,30, a crucial attribute in 

sectors such as food processing31, and healthcare4,13,32,33. All the strategies 

mentioned above34,35 are reflected in the state of the art from the perspective of 

achieving distinctive water wettability compared to other surfaces36. However, 

today, advances in the applications of these types of metallic alloys have made it 

necessary to develop new strategies that not only exhibit superhydrophobic 

properties but also achieve complete repellency to any type of liquid, presenting 

omniphobicity as well as self-cleaning capabilities against solid particles coming 

from the environment37. Moreover, it is important to highlight the use of this type 

of material in a wide range of applications where ice accumulation can be a 

significant issue, emphasizing the need to develop hierarchical 

superhydrophobic, omniphobic, self-cleaning, and anti-icing SS surfaces37. 

In this study, we propose an innovative approach for the development of 

multifunctional hierarchical SS surfaces characterized by dual-scale roughness. 

In this approach, the nano-structuring of the stainless steel itself helps avoid 

internal stress at the interface with the substrate, given that both are of the same 

material. Additionally, the porous nanostructure increases the specific surface 

area, which is advantageous for achieving hydrophobic properties and for 

integrating chemical functionalities, such as anchoring fluorinated molecules or 

infusing lubricants. This proposed method reduces the use of fluorinated 

compounds compared to traditional techniques38,39, utilizing small amounts of 

fluorinated reagents in liquid or solid form. Low fluorination strategies, applied 

as coatings or anchored molecules, remain stable under the employed 
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methodology, as the process is conducted in dry conditions. The fabrication 

process comprises distintive stages:  

i) Laser texturization of pristine SS flat substrate to generate aligned grooves, as 

patterns that mimic those found in nature are sought. 

ii) Deposition of a nanocolumnar porous SS layer using electron beam 

evaporation at obliques angles. These oriented nanostructures allow to work 

with custom nanoarchitectures and, in our case, to enhance the porosity to be 

able to increase the performance of surface functionalization4,40. 

iii) Surface modification using low amount of fluorinated agents under stable 

configurations.  

The initial step i) induces micron-sized rouhgness, subsequently combined to 

nanostructures in step ii) to achieve an oriented hierarchical surface, following 

a protocol developed in the research group as documented in prior studies16,41. 

For step iii), two strategies were employed: the grafting of fluorine-containing 

molecules or the deposition of a fluorinated thin film by means of plasma-asisted 

chemical vapor deposition (PECVD). Previous studies have reported the efficacy 

of fluorination on re-entrant SS surfaces fabricated in foils and meshes using 

laser or electrochemical methods, showcasing its efficiency in controlling 

ethylene glycol and decane wettability for liquid separation applications42,43.  

Thus, the main objective of both present strategies is to minimize the 

incorporation of fluorine while ensuring the enduring stability of the repellent 

surfaces. To validate the performance of the designed SS surface, we compare 

our approach with the infusion of a slippery fluorine-based lubricant (SLIPS)44,45 

or their integration of fluorinated particles46,47 in nanostructured surfaces, that 

involve subtantial amounts of fluorine-containing compounds. They, upon 

release, can pose significant environmental risk. Our proposal illustrates that the 

SS hierarchical surfaces shows exceptional liquid-repellent behavior that can be 

applied in multifunctional applications such as abrasion resistance, anti-icing 

response and anti-fouling behavior. Furthermore, our investigation confirms 

that, depending on the treatment, fluorination does not compromise the anti-

corrosive properties of SS surfaces.  
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4.2 Experimental Section  

4.2.1 Materials and samples preparation 

 

Austenitic stainless steel 304 polished specimens (15 cm x 15 cm) were provided 

by Goodfellow. Prior to utilization, these samples underwent a cleaning process 

involving rinsing with Hellmanex III water solution and acetone. SS pellets (AISI 

301, 99% purity) from Equipment Support Company U.S.A., Inc were employed 

for the synthesis of porous nanocolumnar films by electron beam evaporation. 

These SS pellets were employed due to their similar Cr/Fe ratio values, ranging 

from 0.16 to 0.20 for both substrates and pellets48, thereby preventing the loss 

of stainless properties when using for nanostructures growth. 

Laser treatments at room temperature were performed using a 20 W diode-

pumped Nd:YAG unpolarized laser (Powerline E, Rofin-Baasel Inc.) emitting at 

1064 nm with a 100 ns pulse width. Experimental parameters, including an 

average laser power of 16 W, scanning rate of 100 mm s-1, repetition rate of 20 

kHz, and a fixed distance of 40 µm between scanning lines, were chosen after 

testing different specific conditions according to literature following existing 

patterns in nature49. The resulting samples are denoted as SS-laser.  

Nanocolumnar thin films of 700 nm thickness were deposited at room 

temperature by electron beam evaporation in an oblique angle configuration4, at 

a zenithal angle of 70⁰ relative to the normal direction of the substrates. This 

method, recognized for producing highly porous nanocolumnar thin films on flat 

substrates50 , was used onto laser-treated and flat SS substrates (for comparison) 

as well as silicon reference substrates. SS target pellets were electron beam 

evaporated at a pressure below 10-4 mbar, fixing a deposition rate of 1 Å/s on 

substrates positioned 50 cm (fixed distance in this reactor) away from the SS 

crucible. These specific experimental conditions were employed to find a 

positive compromise between stable and conformal SS nanostructures growth 

and porous degree according to wetting behavior and anti-corrosion properties 

previously published for our research group51. These samples are denoted as 

70SS-… 

Surface grafting of 1H,1HH,2H,2H-Perfluorooctyltriethoxysilane molecules 

(Sigma-Aldrich) was carried out according to previous works14: after a O2 plasma 

surface activation under mild conditions (10 min using a remote microwave ERC 

source at 500 W power and 1x10-2 mbar pressure), the removal of environmental 
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water condensed at the sample surface by heating at 80 °C and primary vacuum 

pumping followed. SS-laser and 70SS-laser substrates were exposed to reactive 

vapors of this compound in a thermal bath at 80 °C for 2 hours. These samples 

are labeled as F-70SS-… 

Fluorinated polymeric (CFx) continuous and homogeneous thin films were 

deposited with approximately 200 nm thickness, estimated from coatings 

deposited onto a flat silicon reference. This thickness value was chosen as the 

optimal thickness for conformal deposition on the oriented nanostructures 

without losing the porosity they contribute to the hierarchical system. This CFx 

polymer was deposited by PECVD previously described in Chapter 2. In brief, 

deposition is performed in a radiofrequency (13.56 MHz) parallel-plate reactor 

using mixtures of C4F8 (50 %) and Ar (50 %)52 at a working pressure of 0.15 

mbar, while maintaining a negative self-bias voltage of 200 V at the bottom 

electrode serving as sample holder. These samples are denoted as CFx-70SS… 

Slippery Liquid-Infused Porous Surfaces (SLIPS) were prepared by infiltrating 

the low surface tension fluorine-containing liquid Krytox® 100 (DuPont) into 

the hierarchical SS surfaces. Prior of infiltration, heating was required at 80 ⁰C 

for 30 minutes to eliminate condensed environmental water within the highly 

porous SS nanocolumns of the 70SS-laser sample. Subsequently, Krytox was 

spin-coated for 1 minute at 4500 rpm to ensure the removal of excess liquid at 

the surface. These samples are referred to as K-70SS-…. 

 

4.2.2 Characterization methodologies  

 

Surface morphology was characterized by Scanning Electron Microscopy (SEM) 

utilizing a Hitachi S4800 field emission microscope operating at 2 kV and 10 mA. 

Chemical composition analysis of the surfaces was conducted via X-ray 

Photoelectron Spectroscopy (XPS) using a SPECS spectrometer described in 

Chapter 2. Non-monochromatic Al Kα radiation was used to excite spectra in a 

normal configuration. Data were recorded employing 50 eV constant pass energy 

mode for general survey spectra and 30 eV for high-resolution spectra. 

Calibration in binding energy (BE) was performed using the functional carbon C-

H and C-C bonding groups, at 284.5 eV in the C1s region.  

Surface topography was characterized by Atomic Force Microscopy (AFM) in a 

Dulcinea microscope (Nanotec) operating in tapping mode configuration. 
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Roughness average root Mean Square (RMS) values were determined using a 

specific free software WsxM53. Confocal microscopy analysis was conducted with 

a Sensofar Methodology microscope to determine the roughness parameters Sq 

and Sa; defined as the mean quadratic height and the average of the maximum 

height of the peaks in the examined zone respectively. 

As part of the quality control process of the samples, environmental resistance 

was characterized by abrasion, rain, and single particle erosion tests. For the 

abrasion tests, a standardized 1720 abrasion and washability tester, 

manufactured by Elcometer and equipped with an abrasive element comprising 

a sponge and an abrasive textile pad, was used under dry conditions, applying a 

load of 0.05 Kgf cm-2 54. Otherwise, samples were subjected to some standardized 

solid and rain erosion tests according to the following procedures: solid and 

simulated single particle erosion tests were performed with 50 µm Al2O3 

particles of 5 g total mass with a feed rate of 1 ± 0.5 g min-1, impacting at 30 ± 2 

m s-1 and 20⁰± 2⁰ of incidence from a working distance of 20 ± 1 mm during 10 

min of total testing time (ASTM G76)54. The rain erosion tests were carried out 

basically with a given number of water droplets (diameter of 260 µm), which 

were sent at different velocities (165, 180 and 225 m s-1) on the samples55 

(collaboration with Airbus Central R&T Materials laboratory, Munich 

(Germany)).  

Electrochemical corrosion tests (in collaboration with the National Center of 

Metallurgical in Madrid (CSIC)), were carried out on samples of 5 cm2 area, 

positioned horizontally, measuring cyclic potentiodynamic curves as it is 

described in Chapter 2. Before any potentiodynamic sweep, the Open Circuit 

Potential (OCP) was recorded for 900 seconds. The hierarchical SS samples 

worked as electrodes, whereas a silver/silver chloride - Ag/AgCl (3 M KCl)- 

electrode was used as reference electrode and a rolled platinum wire as counter 

electrode. A cathodic potential of -0.3 V (vs OCP) was applied, followed by an 

anodic sweep at a scan rate of 0.16 mV s-1 until a value of 1.5 V vs. Ag-AgCl (3M 

KCl) or a current density limit of 0.25 mA cm-2 were reached. These 

electrochemical tests were carried out in a 0.6M NaCl solution at room 

temperature. Corrosion potential (Ec), pitting potential (Ep), and passive current 

density (Ip) were derived from the potentiodynamic curves and utilized to 

characterize the anti-corrosive properties of the surfaces.  
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Wetting properties such as static contact angle (CA) and rolling-off angles (RoA) 

were determined under room conditions using OCA20 DataPhysics Instrument. 

Droplets of bi-distilled water (2 µl) and diiodomethane (1 µl) were employed as 

polar and non-polar liquid references, respectively. The Water Contact Angles 

(WCA) and Diiodomethane Contact Angles (DCA) were measured for this 

experiment. The reported values represent an average of 5 measurements 

involving an error bar of 10%. Also, to demonstrate self-cleaning capability, 

water droplets were dripped onto the hierarchical SS surfaces contaminated 

with salt or graphite powders. 

To evaluate the repellence capacity of these metallic surfaces, anti-fouling ability 

was characterized for the first time in hierarchical surfaces through static and 

dynamic wetting analysis using 2 µl droplets of three distinct fluid fouling 

simulants56 provided by Sigma Aldrich: humic acid (mud simulator), sodium salt 

solution (10 mg ml-1), alginic acid sodium salt from Brown algae solution (10 mg 

ml-1), and bovine serum albumin (proteins present in animal blood). 

For the first time, to complete the studies of the different functionalities intended 

to be demonstrated with this type of hierarchical metallic surfaces, the anti-icing 

efficacy of the samples was evaluated under two proposals: by measuring the 

Freezing Delay Time (FDT) of a water droplet deposited onto the surface and by 

assessing the ice adhesion on the surface. For the FD tests, 2 µl supercooled water 

droplets were employed in a dry atmosphere at -5 °C using Peltier’s systems to 

be able to evaluate, through this test, how resistant and/or insulating are these 

hierarchical metallic surfaces, (Chapter 2). Ice adhesion tests were performed at 

-13 ⁰C utilizing a pull-off method in our own Universal Material Testing Machine. 

Upon ice detachment, the applied force was converted into adhesion strength by 

dividing it by the probe area. The experiments were conducted thrice, revealing 

maximum deviations of 5% in the determined ice adhesion strengths and 

freezing delay times. 

Durability tests (carried out in our facilities in Seville), were performed on 

hierarchical SS surfaces involving 5 cycles of freezing/thawing between -5⁰ C and 

20⁰ C within an environmental chamber, encompassing the icing and melting of 

the 2 µl water droplets deposited on the surfaces.  
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4.3 Results and discussion 

4.3.1 Synthesis and characterization of SS hierarchical surfaces  

 

Achieving effective water repellence behavior in laser treated metals typically 

requires the application of aggressive, high-fluence laser treatments to induce a 

substantial level of surface roughness. However, when applied to stainless steel  

these energetically intense treatments can alter the surface stoichiometry and 

compromise the corrosion resistance. This presents a serious concern for long-

term industrial applications that require liquid repellency and/or anti-icing 

properties in environments where biofilms or other biological agents may 

expedite corrosion57 or compromise the adhesion of interlayer materials, 

especially at elevated temperatures58.  

As an alternative, we employed a relatively mild laser treatment designed to 

create specific grooves while minimizing damage to the overall surface area. 

Subsequently, the deposition of an additional SS layer onto these patterned 

surfaces results in the obtention of hierarchical SS surfaces. The laser ablation 

treatment applied to the SS plates was configurated to produce parallel lines 

spaced approximately 40 µm, with a morphology composed of rounded motifs 

having an average size of 15 µm (Figure 1).  

Confocal microscopy analysis of laser-treated surfaces, compared to untreated 

ones, revealed the creation of ordered linear patterns with a periodicity of 

around 45 µm, affecting a surface thickness of approximately 3 µm and 

promoting increase in roughness. Sa and Sq roughness parameters values varied 

from 0.19 µm to 0.24 µm for the bare SS substrate to 0.96 µm and 1.19 µm after 

the laser treatment (i.e., sample SS-laser), respectively. 
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Figure 1. Laser treatment of SS. Confocal microscopy images (a-b) and top view SEM micrographs 

(c-d) of the SS sample before a), c) and after b), d) laser treatment, respectively. Fe 2p3/2 e) and Cr 

2p3/2 f) high resolved binding energy XPS spectra of the SS surface before and after the laser 

treatment. A tentative attribution of chemical species is included to account for the chemical state 

of Fe and Cr in each case.  
 

SEM images illustrate how laser treatments blurs well-defined SS grain 

boundaries, leading to the development of an irregular distribution of granular 

microstructures with diameters below 7 µm. In addition, surface morphology 

was modified, as illustrated in Figure 1 a)-d), highlighting the presence of a 

roughness scale in comparison with the grains of SS surface before laser 

treatment. It is noted that the laser treatment induced slight alterations in 

surface chemistry, where surface atomic percentages obtained through XPS 

analysis of the sample surfaces are presented in Table 1. 
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Table 1. XPS atomic concentration for the SS surface before and after the laser treatment. 

 

% at.   O   C Fe Cr Ni  Si 

SS 24.0 70.0 1.0 0,4  -  4.5 

SS-laser 54.3 34.2 4.9 3.1 0.9  2.7 

 

The standardized chemical composition of an austenitic 304 stainless steel is 

characterized by having practically negligible atomic percentage values of O 

before the environmental passivation that this material undergoes, with values 

of 1 % for C, 68 – 70 % for Fe, 18 – 20 % for Cr, close to 1 % for Si, and 8 – 10 % 

for Ni48. Based on this analysis, it was observed that cleaned reference stainless 

steel samples, when exposed to air (environmental passivation), exhibited high 

content of carbon and oxygen, and a relatively lower content of iron and 

chromium. This fact supports a surface contamination and oxidation 

experienced by the SS samples during air exposure. This accounts for the 

relatively low percentages of iron, chrome, and other metallic elements present 

in the SS (XPS analysis suggest a thickness of around 3-5 nm from the surface). 

The laser treatment induced small alterations in the surface metal ratio, 

accompanied by the partial removal of spurious carbon (laser-treated surfaces 

are exposed to air before XPS analysis). The SS-laser samples exhibited atomic 

contents of 5.1 at. % Fe and 3.3 at. % Cr, resulting in a Cr/Fe ratio of 0.65 

compared to a ratio of 0.40 in pristine SS samples, both higher than the ~ 0.29 

value from the nominal referece48. This suggests a certain preferential 

evaporation of chromium and nickel over iron during laser treatment. 

Furthermore, the laser treatment improved the surface oxidation, exemplified in 

Figure 1 e), and f), which depict the Fe 2p and Cr 2p spectra for both pristine and 

SS-laser samples. The Fe 2p signal appeared broad, indicating the prevalence of 

Fe+3 oxide and hydroxide, with minor contributions from Fe+2 (metallic Fe is not 

observed because it must be buried beneath the oxidized layer)59,60,61. Similarly, 

the Cr 2p spectrum revealed various oxides and hydroxides of chromium 

groups62,63 in different valence states after laser treatments, although the broad 

shape of the spectrum hinders a precise quantification of these contributions.  

Hierarchical double-roughness SS surfaces were obtained by depositing a 

nanostructured SS layer through electron beam evaporation at oblique angles. 

To establish a reference surface, this oriented nanostructured layer was also 
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deposited on flat silicon substrates, demonstrating an open porous film formed 

by 45⁰ tilted nanocolumns of SS, as evidenced by the top-view and cross-

sectional SEM micrographs depicted in Figure 2 a). The nanocolumnar structure 

resembles those previously observed in pure metal films64,65 evaporated at 

oblique angles, with the size and tilting angle of the nanocolumns being linked to 

the zenithal angle of evaporation and the film´s thickness40.  

 

Figure 2. Morphology of SS nanocolumnar thin films deposited at a zenithal angle of 70 º analysed 

by SEM: a) Images on a flat silicon wafer (top view and cross section images). b), c) Images at two 

different magnifications of SS flat and SS-laser substrates, including a zoomed region in c) (sample 

70SS-laser). d) Images at two magnifications of the laser treated SS, after coating with a CFx 

fluorocarbon polymer film (sample CFx-70SS-laser). e) EDX and fluorine surface maps of the 

sample in d). 

 

It reflected an enrichment in Cr and Ni compared to Fe, when contrasting the film 

composition with that of the pellets employed for evaporation51. On flat stainless 

steel (SS) substrates, the electron beam evaporation of SS replicated the 

nanocolumnar structure observed on the flat silicon reference, illustrated by the 

top-view micrographs presented in Figure 2 b). Upon depositing a similar SS 
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nanocolumnar thin film into the SS-laser sample, a hierarchical surface 

combining two levels of roughness at both micro- and nano- scales was obtained. 

This observation was confirmed by SEM examination of the SS-laser sample 

coated with the SS nanocolumnar thin film (refer to sample 70SS-laser in Figure 

2 c)). The low-magnification image in this figure reveals that SS nanocolumns 

preferentially grow on the hills of the grooves, according to current models about 

oblique angle deposition on highly rough surfaces66,67. Additionally, this image 

discloses that the micron-scale roughness defined by the laser-ablated pattern 

can be modulated at the nanoscale by the accumulation of nanocolumns along 

the groove’s direction. The magnified image in Figure 2 c), confirms the existence 

of a porous irregularly ordered arrangement of nanocolumns, exposing open 

pores at the surface, providing a re-entrant-like surface topography. These types 

of re-entrant surfaces are defined as textured or curved structure designed to 

repel liquids by creating overhangs that trap air beneath droplets, helping to 

maintain high contact angles and reducing surface tension effects68. 

AFM measurements were tested to demonstrate that an increase of 

approximately 2 nm in the RMS roughness was identified with the 700 nm thick 

nanocolumnar SS films deposited on SS compared to silicon, shown in Figure 3. 

This discrepancy can be related to the inherent flatness of the silicon wafer 

relative to the SS substrate.  

As mentioned in previous section, the third step involved in the process to 

achieve distinctive wetting on hierarchical SS surfaces is to have a highly porous 

SS surface acting as an ideal host for accommodating fluorine-based agents, 

ranging from molecules to coatings and lubricants liquids. Fluorination of the re-

entrant-like surfaces (which were characterized to present overhanging 

structures for air retention68) prepared in this study, combining laser treatment 

with SS evaporation, was carried out following the experimental procedures 

outlined in the Chapter 2. Figure 2 d) and e), display selected SEM images and 

Energy-Dispersive X-ray (EDX) spectroscopy map for the 70SS-laser surface 

covered by a CFx thin film (i.e., sample CFx-70SS-laser). The fluorine (F) mapping 

shows high conformality of the CFx coatings and its uniform distribution over the 

sample. A comparison between Figure 2 d) and e) highlights that coating of the 

70SS-laser sample with the CFx thin film induced a certain smoothing of the 

surface, mitigating partially the surface irregularities and therefore its 

hierarchical character.  
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Figure 3. AFM topographical images of SS nanocolumnar thin films at 70⁰ azimuthal deposition 

angle when they are deposited onto silicon flat and SS substrates. Corresponding average RMS 

roughness parameter is indicated. 
 

4.3.2 Corrosion behavior of hierarchical low fluorinated SS surfaces 

  

An essential consideration in the application of nanostructured SS surfaces with 

advanced functionalities is the corrosion resistance. To address this concern, the 

hierarchical SS samples before and after their fluorination, have been evaluated 

using a standard potentiodynamic corrosion procedure (details were described 

in Chapter 2). Figure 4 and Table 2 compile pertinent information on the 

corrosion properties of the examined samples in comparison to the reference flat 

SS sample. Initial observations reveal that the polarization curves exhibited a 

similar shape regardless of the surface treatment applied to the samples. They 

are characterized by a nearly vertical anodic branch, with a slope similar to that 

observed for the flat SS used as a reference. Both the 70SS and 70SS-laser 

samples displayed the same passive current density that the reference SS but 

exhibited higher and lower pitting potentials, respectively (Table 2).  
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Figure 4. Potentiodynamic polarization curves used as corrosion tests of the micro and 

nanostructured 70SS and 70SS-laser samples and of this latter sample after fluorination (samples 

CFx-70SS-laser, F-70SS-laser, and K-70SS-laser). The curve corresponding for the reference SS is 

included for comparison. 
 

Table 2. Relevant corrosion parameters derived from the analysis of the potentiodynamic 

polarization curves (Ec: corrosion potential; Ep: pitting potential; Ip: passive current density). 

 

     Samples   Ec (V)  Ep (V)         Ep-Ec (V)  Ip (A/cm²) 

SS -0.075 0.460 0.535 1.5·10-7 

70SS -0.055 0.565 0.620 7·10-8  
70SS-laser 0.025 0.150 0.125 3·10-8 

CFx-70SS-laser 0.025 0.380 0.283 1·10-8 

K-70SS-laser 0.055 0.275 0.220 9·10-8 

F-70SS-laser 0.185 0.925 0.740 5·10-9 

 

These results indicated a lower localized corrosion resistance for the 70SS-laser 

sample compared to the SS reference. Pitting corrosion differences in stainless 

steel are commonly associated with micro-roughness generated by laser 

treatment, as well as chemical and topographical alterations. A previous study69 

emphasises that topographical changes have more influence than roughness on 

the pitting corrosion on stainless steel. This aligns with our observation about 

that the corrosion resistance decreased reasonably for the 70SS-laser sample, an 



                                                                                                                    CHAPTER 4                
 

163 
 

effect attributed to the grooves formed by the laser treatment. Notably, the 

deposition of a nanocolumnar thin film of stainless steel (70SS sample) did not 

significantly alter the anti-corrosion properties of flat SS, supporting that the 

negative effect of laser patterning on corrosion behaviour can be compensated 

by the deposition of the nanocolumnar SS layer. It is important to note that these 

corrosion tests were carried out in extreme corrosion conditions highlighting 

that the SS 304 surfaces without any protection can achieve values of Ep around 

0.3-0.5 V in saline environments70, indicating that enhancements were found for 

fluorinated hierarchical SS surfaces as it is shown in Table 2. 

Remarkably, certain fluorinated surfaces exhibited significantly enhanced 

corrosion resistance compared to SS. This is exemplified by sample F-70SS-laser, 

demonstrating improved barrier properties through the reduction of the passive 

current density by two orders of magnitude and a pitting potential shifted by 

approximately 450 mV towards nobler values compared to SS reference. 

Conversely, the other two fluorinated surfaces, CFx-70SS-laser, and K-70SS-laser, 

appeared to have a reduced pitting corrosion resistance compared to the 

reference SS71. However, although the general response does not exhibit 

improvement, it does not significantly deteriorate with respect to the anti-

corrosive properties of the SS-reference. To justify the superior corrosion 

resistance of sample F-70SS-laser, we propose that during the initial stage of the 

tests, the corrosive medium is not able to penetrate the hierarchical surface of F-

70SS-laser, acting as a protective barrier. Subsequently, at higher voltages, the 

corrosive medium may affect the PFOTES molecule and grafted bonds, leading to 

the release of fluorine atoms and the pitting of the oxidized SS surface. It is also 

possible that erosion may affect the native oxide regions exposed at the surface 

of the rough-textured surfaces, enabling that the released fluorine atoms react 

with Cr or Fe atoms, forming a fluorinated passivation layer72. The fate of fluorine 

after the corrosion experiments will be further studied in the concluding section 

of this chapter. 

 

4.3.3 Wetting behavior of hierarchical SS surfaces 

  

After laser treatment and SS thin film deposition, the samples were securely 

stored in a laboratory drawer under ambient conditions for a minimum duration 

of one month to stabilize their wetting state showing high values of WCA due to 
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the carbon presence from air73. As illustrated in Figure 5 a), water droplets on 

the pristine SS and SS-laser samples exhibited a partially hydrophilic behavior, 

without significant distinctions between flat (sample SS) and micro/nano-

structured surfaces, and an incipient hydrophobic character for sample 70SS-

laser.  

It is noteworthy that all these non-fluorinated samples displayed significant 

oleophilic trends, as evidenced by DCA values close to zero. Upon fluorination, 

that partial hydrophilic or hydrophobic behaviors of these samples transformed 

into highly hydrophobic states for samples K-70SS-laser and CFx-70SS-laser, and 

even superhydrophobic for sample F-70SS-laser. Remarkably, the contact angle 

of diiodomethane on these fluorinated surfaces increased, rendering all these 

fluorinated hierarchical surfaces oleophobic. The superhydrophobic/oleophobic 

characteristics were particularly pronounced in sample F-70SS-laser, exhibiting 

a typical omniphobic nature with contact angles close to 180⁰ and 120⁰ during 

wetting tests with polar and non-polar liquids droplets, respectively. It is also 

remarkable that, in comparison with sample K-70SS-laser, samples F-70SS-laser 

and CFx-70SS-laser outperform the water and oil repellence observed in the 

(SLIPS) sample.  

The water repellence of the fluorinated hierarchical SS surfaces was further 

exemplified by strategically dripping large water droplets (10 µl) on their 

surfaces and measuring the water rolling-off angles values. The sequential 

snapshots in Figure 5 c), illustrate that water droplets roll off effortlessly on the 

tested surfaces, leaving them dry without only residual liquid traces. Moreover, 

the water rolling-off angles values presented in Table 3 show the differences 

between samples CFx-70SS-laser, F-70SS-laser, and 70SS-laser, and the other 

samples, including sample K-70SS-laser. 
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Figure 5. a) Pictures of stored, pristine prepared, SS substrates (i.e., samples SS, 70SS and 70SS-

laser) with several water droplets left on their surface to assess their wetting behaviour. b)  Contact 

angles with water and diiodomethane (WCA and DCA) and FD times for samples SS, SS-laser, 70SS-

laser as prepared and after fluorination with a CFx thin film (i.e., CFx-70SS and CFx-70SS-laser 

samples), infusion of Krytox to get SLIPS (i.e., K-70SS and K-70SS-laser samples) and grafting with 

perfluorinated molecules (i.e., F-70SS and F-70SS-laser). Plot with red cross dots (i.e. labelled pc) 

corresponds to values measured after corrosion tests; the two sets of bar plots for FD time 

correspond to samples before and after (i.e., labelled pc) corrosion tests. c) Dripping experiment 

to demonstrate the superhydrophobic behaviour of fluorinated samples with hierarchical 

topography. Snapshots sequence corresponding to the rolling-off of water droplets on the CFx-

70SS-laser and F-70SS-laser surfaces. 

 

The low rolling-off angles observed for the two former samples contrast with the 

90⁰ angle values showed by the others except for sample K-70SS-laser, which 

displayed a high rolling-off angle of 60⁰. These variations in water sliding 

demonstrate that a dual scale roughness is required for achieving a pronounced 

water slippery behaviour. Furthermore, it is noteworthy that filling the surface 

porosity with Krytox (as observed in samples K-70SS-laser and K-70SS) seems 

detrimental for the water droplet repellence, mainly due to the relatively flat 

outer surface of these samples infused with liquid.  
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Table 3. Rolling-off angle values of 10 µl droplets of different liquids on SS, SS-laser, 70SS-laser 

samples as prepared and after fluorination by deposition of a CFx thin film, Krytox incorporation 

in the form of SLIPS and grafting with perfluorinated molecules.  

 

Rolling-off 
angle (°)  

 
Water 

 
Diiodo-

methane 

 
Humic 

acid 

 
Sodium 
alginate 

 
Bovine 
serum 

SS - - - - - 

SS-laser - - - - - 

70SS 90 - 30 30 20 

70SS-laser <2 - 20 20 20 
F-70SS 90 90 90 90 90 

F-70SS-laser <2 70 <2 <2 <2 

CFx-70SS 90 90 90 90 90 
CFx-70SS-

laser 
<2 35 <2 <2 <2 

K-70SS 90 90 90 90 90 
K-70SS-

laser 
60 45 70 30 50 

 

4.3.4 Self-cleaning and anti-fouling properties of low fluorinated 

hierarchical (SS) surfaces 

 

The biofluid-repellent nature of fluorinated SS hierarchical surfaces was 

validated by exposing them to the interaction with various fouling simulators. 

The notable differences in rolling-off angles, detailed in Table 3, offer additional 

support for the self-cleaning and anti-fouling behaviors of these surfaces. Table 

3 illustrates that the tested droplets presented a pinning response on the SS and 

SS-laser samples (i.e., surfaces without laser treatments show rolling-off angles 

as high as 90⁰), whereas they only exhibited rolling-off behavior after the 

deposition of the nanocolumnar SS layer and the fluorination treatments. Data in 

Table 3 also shows that the rolling-off angle is closely linked to the surface 

topography and the specific type of fluorination treatment. Moreover, 

fluorination had a high impact, reducing the rolling-off angles of biofluid 

simulants and transforming the surface state into an anti-fouling one for samples 

F-70SS-laser and CFx-70SS-laser as it is shown in the Figure 6. 
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Figure 6. a) Contact angles of 2 µl fouling fluid droplets on fluorinated hierarchical SS surfaces. 

Data are shown the following simulated fouling agents: humic acid, alginic acid and bovine serum 

albumin. b) Pictures showing the anti-fouling response of sample F-70SS-laser against humic acid. 

c) Snapshots sequence corresponding to the self-cleaning behaviour with water droplets of F-

70SS-laser and CFx-70SS-laser surfaces contaminated with salt and graphite powder. 
 

Figure 6 provides additional insights into biofluid repellence. Wetting contact 

angles in this figure reveal that fluorinated hierarchical SS samples, obtained 

through dry methods such as Teflon-like coating and perfluorinated molecules, 

exhibited anti-fouling behaviour, characterized by high CA values for the 

different proposed liquids, as well as showing complete repellence, causing the 

droplets of these liquids to stick on the dispensing needle74. That is the opposite 

behaviour of the flat SS reference that became wetted, particularly with sodium 

alginate (contact angle around 20°). It is noteworthy that the SS SLIPS (K-70SS-
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laser sample) displays the lowest wetting contact and rolling-off angles, seeming 

contradictory to its sliding surface character. It could be related to the absence 

of enough Krytox infused on porous SS nanocolumns due to the liquid mobility, 

as well as different densities values for these fouling agents and Krytox (1.2-1.5 

g/cm3 for humic, sodium and bovine solution and values of 1.9-2.0 g/cm3 for 

Krytox)75. According to data in Table 3, Figure 6 b), shows images of the F-70SS-

laser sample tilted at 5⁰, where 10 µl humic acid droplets efficiently roll off onto 

the surface, while the snapshots demonstrated that the surface remained dry and 

clean after continuous dosing the fouling agents.  

To expand the studies about omniphobic properties of different fluorinated 

hierarchical SS surfaces, immersion tests were carried out at room conditions 

employing bovine serum and humic acid for 30 minutes. Pictures about these 

immersion tests are shown in Figure 7. After 30 minutes of immersion in the 

biological fluids, stains or liquid accumulations, o alterations in wetting 

behaviour were not detected for F-70SS-laser and CFx-70SS-laser samples, 

showing an effective anti-fouling character presented in Figure 7 and Table 4. It 

is noteworthy that after immersion tests, samples were cleaned with water to 

remove humic acid and bovine serum rest. WCA values were similar than before 

immersion as it is shown in the Table 4. Experiments demonstrated the 

capability to recover the omniphobic character after several minutes of tests (30 

min), in biological liquids to check the anti-fouling properties of the samples. In 

addition, related to anti-fouling capacity, snapshots in Figure 6 c), exhibited self-

cleanability and these tests confirm that water droplets of varying volumes 

effectively remove solid contaminants like salt or carbon powder when it is 

sliding onto the surface. 

Data in Table 4 shows omniphobic memory for these both fluorinated 

hierarchical SS surfaces after immersion tests highlighting the 

superhydrophobic behaviour for F-70SS-laser sample.  
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Figure 7. Images corresponding to the immersion tests for F-70-SS-laser in bovine serum and 

humic acid. 

 

Table 4. Wettability values of fluorinated hierarchical SS surfaces before and after immersion tests. 

 

Water contact 

angle (°) 

Bovine serum Humic acid 

Before 
immersion 

After 
immersion 

Before 
immersion 

After 
immersion 

F-70SS-laser ~180 ~180 ~180 ~180 
CFx-70SS-laser 168 168 162 160 

 

Surface structuration via chemical76 or mechanical77 methods has previously 

proven as effective in conferring anti-fouling properties to SS. In this study, we 

demonstrate that an enhanced anti-fouling capacity is the result of both 

hierarchical surface topography and fluorination. But, contrary to other reported 

findings78,79 the current SLIPS with a reduced amount of incorporated lubricant 

were found less suitable for anti-fouling, compared to the samples where 

fluorination was achieved through the grafting of fluorocarbon silicon 

molecules80. Even more, the fluorine content in the grafted sample is 

comparatively negligible in relation to the fluorine amount incorporated in the 

SLIPS.  

BOVINE SERUM 

HUMIC ACID  
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4.3.5 Durability and stability characterization of the low fluorinated SS 

hierarchical surfaces 

 

A crucial issue for the practical use of the nanostructured and hierarchical SS 

sample is their resilience to erosion and abrasion processes under working 

conditions. To assess this aspect micro- and nano-textured SS surfaces, both with 

and without fluorination, were subjected to the series of standardized rain 

erosion and abrasion tests, detailed in the Figure 8 and Table 5.  

 

 
Figure 8. SEM micrograph corresponding to sample 70SS subjected to abrasion for 100 cycles 

taken in a zone where coating has been delaminated on purpose (i.e., at the boundary between 

coating and bare stainless steel).  
 

These abrasion tests were carried out with a standardized 1720 abrasion and 

wash-ability tester with a load of 0.05 Kfg cm-2 for 100 cycles, the necessary value 

of cycles to observe minor physical damages on the surface of samples. This 

Figure 8 and Table 5 demonstrate that this kind of hierarchical surfaces are 

poised to resist the risk of harsh conditions typical of real-world working 

environments. It is apparent that the tip of the nanocolumns have been slightly 

rounded, although the integrity of the coating is maintained.  
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Table 5. Effect of rain erosion tests on the integrity and functionality of SS-laser, hierarchical SS-

laser and fluorinated (CFx -) SS-laser surfaces. 

 

Sample/ 

droplet 

velocities 

N° impacts for visible 

damage 

N° impacts for wettability 

change 

165m/s 180m/s 225m/s 165m/s 180m/s 225m/s 

SS-laser >2000 >2000 >2000 >2000 >2000 >2000 

70SS-laser <20 <20 <20 >2000 >2000 >2000 

CFx-SS-laser ~200 ~200 ~125 >2000 >2000 >2000 

 

Rain erosion tests were carried out in Airbus Central R&T Materials Laboratory 

in Germany with a specific protocol16. Rain erosion experiments are specially 

employed in aeronautics due to the importance of rain erosion effect in harsh 

environments. These tests were conducted on icing wind tunnel81. A given 

number of water droplets (average diameter 260 µm) was sent at different 

velocities (as it is shown in Table 5) on the samples. Number of required impacts 

to observe visible damages was the key parameter at different velocities. It is 

possible to differentiate firstly that the number of impacts required to observe 

visible damage (presence of scratches on surfaces) in the samples was much 

higher for the coated microstructural SS, either in the form of SS nanocolumns or 

CFx thin film on the laser-treated SS surface. The presence of a coating deposited 

on the hierarchical SS surface compared to the resistance of the uncoated SS-

laser one was confirmed according to Table 5. However, to identify changes in 

the wettability of the tested surfaces, the number of required impacts must be 

higher than 2000 for all cases since, the robust superhydrophobicity of the 

hierarchical surfaces were demonstrated. Therefore, it is worth emphasizing 

that the hierarchical SS sample exhibited satisfactory performance in these 

assessments.  

 

4.3.5 Anti-icing capacity 

 

This CFx thin film, consisting of a Teflon-like coating rich in -CF2 and -CF3 

functional groups41,43,52, has previously been employed as anti-icing coating on 

hierarchically rough alumina/aluminium substrates. In general, the assessment 

of surface´s anti-icing capabilities encompasses various phenomena that show 
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the characteristics of the ice-substrate interface, including ice adhesion, ice 

accretion82, and FD time. In this study, we investigate the anti-icing properties of 

the hierarchical SS surfaces by focusing on their FD capacity and ice adhesion 

capabilities83. Figure 5 b) presents the FD times determined for the fluorinated 

70SS and 70SS-laser surfaces and references. The reported values, particularly 

the one obtained for sample F-70SS-laser (i.e; 170 minutes), indicate that the 

combination of fluorination and hierarchical surface roughness achieved by the 

combination of nano- and micro-structures, positively impact the anti-icing 

capacity of stainless steel. Based on these parameter values, the anti-icing 

performance of sample F-70SS-laser appeared superior to that of the other 

fluorinated hierarchical samples.   

Notably, the long FD times of the fluorinated hierarchical SS surfaces were 

reproducible under freezing/thawing cycles, as illustrated in Figure 9 for 

sample CFx-70SS-laser. After 5 heating/cooling cycles with a 2 µl water droplet 

deposited on the surface and temperature changes from -5 ⁰ to 20 ⁰C, the water 

contact angle of the droplet only changed by 14 degrees, the surface keeping its 

original hydrophobicity. In addition, the FD time remained constant (worsening 

by 1 minute) after these 5 freeze/thaw cycles. The reproducibility in FD times 

for these surfaces support their long-term stability, comparing favourably with 

similar studies conducted on other materials such as SiO2, Al2O3 and TiO2 

nanostructured surfaces84,85, (note that there are limited studies available on the 

anti-icing capacity for nanostructured SS surfaces86,87). It is noteworthy that K-

70SS-laser samples are susceptible to losing the Krytox lubricant after successive 

icing tests, a risk not encountered with the other two fluorination methods. We 

hypothesize that the surface modifications resulting from low fluorination play 

a crucial role in decreasing FD times to values exceeding 60 minutes for sample 

CFx-70SS-laser. When substrate thermal conductivity is equivalent, the primary 

factor controlling FD response is the time required to create the first ice nuclei 

either inside the water droplets or at specific hierarchical SS surfaces sites (i,e; 

homogeneous and heterogeneous nucleation, respectively)88. 
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Figure 9. Snapshots corresponding to five freezing / thawing cycles on the CF-70SS-laser surface. 

Water contact angle and freezing delay time values are included in each temperature phase. 

 

Previous research has indicated that heterogeneous nucleation requires a 

minimum size to proceed and that surfaces with hydrophobic characteristics, 

especially those that are heterogeneous and rough, often inhibit these size 

requirements89,90. Therefore, long FD times were observed for sample F-70SS-

laser (and to a lesser extent, samples CFx-70SS-laser, as seen in the Figure 5 b)) 

from the modification of its surface state through the grafting of freely moving 

PFOTES molecules, where difficulty finding a free surface size to initiate the ice 

nucleation process. 

Fluorination played an important role to decrease the strength of ice adhesion. 

As a fundamental principle, increasing surface roughness typically leads to 

increase ice adhesion strengths91,92. This observation results true when 

comparing the values determined for flat stainless steel (SS) and the hierarchical 

SS samples, which are shown in the Table 6. Comparing the ice adhesion 

strength values, the sequence 70SS << SS << 70SS-laser was evident, with all 

samples displaying values exceeding the threshold of 100 kPa, considered the 

limit between low and high ice adhesion surfaces93. 
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Table .6 Ice adhesion strength of the CFx-, F- and K- hierarchical SS substrates compared to the SS 

ones without laser treatment and the pristine SS substrate. A Teflon foil reference was employed 

for comparison. 

 

 

 

 

 

 

 

 

 

 

 

Fluorination induced a substantial reduction in these values, with the order K-

70SS-laser << F-70SS-laser <<< CFx-70SS-laser, with values failing below 100 kPa 

for the first two samples in the sequence and close to it for the last one (it is worth 

nothing that SLIPS sample generally exhibit low adhesion strength as ice forms 

directly in contact with the infused fluorinated liquid, indicating ice adhesion 

values in the same range as the Teflon reference). It is attributed both, the 

extended FD times measured and its remarkably low adhesion strength, to the 

influence of the grafted PFOTES molecules for sample F-70SS-laser. These 

molecules probably contribute to avoiding ice nucleation and, once ice is formed, 

reducing its adhesive force with the surface.  

 

4.3.6 Functionality after corrosion tests  

 

The long-term preservation of the functional properties of SS surfaces is crucial 

for their practical utility94,95,96. Here, we examine the functionality of F-70SS-

laser and CFx-70SS-laser samples after the corrosion testing. Figure 5 displays 

water and diiodomethane contact angles, as well as FD times for samples 

subjected to the corrosion essays. Interestingly, the contact angle and FD values 

for the CFx-70SS-laser sample after corrosion remained quite like those ones 

before the corrosion test, indicating minimal, if any, impact on the water 

repellence of this low fluorinated hierarchical SS surface. However, samples K-

70SS-laser and F-70SS-laser, subjected to corrosion testing, exhibited significant 

Samples Ice adhesion strength (kPa) 

SS 135 ±7 

70SS 125 ±6 

70SS-laser 241 ±12 
F-70SS 69 ±3 

CFx-70SS 109 ±4 

K-70SS 44 ±2 

F-70SS-laser 98 ±5 
CFx-70SS-laser 210 ±11 
K-70SS-laser 89 ±4 

Teflon reference 15 ±1 
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degradation in superhydrophobicity and/or FD time values, suggesting a 

substantial deterioration of their original surface state. This effect is more 

pronounced for the SS SLIPS, where contact with the water solution may induce 

some lubricant migration during the test79. The increase observed in water 

contact angle after the corrosion test (Figure 5 b)) likely reflects the influence of 

the bare nano-and micro-SS surface after the loss of infused liquid. Notably, both 

CFx- and F- hierarchical surfaces maintained their original anti-fouling response 

after corrosion testing, as indicated by the determination of very small rolling-

off angles for droplets of the bio-fluid simulants used in this study shown in 

Table 7. 

 

Table 7. Wetting contact angle and rolling-off angle (in brackets) values of droplets of 2 and 10 µl, 

respectively, for fluorinated and nanostructured SS surfaces after being subjected to the corrosion 

test.  

 

Wetting CA  

(RoA) /° 

 

Water 
 

 

Humic acid 

 

Sodium alginate 

 

Bovine serum 

70SS 85(90) 50(90) 49(90) 45(90) 
F-70SS-laser 110(90) ~180(<2) ~180(<2) ~180(<2) 

CFx-70SS-laser 116(90) 160(<2) 160(<2) 170(<2) 
K-70SS-laser 60(80) 70(80) 70(70) 50(70) 

 

SEM analysis revealed that surface topography shown in Figure 10 

corresponding to the post-corrosion (p.c.) test surfaces involved some scratches 

from the sample handling itself but from the point of view of the integrity of the 

developed hierarchical surface no major changes were detected. CFx-70SS-laser 

p.c. showed the fluorinated coating remaining homogeneous after the corrosion 

test. On the other hand, F-70SS-laser hierarchical structure presented the same 

topography shown in Figure 2 c). Finally, the presence of the fluorinated liquid 

with low surface tension was missed after this post-corrosion test (K-70SS-

laser), as it has been previously commented that despite its great sliding capacity 

as SLIPS, the concepts of stability and durability must still be worked on due to 

the possible loss of the liquid infiltrated in the quite open porous hierarchical 

surfaces. 
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Figure 10. SEM micrographs of the top view for CFx-, F- and K- 70SS surfaces after the corrosion 

test at two magnification levels. 

 

The surface state of the fluorinated SS hierarchical F-70SS-laser and CFx-70SS-

laser surfaces after corrosion testing was analysed using XPS and it is shown in 

the Figure 11.  
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Figure 11. XPS photoelectron spectra of fluorinated samples before and after the corrosion test as 

indicated:  high resolved binding energy regions for C 1s a), O 1s b), F 1s c) and Si 2p d) signals. 

The attribution of   spectral feature to given functional groups bonds is indicated. It is noted that 

F-70SS-laser p.c. appear as x2 in the graph. 

 
Figure 11 reveals significant differences in the F 1s, C 1s, O 1s, and Si 2p spectra 

of the two examined surfaces before and after corrosion testing. The analysis of 

the CFx-70SS-laser sample in its original state indicated that it was uniformly 

covered by a continuous Teflon-like film, as evidenced by the low percentage of 

iron/chromium and oxygen atoms detected at the surface shown in Table 8. 
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Table 8. Atomic percentages determined by XPS analysis of the CFx-70SS-laser and F-70SS-laser 

surfaces before and after the corrosion test. 

 

At% CFx-70SS-

laser 

CFx-70SS-laser 

p.c. 

F-70SS-

laser 

F-70SS-laser 

p.c. 

C 43.3 45.5 19.2 54.4 

N 1.4 1.5 0.1 3.0 

O 11.6 8.2 41.7 31.2 

F 41.2 42.0 27.3 4.1 

Si 0.6 0.7 3.8 4.3 

Cr 0.1 0.5 1.8 1.5 

Fe 1.8 1.5 6.1 1.5 

 

A highly intense F 1s spectrum and the characteristic shape of the C 1s spectrum 

further confirmed the presence of a CFx layer. Thus, the C 1s spectral shape of 

this sample (Figure 11 a)) is indicative of a fluorinated polymeric film with 

distinctive features attributed to CF3 (293.0 eV), -CF2 (290.8 eV), -CF (288.6 eV), 

C-CF (286.4 eV), and C-C/C-H (284.5 eV) functional groups97. Interestingly, these 

XPS photopeaks were minimally affected by the corrosion tests, both in terms of 

the C 1s and F 1s spectral shape, width at half height and the relative percentages 

of detected elements (Table 8). The preservation of a similar fluorinated surface 

state in this sample explains the consistent wetting, freezing delay and anti-

fouling behaviours observed before and after corrosion testing. It demonstrates 

the high chemical stability of the CFx coated hierarchical SS surface where 

corrosion likely occurring beneath the Teflon-like thin film or in the form of 

localized pitting processes at specific sites on the surface.  

In contrast to the CFx-70SS-laser, F-70SS-laser sample revealed notable 

differences in surface element percentages (refers to Table 8) and the chemical 

characteristics of functional groups before and after corrosion testing. In its 

pristine state, the C 1s spectrum of this sample exhibited bands attributable to 

the CF2/CF3 functional groups of the PFOTES molecule (290.8/293.0 eV) and 

surface contamination by airbone hydrocarbons (284.5 eV). This finding, 

coupled with the relatively high intensity of the F 1s peak (Figure 11 c) and Table 

8), supports the effective grafting of PFOTES molecules onto the surface of the 

nanostructured SS. Additionally, the Si 2p spectrum of this sample in Figure 11 

d) suggest the incorporation of Si-O and C-Si-O groups onto the surface during 

the functionalization process (note that the peak around 99 eV corresponds to 
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an overlap with the Fe 3s signal98. Furthermore, the Fe 2p and Cr 2p 

photoelectron spectra indicated that the two primary metal components of SS, 

Fe and Cr, exhibited a similar oxidation state before and after corrosion testing 

as it is shown in Figure 12. Comparing values shown for SS-laser in Table 1 

related to Cr/Fe ratio, lower values for this ratio were detected in Table 8. It 

could be due to different chemical heterogeneities for the fluorination strategies 

since the growth of SS nanostructures using AISI 301 commercial pellets 

exhibited Cr-Fe ratio values comparable to those of the pristine substrate48. 

 
Figure 12. General survey a), Fe 2p b) and Cr 2p c) XPS spectra of fluorinated SS surfaces before 

and after the corrosion test. 

 

Quantitative analysis (Table 8) revealed that the intensity of distinct 

photoemission signals roughly corresponds to the contribution of one silicon 
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atom (from the PFOTES molecule) per two Cr/Fe atoms at the surface of the 

fluorinated surfaces. However, this may not accurately reflect the true situation 

due to shadowing effects resulting from silicon and the anchoring oxygen atoms 

situated atop Cr/Fe atoms that could drastically reduce the spectral contribution 

of these elements. Consequently, the actual ratio is likely much lower, in the 

order of one silicon atom per 4/6 Cr/Fe atoms, respectively. In other words, one 

PFOTES molecule per 2-3 nm2, equivalent to thirteen fluorine atoms per this 

surface area, a significantly lower amount of fluorine than that incorporated 

through fluorinated liquid immersion or the coating with a CFx layer. A 

significant reduction in the fluorine content (refer to Table 8 and Figure 11 c)) 

and alterations in the C1s component at 284.5 eV should be attributed to carbon 

contamination, while the photopeak around 288 eV suggests carbonate-like or 

C-F bonded species. Confirmation by EDX revealed the presence of fluorine at the 

surface, primarily in the internal regions of the hierarchical stainless steel 

functional layer how it can be checked in Table 9.  

 

Table 9. Atomic percentages determined by EDX analysis of the CFx-, F- and SS-laser surfaces after 

the corrosion analysis compared to the SS substrate. 

 

       At.% (EDX) C O F Fe Cr Si Ni Mn 

SS-laser (p.c.) 40.0 19.2 - 28.4 9.0 0.1 1.9 1.5 

F/SS-laser (p.c.) 42.1 21.6 4.0 20.6 8.2 0.5 1.6 1.3 

CFx/SS-laser (p.c.) 36.8 13.3 23.0 16.3 6.6 - 0.8 0.5 

 

All silicon contribution appeared oxidized after the corrosion test, evidenced by 

the Si 2p broad band centred at 102.0 eV99. Additionally, the O 1s peak shifted to 

higher binding energy after corrosion, indicating the formation of oxyhydroxides 

(and carbonate in the case of sample F-70SS-laser) species at the surface100. XPS 

analysis of samples subjected to the corrosion tests offers insights into the 

corrosion mechanisms in each case and the subsequent modification of their 

functional properties. In the case of CFx-SS70-laser, the CFx protecting layer 

appeared stable and largely unaffected on the surface, suggesting that corrosion 

primarily occurred beneath it and had a minimal impact on the functional 

wetting and icing properties. Conversely, sample F-70SS-laser exhibited the 
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highest pitting potential among the series (refer to Table 2), suggesting that the 

grafted PFOTES molecules confer a high chemical stability against corrosion to 

the SS. However, upon reaching the critical potential (Ec), XPS data indicate 

detrimental effects on the native oxide layers of the SS hierarchical surfaces and 

Si-O-Metals and F-C bonds of the grafted molecules. Consequently, it appears that 

some fluorine atoms remain on the surface, contributing to a certain passivation 

through the formation of stable (O)Fe-F or Cr-F bonds. Moreover, the formation 

of new Si-O-Cr (Fe) bonds may also contribute to this passivation process after 

reaching the high Ec potential during corrosion testing101,102. Therefore, the loss 

of superhydrophobicity and the significant decrease in FD time observed in the 

sample F-70SS-laser after the corrosion test (refer to Figure 5 and Table 3) can 

be attributed to the partial removal of the grafted PFOTES molecules. However, 

the residual fluorination of the surface in the form of direct F-Metals bonds, along 

with the preserved hierarchical structure, appears sufficient to keep the 

repellence of this sample towards water and other liquids, as evidenced by 

Figure 5 b) and Table 7.  

Overall, these results support the wide spectrum of functionalities offered by the 

fluorinated hierarchical SS surfaces developed in this study. Notably, their 

multifunctional character and robust performance in terms of anti-fouling, anti-

icing, anti-corrosion or abrasion resistance properties stand out. While most 

literature focuses on one or another of these functionalities, few aim to address 

them simultaneously. A comparative analysis of these results from previous 

studies with respect to these achieved here using the hierarchical plus stable low 

fluorination approaches developed in this work, is shown in Table 10. 
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Table 10. Comparative analysis of multifunctional properties of low fluorinated hierarchical SS 

surfaces with those of the present work (reference numbers as used in the main text). 

 

Surface config./processing Wetting behavior Other properties Ref. 

 
Spray-coating + dip coating / 

SS meshes 304SS 
 

Femtosecond laser treatment 
+ air aging / 316SSL 

 
 

 
Superhydrophobic  
WCA ~160° 
 
Superhydrophobic 
WCA ~160° 
 

 
Selective wetting 

(Oil/water separation) 
 

Anti-fouling(Ecoli 
counts decrease) 

 

5 

 

 

9 

 
Fluorosilane 

coating/SiO2NPs+silicone 
matrix/ 304SS 

 
Superomniphobic 
CA ~160° 

Anti-icing (supercooled 
droplets rolling off in 

cold environment -
18°C), wear resistance 

(100 cycles10mN), 
corrosion protection 

(1% HCl, 3 days) 
 

 

19 

Oil layer/ SAM-functionalized 
316LSS 

 

Hydrophobic WCA 
~100° 

Anti-fouling(E.coli 
adhesion reduction) 

23 

Fluoroalkylsilane coating / 
SiO2NPS /nanosecond laser 

treatment/ SS316L 
 

Superhydrophobic 
WCA ~150° 

Wear resistance in 
water environment 
(5000 cycles at 5N) 

28 

N-alkylated PDMAEMA 
grafted-Polydopamine 

coating/SS304 

Hydrophilic WCA  Anti-fouling (marine 
bacteria); anti-corrosion 

(0.5·10-6 A/cm2, -
0.236V) 

30 

Perfluorinated lubricant 
oil/PFG grafted-APTES 

SAM/polydopamine 
coating/SS316L and SS304 

SLIPS 

Slippery–rolling off 
angle <3° 

Anticoagulant and anti-
fouling; anti-icing 

(40min at -5°C, tilted 
angle 10°, ice adhesion 

strength 12kPa at -
25°C) 

44 

Picosecond laser treatment + 
air aging /SiC sanded SS302 

Superhydrophobic 
WCA ~160° 

Abrasion resistance 
(4.7m at 5.5kPa), 
thermal stability 

(150min at 100°C), anti- 
icing (500min at -8.5°C) 

58 

Stearic acid coating/Zn 
coating/sandblasted SS 

SAE630/17-4 
 

Superhydrophobic 
WCA~ 150° 

Anti-icing (4.64x106 
s/kg at 15°C) 

59 

Femtosecond laser treatment 
+ air aging/SS430 

 
 

Superydrophobic 
WCA~149° 

Anti-icing (363s at -
10ºC, 60% area frost 
coverage at 50min) 

60 

SiO2 powder/PDMS-PVDF 
coating/Sandblasted SS304 

Superydrophobic 
WCA~160° 

Anti-icing (46kPa at -
35°C) 

94 
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F-grafting/SS nanocolumns/ 
nanosecond laser 
treatment/SS304 

Superhydrophobic 
WCA~180° 
Omniphobic, DCA 
~120° 

Anti-fouling/self-
cleaning (CA~180°);  

This 

work 
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4.4 Conclusions 

The results have illustrated the efficient development of hierarchical SS surfaces 

through a method combining laser treatment of SS flat substrates with porous, 

thin film deposition using oblique angle evaporation. It is relevant to note that 

this technique for growing nanostructures with varying degrees of porosity has 

demonstrated excellent adhesion to the reference substrate. This enables the 

creation of hierarchical surfaces with well-integrated nanostructures that are 

compatible with the reference material, highlighting experiments on wetting 

responses with different liquids (anti-fouling) as well as the evaluation of ice 

adhesion strength for the first time within the research group where this work 

has been developed. 

This approach has proven to be highly effective in achieving dual-scale 

roughness and showing different wetting and anti-freezing properties. 

Furthermore, we have demonstrated that low fluorination of such hierarchical 

surfaces confers specific functionalities, including superhydrophobicity, 

omniphobicity, self-cleaning, freezing delay, low ice adhesion, and efficient anti-

fouling response. Notably, these functionalities are achieved with a relatively 

small amount of fluorine atoms incorporated into the samples, as compared to 

SLIPS produced by the infusion of fluorinated liquid Krytox. This superior 

performance, particularly evident in sample F-70SS-laser is attributed to the 

surface grafting of PFOTES molecules into the hierarchical surface structure of 

the sample, presenting values of WCA around 170° and FD times around 175 

minutes. We propose that these fluorinated molecules preserve their free 

movement after anchorage to the surface, preventing water and other liquids 

wetting and the ice nucleation steps required for freezing. Good performance 

was also shown in the ice adhesion tests conducted in our universal machine, 

with values comparable to the Teflon reference in the case of K-70SS-laser, and 

values not exceeding 100 kPa for F-70SS-laser sample. 

The repellence properties against various liquids, as well as the self-cleaning 

ability, have been demonstrated for these hierarchical metallic surfaces with 

different fluorinated strategies. High contact angle values with various bio-

fouling simulants have been observed, highlighting the superomniphobicity of 

these systems and their self-cleaning capability with graphite powder and salt, 

being the best responses for CFx-70SS-laser and F-70SS-laser samples.  
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These low fluorinated hierarchical surfaces remained stable even after 30 min of 

immersion in the biofouling fluids. 

Regarding anti-corrosion properties, our findings indicate that fluorination can 

preserve or even enhance the corrosion resistance of hierarchical SS surfaces, 

particularly exemplified by the grafted sample F-70SS-laser which exhibited 

significantly higher potentials required to initiate the pitting process. Notably, 

wetting, anti-fouling, and anti-icing functionalities do not completely degrade 

after corrosion, likely due to the preservation of the hierarchical microstructure 

of the samples and the direct attachment of some fluorine atoms to their surface, 

thereby maintaining a certain hydrophobic character checked by wetting tests 

after corrosion experiments as well as SEM images and XPS characterization. Of 

particular interest is the observation that the CFx coated hierarchical SS surface 

remained largely unaltered after corrosion test, thereby maintaining its 

functional properties. Collectively, these findings lead to the conclusion that 

nanostructuration and low fluorination procedures provide protection against 

corrosive and abrasive environments, while maintaining anti-fouling, anti-icing, 

and self-cleaning capabilities. The significant reduction in the incorporation of 

fluorine atoms into these materials represents an additional advantage of the 

experimental strategy developed here. 
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Abstract  

This work addresses the fabrication of transparent glass surfaces with 

outstanding water-repellence (i.e., superhydrophobicity), and related functional 

properties, mainly omniphobicity and anti-icing responses. These surfaces have 

been obtained by means of mild femtosecond laser treatments combined with 

low fluorinated surface functionalization. A fine control of the pattern design and 

surface roughness can be achieved tunning the laser overlapping and lateral 

distances of the marked grooves. A compromise between laser parameters and 

topography design makes compatible a high transparency with water repellence 

over large glass plates of around 10 cm x 5 cm. This is demonstrated for square 

pattern with grooves separated by 50 µm or parallel line pattern of 100 µm, 

which present a stable Cassie-Baxter state, a very low ice-adhesion strength and 

a 70-80% total transmittance depending on the surface pattern. This laser 

patterned glass was also prone to be infiltrated with a transparent lubricant 

liquid to fabricate SLIP surfaces with an even higher transmittance and 

remarkable anti-icing properties. Anti-fouling tests, as well as freezing/thawing 

cycles have revealed the notable self-cleaning and durable anti-icing capacities 

of the developed transparent surfaces. Water condensation experiments under 

controlled environments and in an environmental microscope have unraveled 

key issues about the formation and slippery of supercooled water droplets on 

the superhydrophobic patterned surfaces, showing that the continuity 

breakdown of surface properties due to the patterned grooves is key to prevent 

fogging and water accumulation on the surface for low temperature applications.    

 

 

 

 

 

 

 

 

 

 

 



CHAPTER 5 
 

196 

 

5.1 Introduction 

Glass is a universal material, which was invented and manufactured since the 

antique times, that has been continuously growing in applications and demand 

for new properties. Its modern use for window walls and display lids relies on 

its high transparency, chemical and environmental resistance and the capacity 

of modern industry to prepare it in the form of large area laminates. Moreover, 

the functionalization of glass with the incorporation of protective, conductive, 

anti-reflective, low-emissive or self-cleanable coatings has added specific 

functionalities that have opened wide fields of application in many industrial 

sectors, including energy, construction, communication, and electronics. Unlike 

specifically coated glasses, bear glass laminates are partially hydrophilic and as 

such rather prone to become covered with ice, fog or fouling agents, events that 

suppose clear limitations for the transparency and prolonged cleanness of 

architectural glass, photovoltaic panels, or optical systems working in the 

exterior. In this context, control of wetting properties of glass is of paramount 

importance and a topic of maximum interest for many industrial applications. 

For non-transparent materials such as metals1, ceramic2 or even polymers3, 

surface modification procedures are already in place to transform their surface 

into hydrophobic or superhydrophobic and bestow them with specific anti-

stain4, water repellent5 or anti-icing properties6. These procedures usually entail 

the surface texturing and/or roughening of the materials accompanied by the 

modification of their surface chemical composition, both strategies aiming at 

achieving a superhydrophobic and omniphobic state. However, these surface 

modifications inevitably produce a change in optical properties, which in the 

case of glass can degrade its transparency due to light scattering and, therefore, 

preclude their use for key applications. 

Addressing this problem, recent works have proposed the application of laser as 

a method to create surface roughness and topographic texturing to confer 

specific wetting and anti-icing functionalities to the surfaces of treated 

materials7,8,9. The wetting properties and the transformations from hydrophilic 

to hydrophobic experienced by the treated surfaces exposed to the ambient 

atmosphere have been usually discussed in terms of Wenzel and Cassie-Baxter 

wetting regimes. It has been also reported that a way of stabilizing a hydrophobic 

or superhydrophobic state in these materials consists of the surface grafting of 

tethered molecules on these lasers treated surfaces8,9,10,11. Therefore, similar 
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procedures relying on laser texturing to control wetting and icephobic 

properties have been also proposed for glass12,13. However, in these previous 

investigations little or no attention has been paid to the possible modifications 

of optical properties, the most widely topic of investigation when talking at 

fundamental level about glass-laser interactions14,15,16.   

In the present work we propose a specific procedure based on the femtosecond 

laser patterning of borosilicate glass combined with the grafting of fluorinated 

molecules to confer superhydrophobicity, anti-icing and anti-fouling properties, 

as well as anti-fogging potential (i.e. tailor the water condensation behavior on 

the surface) to this material, while preserving the maximum transparency into 

the visible spectral range. The borosilicate glass composition includes silicon 

dioxide (SiO2) in a range from about 60% to 74% by total composition weight; 

boric oxide (B2O3) in a range from about 9% to 25% by total composition weight; 

and aluminium oxide (Al2O3) in a range from about 7% to 17% by total 

composition weight. B2O3, is one of the reasons for the better chemical stability 

of borosilicate glass compared to soda-lime, which has been commercially used 

for a long time17,18, making it less susceptible to sudden temperature changes. 

Another reason for choosing borosilicate glass in this work is its lower thermal 

expansion17 compared to soda-lime19, reducing the risk of thermal fractures 

since it will be employed in laser processing. The work provides a critical 

assessment of the influence of the pattern motifs, size and geometry on both 

optical and wetting properties, i.e. the surface interactions with water (liquid, 

ice, and vapor), and biological simulants. In addition, it carries out a critical 

analysis of the possibilities of laser-based procedures to induce specific surface 

functionalization of glass without significantly altering its transparency. 

 

5.2 Experimental Section 

5.2.1 Materials and samples preparation 

 

Borofloat®33 (VIDRASA S.A.), a floated borosilicate flat glass, was used such as 

transparent substrate. Borosilicate glass plates have been used rather than soda-

lime glass because the superior mechanical strength and reduced thermal stress 

of the former that make it easier its handling and treatment with a laser beam as 

previously indicated. Plates of these substrates with dimensions 10 cm x 5 cm 

were cleaned using detergent water solutions, isopropanol and a N2 dry flow. Laser 
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patterns were generated with a femtosecond (fs) laser (Carbide model, Light 

Conversion, Lithuania), using its third harmonic (UV range) at 343 nm. At the 

working distance, the laser beam exhibited a spatially Gaussian energy profile with 

an elliptical spot, where 1∕e2 beam dimensions were 2 a = 60 µm (long semi-axis) 

and 2 b = 36 µm (short semi-axis) (Figure 1). This laser offers the possibility of 

using a Pulse Peak Divider (PPD) option to reduce the effective frequency of the 

laser treatment. The following working conditions were used for the treatments: 

6.07 W laser power, 200 kHz oscillator frequency, 10 kHz effective frequency, 25 

mm/s laser scan rate, and 238 fs pulse duration inspired by the previous work 

where laser parameters where optimized to generate superhydrophobicity on 

aluminum alloy surfaces20. With these laser processing parameters, the energy per 

pulse is 30.35 µJ/pulse. Two hatching configurations were tested consisting of 

cross and lines varying the distance between scanning lines from 10 µm to 500 µm. 

Considering that the laser scanning speed is the same in both directions, when the 

laser scans parallel to the 2b semi-axis, the maximum fluence at the centre of the 

line is 53.55 J/cm2, while when the laser scans parallel to the 2a semi-axis, the 

overlapping between consecutive pulses is lower and the maximum fluence is 

reduced to 32.13 J/cm2.  For some testing experiments, the laser scanning protocol 

has been repeated from 1 to 5 times.  

Laser treated borosilicate surfaces were functionalized by the grafting of 

1H,1H,2H,2H-Perfluoro-octyltriethoxysilane 98% (PFOTES) molecules following 

the procedure described in Chapter 2 (Figure 1).  

Borosilicate samples used as reference have been designated as glass ref., and the 

laser treated samples have been identified according to the following labeling: 

laser cross and line patterned surfaces as C-distance and L-distance, respectively, 

where distance expressed in microns refers to the distance between centres of 

contiguous laser scanned lines; and with F-glass, F-C- distance and F-L-distance, 

where F refers to the low fluorination treatment. This labeling assumed that the 

laser scanning process was repeated five times. When for specific experiments the 

number of laser scans was a relevant experimental parameter, it has been added 

to the previous labeling as (x number). For example, F-C-100 (x3) means a sample 

with a fluorinated square pattern and lines separated by 100 µm repeating the 

laser protocol three times to mark the grooves. Finally, the K-C/L-distance label 

designates an infiltrated patterned surface with a fluorinated lubricant: Krytox 
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(refractive index around 1.296-1.301) according to the procedure described in 

Chapter 2. 

 
Figure 1. Main scheme of the steps to achieve fluorinated laser processed glass substrates: I) cleaning 

of the pristine glass; II) gentle laser treatment to generate square or parallel line patterns including a 

representation of the two scanning directions along the long and the short elliptical semi-axles of the 

laser spot; III) laser patterned surface grafting with perfluorinated molecules. 

 

5.2.2 Surface characterization 

 

Surface morphology of reference and laser treated samples was examined by 

confocal (Sensofar PLµ2300) and scanning electron microscopes (SEM, Hitachi 

S4800) detailed in Chapter 2. Width and depths of the patterned surfaces were 

estimated as an average over 3 different measurements. The optical properties of 

the modified glasses were determined in transmission mode in the UV-vis-nIR 

range between 200 and 900 nm using a Perkin Elmer Lambda 750 spectrometer 

equipped with a 60 mm diameter integrative sphere. 

ImageJ was used for the calculation of the percentage of laser treated surface, 

with distance between laser patterns varying from 10 to 500 µm, and the laser 

trace depends on scanning parallel to the short semiaxis or to the long semiaxis, 

being 37 µm and 25 µm respectively, for the surface treatment with 5 laser 

cycles. The, the area of treated surface was normalized to 1 cm², according to the 

width and number of squares or lines for each laser pattern.  
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5.2.3 Wetting properties 

 

Wetting properties were measured with the sessile droplet method in an OCA 20 

DataPhysics Instruments (described in Chapter 2), depositing different volumes (2 

µl for CA and 15 µl for RoA) of bi-distilled water and different organic liquids on 

the surface. The reported data are an average on a minimum of 10 experimental 

values per surface. Microliter droplets were obtained by controlling the dose rate 

through the electronic component and syringe, DS500/GT, provided with a 0.5 mm 

diameter needle (more detailed in Chapter 2). The organic liquids used as fouling 

simulants for wetting analysis were humic acid, sodium alginate and bovine serum 

(Sigma Aldrich). 

Water condensation experiments were carried out in an OCA 25 DataPhysics 

environmental chamber provided with a temperature control modulus, and a 

humidity generator (described in Chapter 2). Monitoring was possible thanks to a 

high-resolution side and a front optical cameras. From a microscaled point of view, 

water condensation was also characterized in an Environmental Scanning 

Electron Microscope (ESEM) (Quanta FEG250 system from FEI and Thermofisher 

QuattroS) by placing the sample on the top of a thermoelectric modulus while the 

environmental water vapor pressure is controlled. The temperature stabilized at 

2 °C and the water condensation was monitored as a function of water vapor 

pressure (Figure 8 in Chapter 1) under the continuous electron beam scanning. 

 

5.2.4 Icing tests 

 

Freezing Delay Time (FDT) measurements were carried out in the OCA 20 

DataPhysics system thanks to a controlled environmental chamber, monitoring 

the water droplet deposited on the top of the cold surface during the icing process. 

The surface temperature stabilized with a thermoelectric modulus and was 

tracked with a thermocouple placed on the surface at 1 mm from the water 

droplet. To perform the freezing experiments, a flow of dry nitrogen (~10 sscm) 

was cooled at 0 ⁰C before passing through the chamber (details in Chapter 2). A 2 

µl water droplet was deposited on the surface at 25 °C and then the temperature 

was decreased to a fixed value of -10 ⁰C with a variation ramp of -1 °C/s until 0 ⁰C 

and -0.1 °C/s for subzero temperature.  
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Ice adhesion tests were carried out by the pull-off method described in Chapter 2. 

The pull-off adhesion experiment was performed inside the Universal Material 

Testing Machine at -13 ⁰C. The applied force perpendicular to the sample (tensile 

mode) required to detach the ice block was determined by the dynamometer. The 

adhesion strength was obtained by normalization of this force to the area of the 

ice cylinder and expressed in units of MPa (N/m2).   

 

5.3 Results and discussion 

5.3.1 Control of surface morphology by laser patterning 

  

Tuning the laser parameters allows the development of regular replicas of 

surface motifs over large transparent surface areas (10 cm x 5 cm) with 

reproducible size and depth at the microscale. Particularly, the width and 

separation distance between motifs, as well as the laser overlapping and 

scanning direction, have been the main process variables optimized in this work 

for the generation of a hydrophobic surface state. The first parameter of the laser 

treatment directly related to the wetting response of glass is the distance 

between the pattern motifs21,22. Figure 2 shows the confocal images for the 

obtained pattern designs: parallel lines and asymmetric square micropillars 

resulting from laser cross-scans in normal directions. For each pattern design, 

configurations with different sizes/distances have been tested. To ensure a good 

definition and reproducibility of the groove depth and width, laser scanning 

process was repeated up to five times. Figure 2 a)-d) correspond to a selection 

of images of the L-50/100 and C-50/100 samples obtained after the fifth 

repetitions. Otherwise, differences in the groove depths were obtained as a 

function of the number of repetitions as exemplified in Figure 2 e)-h) for sample 

C-100.  
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Figure 2.  3D maps by confocal microscopy: a), b) L-50/100 samples, c), d) C-50/100 samples, 

respectively, where depth and width are indicated for each laser direction (a and b long and short 

semi-axles); e)-h) 2D maps (arbitrary colour scale bar) for sample C-100 varying the number of 

laser repetitions from 1 to 5.  
 

In the case of L samples, the laser scan direction was parallel to the long laser 

beam axis, 2b.  Regular grooves of 13 µm depth and 37 µm width are obtained by 

the laser line pattering after 5 repetitions, where a subsequent scan over a 

previously treated region increases the energy absorption. However, for the 

case of C samples, a similar topography is obtained when equivalent lines are 

machined, while in the perpendicular direction, that is when the scanning is 

parallel to the long axis 2a, the accumulated laser fluence is higher and, after five 

repetitions, grooves of smaller width, i.e. 26 µm (laser spot diameter is around 

25 µm) and depths around 12-15 µm depending on the separation between 

motifs, were induced. Figure 2 e)-h) evidence that, although square motifs 

preserve their dimensions (~74 µm x 63 µm for 100 µm of laser groove 
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separation), it is under 5 repetitions when the anisotropic dimensions between 

laser scanning normal directions becomes more significant, especially for 

scratched depths. As can be seen in Figure 3, the lines marked in the direction 

parallel to the short laser beam semiaxis resulted in grooves with larger width 

and lower depth, whereas the grooves generated in the normal direction present 

smaller width values and similar or even slightly higher depths. Z ablation depth 

is not considerably affected by the distance between lines or motifs when five 

laser scans are applied to draw the grooves. However, groove depth and width 

were quite dependent on the number of scans varying from 1 to 5 repetitions, as 

it is observed in Figure 3 and Table 1. 

 

 
Figure 3. Confocal topographical profiles for the C-100 pattern a) from scan parallel to the long 

and short laser spot axis with a) 1 repetition and b) 5 repetitions. (Different values in the scales 

have presented since the images shown were taken from the confocal microscope software). 

 

This is consequence of the elliptical shape of the laser beam, making that the 

depth and width of the grooves vary from 24 µm to 37 µm or from 20 µm to 26 

µm and from 2 µm to 10 µm or from 3 µm to 15 µm when the laser scanning was 

applied in along the short or long axis and increased number of repetitions, 

respectively. 
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Table 1. Different widths and depths for different laser treatment repetitions for the C-100 sample. 

 

 

Patterned surfaces 

Scan parallel to short 

axis laser, b 

Scan parallel to long 

axis laser, a 

Width (L)           Depth (Z) 

(µm)                (µm) 

Width (L)         Depth (Z) 

(µm)                (µm) 

C-100x1 24                     2 20                   3 

C-100x2             26                    5 23                   5 

C-100x3 28                    8 24                   8 

C-100x5   37                   10  26                  15 

 

For this C-100 sample, there is not a significant difference between the depth of 

grooves generated in both scanning directions, since the material begins to melt 

and being micro-/nano-structured gradually with each additional repetition, 

which causes much of the fluence to be absorbed in the melted laser material 

rather than cutting to a greater depth. Therefore, it is after 5 repetitions when 

notable changes in roughness and the appearance of micro-/nano- structures are 

achieved, as will be presented below.  

Therefore, the overall effect of the laser treatment is that the original flat glass 

surface in a patterned surface, regular or anisotropic, where flat regions coexist 

with the laser textured grooves. In the curse of this investigation, it has been 

indicated that rather than average roughness, a relevant parameter to correlate 

optical and wetting properties of the patterned surfaces is the percentage of 

treated surface with the laser and that therefore is occupied by the grooves20. 

The estimated percentages of laser-treated glass surface over 1 cm x 1 cm are 

presented in Table 2. For 10 µm and 25 µm, the smaller separations between 

laser pattern motifs, there is no practically untreated flat areas remaining on the 

glass. This must be attributed to the overlapping of the grooves corresponding 

to two adjacent lines caused by the laser spot size limitation. For higher 

separations, L-50 and L-100, laser treated surface percentages reach 50% and 

25%, whereas higher values of 87% and 53% were maintained for the samples 

C-50 and C-100, respectively. Treated surface area percentages decreased 

drastically for larger line distances up to 500 µm both for C- and, particularly L- 

samples.  
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Table 2. Laser treated surface area percentage values normalized to a 1 cm2 for different laser 

patterned glass surfaces after having repeated the process 5 times. 

 

Lines (L-) / Cross (C-) 

samples x5 

Laser-treated surface 

percentage (%) 

L-10 100 

L-25 100 

L-50 50 

L-100 25 

L-200 13 

L-300 9 

L-500 5 

C-10 100  

C-25 100 

C-50 87 

C-100 53  

C-200 29 

C-300 19 

C-500 12 

 

At this point, it is clear than for the same distance between grooves, in C- samples 

the percentage of laser treated surface area has been always higher than in L- 

samples. Rivera-Saun et al.20 have found that 200 µm distance between 

consecutive lines minimized thermal interaction working at low frequency 

which is established as a threshold from which the percentage of treated surface 

decreases drastically. 

Laser processing parameters affect also the surface roughness. Results 

presented in Table 3 have been obtained by confocal microscopy measurements 

over a 283 µm x 334 µm scanned area, expressed in terms of the arithmetical 

mean heigh (Sa) and root mean square height (Sq) roughness parameters. 
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Table 3. Roughness parameters of the laser treated glass samples deduced from the confocal 

microscopy measurements for different laser treatment repetitions, patterns and distances 

between motifs. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 3 presents a clear increase in roughness from around 1 µm to 3 µm as the 

number of laser scan repetitions increases. On the other hand, roughness data 

reveal that roughness parameters reach maximum values for L-100 and C-100 

samples (around 4 µm and 3 µm for Sa and Sq, respectively). Then, for larger 

distances, the practically constant values of roughness parameters of 1 µm and 

2.3-2.4 µm for Sa and Sq parameters can be correlated with the almost constant 

Samples  Sa (µm) Sq (µm) 

Glass ref. 0.50                                               0.54                            

Line-distances x5   

L-10 

L-25 

0.49 

3.40 

0.63 

3.89 

L-50 3.60 4.00 

L-100 

L-200 

L-300 

4.00 

1.09 

1.00 

4.29 

2.43 

2.20 

L-500 1.00 2.30 

Cross- distances x5   

C-10 

C-25 

0.53 

2.90 

0.63 

3.50 

C-50 2.00 2.25 

C-100 

C-200 

C-300 

3.00 

2.26 

1.50 

3.20 

3.40 

2.00 

C-500 2.30 3.20 

Laser repetitions   

C-100x1 1.14 1.35 

C-100x2 2.32 2.70 

C-100x3 2.50 3.00 

C-100x5 3.00 3.20 
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percentage of treated surface area of these surfaces. Thus, roughness parameters 

appeared to be higher for the C-patterns compared to the L-ones for separations 

above 200 µm in agreement with the higher treated surface area percentage 

values. However, for smaller separations, the situation is reversed, possibly 

related to the fact that, although the percentage of treated surface in line patterns 

is lower, the width of grooves and the greater depth may be affecting in terms of 

roughness. 

Interestingly, the femtosecond laser treatment of glass surfaces also induced a 

second order texture inside the grooves as it can be seen in Figure 4.  

 

Figure 4. SEM micrographs at different zoom scales for patterned samples: a) L-10, b) L-25, c) L-

50, d) L-100, and e) C-10, f) C-50, and g) C-100. Laser treatments were carried out applying five 

laser repetitions to draw the different motifs. 
 

The SEM analysis of L-samples in Figure 4 a)-d) reveal that, due to the 

superposition of grooves, sample L-10 presents no pattern, but a continuous 

rough surface characterized by a grain-like morphology (Figure 4 a)). Only for a 

distance between lines close to the size of the laser spot (25 µm) a pattern of 

defined grooves starts to emerge on the surface. Effectively, on sample L-25, and 

with greater clarity in samples L-50 and L-100, well defined grooves appear in 

which interior elongated nanostructured features, of around 1 µm long and 0.3 
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µm width, appear to have developed, also observed for larger distances in Figure 

5. 

 

 
Figure 5. SEM images for line and cross laser patterns with larger distances between them: a) L-

200 µm, b) L-300 µm, c) L-500 µm, d) C-200 µm, and e) C-500 µm after 5 repetitions. 

 

As it is observed in Figure 4 b)–d) and 5, elongated nanostructures, well defined, 

and independent of the larger distance between lines until 500 µm, were 

developed, with groove widths slightly increasing from 0.3 to 0.5 µm 

corresponding to separations from L-100 to L-500 respectively. In agreement 
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with previous works23, the previous results show that the combination of micro- 

(laser patterned motifs) and nano-(inside the grooves) structuration of glass 

surfaces is possible by fs laser treatments leading to different roughness scales, 

in the way of topographical hierarchy, on these transparent substrates24,25. 

A similar SEM analysis than that carried out for L-samples is presented in Figure 

4 e)–g) for C- samples. For the five laser scanned samples, it is apparent that C-

10 sample, where separation between groove distance is smaller than the groove 

width, did not develop a well-defined pattern. Instead, a continuous rough 

surface was obtained. Meanwhile, samples C-50 and C-100 present well-defined 

squares of untreated surface micropillars, result that extends to greater 

distances as shown in the Figure 5 d) and e).  

A closer observation of what happens inside the grooves can be seen in Figure 

6, with an increased surface roughness resulting from the accumulation of 

elongated nanostructures when the treatment is repeated on a previously 

modified region. As laser treatments are superimposed, a better-defined region 

of elongated nanostructures inside the grooves is being defined. This region is 

around 12 µm of the 28 µm width corresponding to the whole groove after 3 

laser repetitions. It is possible to distinguish that the nanostructures placed at 

the bottom of the groove over measured around 0.4 µm width. Observing the 

images of the limit region between the generated groove and the pristine glass 

surface, the transition from the untreated region to an in-depth treated one with 

one or two different defined nanostructures can be recognized in function of the 

overlapped laser scans. 
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Figure 6. SEM images of cross laser grooves with fixed distance between lines (C-100 sample), and 

at different magnifications in function of repetitions: a) 100 µm between cross motifs with one 

laser scan, b) with two laser scans, and c) using 3 overlapping laser times. Last images correspond 

to the groove-flat glass surface frontier. 
 

5.3.2 Optical properties of laser patterned glass surfaces  

 

Optical transmittance analysis has been performed to evaluate the effect of 

patterning the transparent borosilicate. Figure 7 indicates that, in agreement 

with the treated surface area percentage in Table 2, line patterns preserve better 

the optical transmittance of the glass substrate. What can be highlighted is that 

the cross-hatching, which doubles the percentage of treated surface compared to 

the line pattern, does not proportionally harm the optical transmittance, but 

rather maintains a high level above 70% for the entire visible region. Moreover, 

a brief demonstration is presented of the effect that subsequent surface 

functionalization, with the aim of making the surface repellent as will be 
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explained in the following section, has on laser-treated substrates is included in 

Figure 7. 

 
 Figure 7. Optical properties before and after fluorination treatment of L- 100 and C-100 patterned 

surfaces. 

 

Figure 7 shows that the low surface fluorination process of the laser treated 

surfaces has not affected the optical properties for either of the two, line and 

cross, laser patterns. 

UV-visible spectra of patterned and fluorinated glass samples are reported in 

Figure 8 to assess the influence of the type of patterning on their optical 

properties. A general assessment of the set of spectra of samples F-L (Figure 8 

a)), indicates that they maintain a high degree of transparency in the visible 

range, whereas a decrease in total transmission is found in the UV region and to 

a lesser extent in the visible region at low wavelengths. We attribute this effect 

to light scattering effects, which are more important for this range of 

wavelengths and are known to depend on feature shape, size and 

distribution26,27,28. From the observation of the spectra in Figure 8 a), it appears 

that the magnitude of light attenuation transmission in the UV range correlates 

directly with the percentage of laser treated area of the borosilicate plates. 

Unlike this dependence in the UV range, in the visible region for λ>500-550 nm 

most F-L samples present a high transparency. An exception to this behaviour 

was found in sample F-L-25 where distance between grooves coincides with the 

size of the laser spot (25 µm) and where a 100% of surface area was subjected 
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to the action of the laser and the average roughness presented one of the highest 

values as it was shown in Table 2 and Table 3, respectively.  

 
Figure 8. UV-visible transmission spectra of patterned and fluorinated glass samples: Total 

transmittance of F-L a) and F-C b) samples in function of the groove separation, compared to a 

reference sample, c) total transmission spectrum of samples F-C-100 depending on the number of 

laser repetitions. Photographs of coloured letter motifs are included to directly assess the visible 

light transmission through the patterned glass samples, d) examples of the total (tot.) and diffuse 

(dif.) transmittances for F-C- surfaces in function of the separation between motifs. 

 

Figure 8 b) showcases that the optical behaviour of samples F-C vary with the 

dimension of the square micropillars patterned on the borosilicate plates. The 

spectra reveal an inverse correlation between the pattern size and the relative 

decrease in transmission intensity below 400 nm. This selective decrease in the 

UV region, is particularly intense for samples F-C-25 and F-C-10. In addition, 

there is a general decrease of the transmittance level, both in the visible and UV 

regions for samples F-C-50 and F-C-100 that reaches a maximum decrease of 

40% in the latter sample. Transmission in the visible range increases for the 

other samples, particularly for samples F-C-200/300/500, characterized by a 

percentage of laser treated surface smaller than 30% as it is reflected in Table 2.  

The transmission spectra in Figures 8 a) and b), correspond to patterns drawn 

by scanning five times the laser. Further analysis revealed that the optical 
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transmission increased for patterns manufactured with less laser scans. Figure 

8 c) presents a thorough analysis of this effect for sample F-C-100, the one 

depicting the lowest transmission from the whole series. The recorded 

transmission experienced a significant increase for the sample prepared with 

three and particularly two or one scan, in which case a transmission close to that 

of the reference sample was found for the whole range of visible wavelengths. It 

is assumed that the decrease in optical transmission with the number of laser 

scans is due to the progressive nanostructuration induced into the grooves with 

the number of laser scans (Figure 6). It is noteworthy though that even for 

sample F-C-100 where light transmission is the smallest, photographs in this 

figure demonstrate that samples present sufficient transparency for their use as 

transmission windows. As can be seen in Figure 8 d), for selected representative 

C-laser patterns, there is a non-negligible diffuse transmittance component 

when square patterns are generated which appears to be maximum for the 

separation value of 100 µm. Above this value, the untreated surface (71%) with 

larger motifs of full transparency becomes more important and seems to be less 

affected by the scattering phenomena caused by the roughness induced in the 

grooves. However, for shorter distances, even though the percentage of treated 

area is greater, the line width (37 and 26 µm depending on the scanning 

direction) is more similar to the value of the distance between lines (50 µm), 

making the untreated motifs, although smaller (~ 13 x 24 µm2), closer to each 

other. Therefore, when the distance is 100 µm, the more separated bigger 

untreated motifs (~ 63 x 74 µm2) together with the rough grooves of different 

depths (10 and 15 µm depending on the scanning direction) appears to give rise 

to a critical value of light diffusion effects.  

Scattering can be significantly reduced by incorporating to the pattern surface a 

fluid with a refraction index like that of glass (1.47)29. This strategy might be used 

with a thin polymeric layer or other conformal coating deposited onto the laser 

treated glass surface serving as host scaffold. As an example of this, a fluorinated 

lubricant, Krytox, has been infiltrated in two laser patterns to form SLIPS. The 

optical properties of these slippery surfaces are shown in the Figure 9. 
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Figure 9. Optical transmittance of a) line and b) cross glass laser patterns infiltrated with the 

Krytox lubricant liquid, compared to those without it. 

 

Figure 9 supports the enhancement of the optical transmittance reaching a level 

of 80% for the entire visible spectral region when air pores are replaced by the 

liquid of refractive index around 1.296-1.301 in both the lower transmittance 

treated cases: F-C-100 and F-L-25 surfaces. 

 

5.3.3 Wetting and anti-icing properties of transparent patterned glass 

surfaces 

 

Pristine glass surfaces present a WCA lower than 60° for droplets of 2 µl. 

However, the patterned samples L- and C- become superhydrophilic, as expected 

for their very roughness under the premises of the Wenzel model30. This 

superhydrophilic state lasted more than 3 months for samples stored under 

normal environmental conditions. To permanently convert the surfaces of 

patterned samples into hydrophobic without affecting their optical properties as 

it happens with common coatings31,32, we proceed to anchor perfluorinated 

molecules over the entire borosilicate surface (Chapter 2). This procedure has 

been, previously used for the fabrication of self-cleaning, anti-fouling and anti-

icing alumina33 and stainless-steel hierarchical surfaces (Chapter 4). If was found 

that grafting of PFOTES molecules on flat borosilicate surface induce a net and 

permanent increase in WCA from 60° to 97° as it is represented in Figure 10. 
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Figure 10. Water contact angles (columns) and freezing delay times (spots) graphs for a) F-L- and 

b) F-C- patterns; ice adhesion stress (compared to a Teflon reference) graphs for c) F-L- and d) F-

C- samples. Data for an untreated flat and glass reference are included for comparison. 

 

An increase in wetting angle must be associated to the modification in surface 

composition, a feature that was also observed when the patterned samples were 

subjected to a similar grafting process. To be able to check this phenomenon, XPS 

spectrum and chemical element quantification were carried out for glass ref., F- 

glass, C-100 and F-C-100 samples (Figure 11 and Table 4). Surface composition 

determined by XPS for laser patterned samples reveal a small increase of the 

carbon content while the O/Si ratio remaining virtually constant with values 

around 2 typical of SiO2 as it is shown in Figure 11 c). However, surface 

functionalization of the reference and laser treated samples by grafting PFOTES 

molecules lead to the incorporation onto the surface of a considerable amount of 

fluorine (21.4% and 27.8% atomic on pristine and laser treated surfaces), which 

appears in the form of -CF2 and -CF3 functional groups34 (Figure 11 b)). This and 

other changes in the atomic percentages and chemical state of C, O and Si suggest 

that a high concentration of tethered PFOTES molecules have been grafted onto 

the surface of borosilicate glass. 
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Figure 11. XPS analysis of the glass surface and the cross laser patterned one after the fluorinated 

grafting: a) survey, b) C 1s, c) Si 2p and d) O 1s spectra. 

 

Table 4. Effect of the fluorination on the atomic concentration expressed in percentages of the laser 

treated glass surface compared to the pristine reference. 

 

Atomic composition (%)   C O Si F 

glass ref. 28.8 46.3 24.9 - 
F-glass 17.9 37.1 23.6 21.4 
C-100 41.3 39.1 19.6 - 
F-C-100 25.1 30.2 16.9 27.8 

 

Dates on the wetting behavior (static and dynamic) of samples F-L and F-C 

prepared applying five laser scans are shown in Figure 10 a) and b) and Table 5. 

Samples F-L are hydrophobic with WCAs higher than 100°, approaching 150° for 

sample F-L-10 and a virtual superhydrophobic state for samples F-L-25. As 

discussed in previous section, 100% of this sample has been laser treated, and 

its overall roughness has the maximum value from the whole series (Table 3). On 
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the other hand, all F-L samples except F-L-500, present no sliding against 15 µl 

of water droplets as it can be seen in the Table 5, for different organic liquids 

studied with 15 µl of droplet volume, no difference whether sliding takes place 

along the direction of grooves or perpendicular to them. 

 

Table 5. Rolling-off angles values of 15 µl droplets of different liquids on line laser patterns in 

function of the line separation before and after fluorination measured in parallel (and normal in 

brackets) direction respect to the laser patterns. 

 

Rolling-off angle 

/° (15µl) 

water diiodo-

methane 

humic 

acid 

sodium 

alginate 

bovine 

serum 

glass ref. 57 43 41 47 47 
L -10 - - - - - 

F-L -10 90 (90) 49 (47) 90 (72) 90 (90) 90 (90) 
L -25 - - - - - 

F- L -25 90 (90) 42 (20) 30 (90) 40 (90) 20 (90) 
L-50 - - - - - 

F- L-50 90 (90) 62 (35) 55 (90) 62 (90) 60 (90) 
L-100 - - - - - 

F- L-100  90 (90) 75 (30) 45 (90) 55 (90) 60 (90) 
L-200 - - - - - 

F- L-200 
L-300 

F- L-300 
L-500 

F- L-500  

90 (90) 
- 

90 (90) 
- 

23 (90) 

15 (15) 
- 

16 (90) 
- 

39 (90) 

60 (90) 
- 

44 (90) 
- 

40 (90) 

60 (90) 
- 

45 (90) 
- 

40 (90) 

57 (90) 
- 

50 (90) 
- 

40 (90) 

 

Only in sample F-L-500, water droplets readily slit along the direction of grooves 

(RoA of 23°) but become blocked in the perpendicular direction. A selective 

directional sliding of water droplets has been reported for other systems with 

directional patterns or drawings and attributed to the asymmetric wetting of 

water droplets35. Other liquids including diiodomethane and biological fluid 

simulants to study anti-fouling behaviour, slit more readily than water 

(presenting RoAs smaller than 90°) and an anisotropic behavior that depended 

on rolling direction, particularly for samples with a distance between grooves 

equal or higher than 300 µm (Table 5). Increasing the distance between lines and 

grooves that generate a pinning effect seems to favor the decrease of water 

droplets sliding angle in the longitudinal direction. Since the sliding is possible 

due to a force-unbalance between the gravitational force and the surface tension 
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of the droplet, whereas the general hydrophobic state is quite similar for L-

surfaces of larger micro-separations, it must be a topographical effect influencing 

the droplet movement on the predetermined direction along the grooves. 

Besides for F-L-500 the untreated flat surface area becomes predominant, and 

the droplet overcomes interfacial friction resistance due to the rough grooves 

surfaces36. 

In the case of the anisotropic laser patterned surface, the WCAs of samples F-C 

are reported in Figure 10 b). Wetting data for the F-C-100 pattern prepared 

applying from 1 to 5 laser scans to draw the grooves is also included (Figure 10 

c)). All F-C samples were hydrophobic (generally with a higher WCA than the 

equivalent F-L samples with grooves separated by the same distances), reaching 

a state close to superhydrophobicity for samples F-C-100 and F-C-50. It is 

noteworthy that this close to superhydrophobic state found in sample F-C-100 

was achieved applying five laser scans according to a progressive increase with 

the number of cycles that induced changes of the in-depth grooves from 2-3 µm 

to 10-15 µm (according to the laser scan direction) and, consequently, an 

enhanced roughness of the groove path. A rough estimation of the number of 

contacted square motifs under a 2 µl or 15 µl droplet when the WCA of the F-C-

100 is around 170⁰ represents around 36 or 40 square micropillars, respectively, 

as the optimum condition for superhydrophobic laser treated glass surfaces37. 

Thus, lower WCA values for higher distances between motifs implies larger 

contact surface area of the droplet that cover an order of magnitude greater 

number of flat motifs. While in the opposite trend, smaller separations for similar 

contact surface area of the droplet (similar WCA) involves several thousand 

motifs included under the drop, i.e. multiplies the presence of micro-/nano- 

rough grooves acting as pinning points predicted by the Wenzel model. 

According to Rivera-Saun et al.20 it is possible to relate the roughness factor and 

the surface fraction in contact to the liquid, of the Wenzel and Cassie-Baxter 

models respectively (Chapter 1) with morphological parameters of the 

developed patterns, i.e., distance between lines, grooves depth and widths of 

grooves and untreated regions in both laser scanning directions. For the F-C-100 

surface, these factors take the values of 1.15 (Wenzel factor) and 0.47 (Cassie-

Baxter factor) that tends to approach to a Cassie-Baxter behaviour. Whereas, for 

the other laser patterns, the morphological features dimensions lead to a 

predominance of the roughness level induced by grooves depths lower than 20 
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µm pointing to a Wenzel response20. Therefore, this wetting state results from 

the anchoring of tethered PFOTES molecules on the surface characterized by a 

micro-roughness of the laser pattern and a high nano-roughness at the grooves 

in a hierarchical version, with a minimum contribution of the untreated 

borosilicate surface regions. 

As it is observed in Table 6, most fluorinated cross patterned surfaces present a 

pinning droplet effect that cannot be able to rolling-off the surface, except for the 

F-C-50 and 100 cases that represent the most optimal distances between grooves 

for decreasing RoAs values. Particularly, for most biofouling agents, RoAs values 

lower than 2⁰ indicate total repellence and superomniphobicity when combines 

with the contact angle measurements. However, for distances smaller and 

greater than 50 - 100 µm, a “petal-like” wetting is exhibited.  

 

Table 6. Rolling-off angles values of 15 µl droplets of different liquids on cross laser patterns 

samples in function of the line separation before and after surface fluorination. 

 

Rolling-off angle /° 

(15µl) 

water diiodo-

methane 

humic 

acid 

sodium 

alginate 

bovine 

serum 

glass ref. 57 43 41 47 47 

C -10 - - - - - 

F-C -10 90  90 87 90  90  

C -25 - - - - - 
F- C -25 90  - 90 90 90 

C-50 - - - - - 
F- C-50 <2 70 <2 <2 <2 
C-100 - - - - - 

F- C-100  <2 79 <2 <2 <2 
C-200 - - - - - 

F- C-200 
C-300 

F- C-300 
C-500 

F- C-500 

90  
- 

90 
- 

90 

60 
- 

30 
- 

39 

90 
- 

90 
- 

90 

90 
- 

90 
- 

90 

90 
- 

90 
- 

90 

 

The anti-icing properties of samples have been evaluated through the 

determination of FDTs shown in Figure 10 a) and b), and ice adhesion strength 

results in Figure 10 c) and d). F-L samples with grooves separated by small 

distances depicted the longest FDTs around 100 and 110 min for a 2 µl water 

droplet deposited on the surface at -10⁰C, this magnitude decreasing as the 

distance between grooves increases. Meanwhile all F-C samples presented FDTs 
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longer than one hour, following again the trend of WCAs. Values were slightly 

higher than those found with F-L samples with equivalent groove distances. 

Outstanding FDTs of 180 and 168 min were found for samples F-C-100 and F-C-

50, respectively. Compared to current transparent anti-icing proposals in the 

literature, mainly based on coatings, the FDT values presented here are an order 

of magnitude longer at the same freezing temperature, demonstrating the anti-

icing potential of the combination low fluorination + laser pattern38,39. This 

behaviour suggests a clear correlation between FDT and 

hydrophobicity/roughness through the surface treated area percentage in 

contact with the water droplet as predicted eq. 4-6 in Chapter 1. Added to this is 

the fact that borosilicate glasses have usually very low heat transfer coefficient 

(~1,2 Wm-1K-1) that tends to increase with the surface roughness40. However, 

these low fluorinated patterned glass surfaces presented remarkable retards of 

the icing phenomena.  

Supporting this anti-icing promising behaviour, ice adhesion strength at -13 ⁰C 

(Figure 10 c) and d)) presents a minimum for sample F-L-100 (~41 kPa, close to 

the Teflon reference), increasing for samples with higher or smaller distances 

between grooves. And, for the cross patterned surfaces, the remarkable 

icephobic character, particularly of sample F-C-100 prepared with five laser 

scans, is confirmed by a value of 23 kPa, quite similar to the Teflon tape 

reference. F-C-100 samples prepared applying fewer laser repetitions or the 

other F-C samples with smaller and larger groove distances presented higher ice 

adhesion strengths. This ice adhesion strength response can be related to the 

interlocking mechanism that occurs between the micro-/nano- roughness and 

the ice when interacting grooves have developed less depth (nº repetitions) or if 

there are structured grooves closer together compared to the 100 µm distance 

case, as well as if larger separations between motifs reduce the effect of the 

topographical hierarchy (surface treated area percentage) on the wettability 

trending to present similar adhesion strength values than that obtained for the 

fluorinated flat glass reference. Therefore, it is required a compromise between 

specific roughness levels and surface chemical modification on these borosilicate 

glass to achieve low ice adhesion results in line with what was indicated in the 

eq. 7 from Chapter 1. It should be noted that the potential anti-icing SLIPS based 

on the development transparent glass that presented ice adhesion strength 

values of 32 and 18 kPa for the F-L-25 and F-C-100 samples, respectively. 
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5.3.4 Water condensation on patterned glass surfaces  

 

Water condensation experiments were carried out in an environmental chamber 

and in an environmental electron scanning electron microscope to, respectively, 

follow the water condensation capacity at the macro-scale on samples F-C-100 

and F-L-100 and at the micro-scale on sample F-C-100. These samples present 

highly hydrophobic or superhydrophobic states and the best anti-icing 

performance (Figure 10). Water condensation is highly dependent on 

temperature and relative humidity (RH) conditions of environment. 

Experiments were carried out at 2 ⁰C and different degrees of RH. Figure 12 

displays a series of images taken at 2 °C and 90% RH for the investigated samples 

in a vertical configuration.  According to images in Figure 12 a1)-a4), taken from 

2 to 60 min of exposure to the humid and cold conditions, a considerable amount 

of water condenses and forms a continuous layer on the reference sample placed 

in a vertical position. A rough estimation of the amount of water condensed on 

this sample is around 1 µl/cm2 after 60 min. Unlike this, much less water 

accumulated on the surface of the hydrophobic laser patterned surfaces was 

observed for similar time intervals, where their distribution took the form of 

isolated or separated droplets, depending on the analysed pattern, instead of a 

continuous layer41. By eye inspection, the water accumulation degree over the 

observed surface area follows the order: ref-glass >> F-L-100 (horizontal) > F-L-

100 (vertical) > F-C-100. Interestingly, only small differences were found for 

sample F-L-100 oriented with their grooves in horizontal or vertical positions, 

indicating that laser patterning did not function as an effective drainage system 

of the accumulated water giving its wetting behaviour in the typical Wenzel state. 

It should be noted that the condensation of macroscopic water droplets only 

starts on sample F-C-100 for RH degrees higher than 60%, unlike what happens 

on other surfaces. Therefore, a high level of humidity was established as 

represented in Figure 12 b), where small droplets on the F-C-100 surface began 

to appear after 17 min of stay under condensation conditions. A rough estimation 

of water surface coverage from Figure 12 b3) was 68%, meaning 0.6 µl/cm2. 
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Figure 12. Water condensation experiment at 2 °C and 90% RH for the samples placed in vertical 

position. Snapshots were taken for the indicated times from 2 to 60 min for: a) glass ref., b) and c) 

F-L-100 with the grooves placed in horizontal or vertical direction, respectively, and d) F-C-100. 
 

The diameter of these primary observed droplets was approximately of 25 µm 

and, assuming a spherical shape, it had a volume of approximately 8x10-6 µl. 

Augmenting the condensation time provoked an increase of the droplet size until 

100 µm diameter corresponding to a volume of 5x10-4 µl, accompanied by a 

decrease in the number of droplets on the surface in what it appears to be a kind 

of Ostwald ripening process. It is defined as a physical process where larger 
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particles tend to grow at the expense of smaller ones. This phenomenon is 

related to the difference in vapor pressures between the small and large 

particles. Small particles have a greater curvature and, therefore, higher surface 

tension. This creates a higher vapor pressure inside them compared to what 

happens in larger particles. The higher vapor pressure promotes the transfer of 

material from these small droplets to the larger ones42,43. Therefore, after 60 min 

these droplets had approximate diameters of 500 µm and an estimated volume 

of 65 x 10-3 µl. It is relevant to stress that the overall amount of condensed water 

did not increase significantly from the situations in Figure 12 d2) to Figure 12 

d4). 

All long this latter experiments the water droplets, albeit the vertical position of 

samples, did not slide away from the surface, not even on the surface of 

superhydrophobic behaviour (F-C-100). This is likely related with their small 

volume and the fact that gravity forces are not enough to overpass the adhesion 

forces with the substrates. A completely different situation was the one 

encountered for the rolling of angle measurements where 15 µl water droplets 

readily slide-off at angles as small as 5°. 

Water condensation proceeds differently for a RH smaller than 60%. For 

example, in experiments carried out at 48% of RH at 2 °C, considerable water 

condensation could be observed on the glass-ref sample, while no macroscopic 

water droplets remained on sample F-L-100 where they readily slide-off even for 

surface inclinations as small as 1-2° at it is shown in Figure 13. The snapshots 

show that after 10 min, water droplets of 25 µm diameter were visible on the 

bear glass reference surface. A progressive accumulation of water droplets 

continued to occur on this sample, while no water droplets could be detected on 

the F-L-100 patterned surface (note that condensed water droplets traces can be 

seen on the back of sample F-L-100 due to its transparency).  Interestingly, a 

“reality show” experiment carried out with this sample consisting of its exposure 

to falling snow at temperatures around -4 ⁰C showed no accumulation of snow 

after more than 18 min and for samples orientation close to tilted position 

around 45° facing the direction of arrival of the snowflakes. 
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Figure 13. a) Sequence of images of a water condensation test in a controlled environmental 

chamber at 2 °C and 48% RH and increasing times for a reference sample (top) and F-L-100 sample 

(bottom) including two respective zoomed regions of the last time event; b) sequence of images of 

a real experiment in Poland was carried out for F-L-100 sample at -4 °C for different ice exposition 

times. 

 

To get deeper into the water condensation behaviour on the patterned glass 

surfaces (its reluctance to accumulate macroscopic water layers onto their 

surfaces), a study at the microscale in an environmental microscope following 

the water condensation on the samples kept at 2 ⁰C and increasing water vapor 

pressures in the microscope chamber were performed as it is shown in Figure 

14. This figure shows a series of ESEM images describing the condensation 

behaviour on samples glass ref. and F-glass and samples C-100 and F-C-100. 

Vapor pressure inside the chamber was varied from 700 Pa (water saturation 

pressure at 2 ⁰C, according to Figure 8 in Chapter 1) to values as high as 1200 Pa 

(note that the walls of the microscope chamber were not cooled, only the sample 

holder).  

On the glass reference, even for the smallest vapour pressure of 700 Pa, water 

forms large condensates that enlarge its size and eventually form big water 

accumulations in a film wise mode at the highest water pressure of 1200 Pa. This 

behaviour is characteristic of a hydrophilic surface and reproduce well the 

condensation behaviour in air at the macroscale. 
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Figure 14. ESEM images at different water vapor pressures evolution of the water condensation 

phenomena onto the following surfaces at 2⁰C: a) glass ref., b) F-glass, c) C-100 and d) F-C-100. 

 

On the fluorinated flat glass reference, between 700 and 1000 Pa of vapor 

pressure in the ESEM chamber, condensation proceeds through the formation of 

small and spherical droplets, which are distinctive of a hydrophobic behaviour 

and grew with the vapour pressure rise. Thus, droplets increased in volume and 

coalesced with the neighbouring ones at 1200 Pa but keeping always a diameter 
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smaller than 100 µm as it is reflected in Figure 14 b).  ESEM images of the water 

condensation on the highly hydrophilic sample C-100 reveals two well-

differentiated regions (Figure 14 c)): initially water accumulates in the form of a 

continuous pool inside the grooves, followed by the formation of small droplets 

on top of the flat surface of square micropillars. On the highly 

hydrophobic/superhydrophobic F-C-100 sample shown in Figure 14 d), the 

formation of very small spherical droplets was only observed for a water vapor 

pressure around 1000 Pa, above the water saturation pressure at the 

temperature of the sample (Figure 14 d2)) and was slightly more favourable on 

the flat surface of micropillars. Further increasing the vapor pressure to 1200 Pa 

produced an increase in the size of microdroplets, although their size was much 

smaller than that found on sample F-glass for the same conditions. It could be 

proposed that the presence of grooves separating the micropillars in sample F-

C-100 prevents the coalescence of microdroplets into larger droplets as it 

happens in sample F-glass. This effect would be like the one observed for this 

sample in the cooling chamber at atmospheric pressure (Figure 12 d3) and d4)), 

where grooves seem to prevent the coalescence of droplets because they remain 

fixed by the grooves. To account for the difference in the size of water droplets 

formed on sample F-C-100 in the experiment in air and the one in the 

microscope, we hypothesize that in the former case growth of water droplets is 

possible through the already mentioned Otswald ripening mechanism, while it 

would be hindered in the ESEM. This would be the case provided that the droplet 

growth through ripening takes place by an evaporation-condensation 

mechanism44. This would be possible in the air experiment where the RH is 98% 

but would be hindered in the case of the ESEM where the water vapour pressure 

is higher than the water saturation pressure at the sample temperature. In this 

regard, the ESEM experiments suggests that the low surface energy and 

superhydrophobic character of samples F-glass and particularly F-C-100 

efficiently hinders the formation of water droplets on their surfaces even for 

vapour pressures above the saturation pressure of water at the temperature of 

surfaces. 
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5.3.5 Anti-fouling response of transparent patterned glass surfaces 

 

The wetting behaviour of the patterned glass samples has been further 

characterized with simulated fouling fluids. Figure 15 shows the contact angles 

of droplets of polar (water) and non-polar liquid as well as other fluid agents 

such as proteins dispersions deposited on the pristine glass reference sample 

compared to the laser patterned ones: C-100 and F-C-100 surfaces. 

 
Figure 15. a) Anti-fouling response through wetting measurements with polar, non-polar and 

organic liquids for glass ref., C-100, F-glass and F-C-100. Sequence of images of anti-fouling 

behavior using b) bovine serum (blood simulator), and c) humic acid (mud simulator) for the F-C-

100 sample. 
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Data in this figure reveal fouling agents on the untreated reference sample depict 

wetting angles between 50⁰ and 60⁰ (partially omniphilic). Unlike this 

behaviour, sample C-100 was omniphilic, because there was a complete 

spreading of the liquids on its surface, in agreement with the high RoA values 

collected in Table 5. After fluorine surface functionalization, the wetting 

drastically changed. Figure 15 a), showcases contact angles values around 115-

125⁰ for the fluorinated flat surface and a superomniphobic behaviour, with 

contact angles higher than 150⁰, on sample F-C-100. This supports a notable anti-

fouling response and self-cleaning capacity in line with what was predicted by 

equation 2 of Chapter 1, a behaviour that was further confirmed by the series of 

picture sequences presented in Figure 15 b) and c), algo in agreement with the 

sliding behaviour reflected in Table 5. 

Finally, Table 4 reveals that the line laser pattern allows the obtention of a 

selective repellent/attractive behaviour to fouling agents: it is possible to retain 

the sliding of 15 µl fouling simulant fluid droplets in the direction perpendicular 

to the lines while, on the line parallel one, the sliding is allowed almost 

independently on the distance between them. This could have potential 

applications in microfluidics and smart windows/displays.  
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5.4 Conclusions 

In this chapter, it is shown how, through focused laser technology using a 

femtosecond laser on a transparent substrate, it is possible to control the micro-

and nano-structuration of the surface based on patterns from the perspective of 

biomimetics, aiming for achieving superhydrophobicity.  

Two laser patterns were studied: parallel lines and asymmetric square 

micropillars, through the variation of two main laser parameters, i.e., the 

distance between laser generated grooves and the laser overlapped repetitions, 

focused on the control of the wetting properties while preserving the 

transparency.  

It has been proven that the parametrization of the UV femtosecond (fs) laser 

technology manages to minimize the alteration of the optical properties of these 

transparent glass substrates in the form of diffuse scattering. Moreover, 

transparency was not at all affected by the chemical functionalization with 

fluorinated molecules.  

Borosilicate glass has been chosen as reference substrates due to their low 

thermal expansion coefficient and resistance to thermal shocks compared to 

commonly used substrates as promising anti-icing candidate, however its 

surface exhibited hydrophilic behavior even after the morphological changes 

induced by the laser treatment. A subsequent fluorine-based surface 

functionalization through chemical anchoring of fluorinated molecules has been 

proposed to promote a transition from a Wenzel-type wetting response of rough 

patterned surfaces (superhydrophilic) to a Cassie-Baxter-type one 

(superhydrophobic). Besides, related properties such as anti-fouling, anti-

fogging and anti-icing have been able to be observed. 

Regarding the laser treatments with line and square patterns, the variation of the 

distance between motifs from 10 µm to 500 µm has been explored, finding a 

trend from 100% to 5% or 12%, depending on the respective pattern, for the 

percentage of laser-treated surface. Therefore, specific laser patterning 

conditions have been found with 5 repetitions (depths around 10 – 15 µm) and 

distances between 50 and 100 µm to develop the highest water contact angles 

values, better anti-fouling response, longer freezing delay times, lower ice 

adhesion strength response, and better resistance to water condensation. The 

best performance corresponded to the F-C-100 glass surface with around 53% 
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of laser treated surface of micro-/nano- roughness generation, exhibiting a 

Cassie-Baxter-type behaviour. 

In general, square patterns had better wetting derived functionalities compared 

to the line ones. Nevertheless, an anisotropic sliding behaviour, which has had 

an impact on the anti-fouling capacity, has been revealed for the line laser 

patterned transparent surface, allowing the control of the fluid droplets 

movement along or across the surface.  
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Abstract  

Relevant sectors like aeronautics demand reliable ice-repellent surfaces. 

However, existing solutions lack for durability, reproducibility, adaptability to 

complex geometries, and environmental sustainability. Biomimetic approaches 

to water-repellent phenomena have been inspired by animal and plant textures 

that feature nano-microscale roughness and a particular chemical 

functionalization to create highly effective surfaces with icephobic purposes. In 

this chapter, we propose the exploitation of hierarchical surfaces based on 

supported 1D core@shell nanofibers grown by combining vacuum and plasma-

assisted deposition with a soft-template method. This protocol has been applied 

to medium-scale substrates and 3D aeronautics profiles. Anti-icing properties 

have been tested using advanced techniques, especially ice-wind tunnel facilities, 

and environmental electron microscopies. The developed hierarchical surface 

has exhibited stable superhydrophobic and omniphobic behaviour consequently 

with a permanent Cassie-Baxter wetting state even at low temperature, humid 

and windy environments. In addition, these surfaces were tested as anti-fouling, 

self-cleanable, and icephobic, revealing potential implementation in outdoor 

protective applications. 
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6.1 Introduction 

In cold seasons, as well as in working conditions where the altitude is high, and 

temperatures decrease, effects related to ice formation and ice accumulation, 

frost, and fogging phenomenon are highly significant for applications such as 

aeronautics, where ice accreted on different parts of aircraft can produce several 

damages affecting aerodynamics, communications, and damage of different 

sensors. Ice accumulation on aircraft can disrupt airflow, reducing lift and 

increasing drag, which creates dangerous flying conditions. Other application 

fields  affected by low temperature working conditions- could be related to wind 

energy, power transmission systems, outdoor security cameras, commercial and 

domestic refrigeration systems, traffic, construction, and food cold chain among 

others1,2,3.  For example, ice buildup on transmission lines can cause them to sag 

or break, resulting in power outages and potential hazards to nearby structures 

and people. Other reasons why icing issues should be solved are related to 

economic impact, efficiency, and environmental considerations. Such scenarios, 

endangering mainly safety and reliability in their respective fields, highlight the 

need to find systems capable of preventing the formation and accumulation of 

ice.  

To prevent ice formation and accumulation (anti-icing passive capability) or 

remove ice efficiently once it has been formed (de-icing active performance), the 

most sensitive devices are equipped with ice protection systems (IPSs)4. 

Presently, these IPSs, are classified as active systems, as they require external 

energy to function. The most widely used active systems employ mechanical5, 

chemical6, or thermal methods7,8, with thermal technology being the most 

advanced and commonly implemented in the aviation industry, for wing 

surfaces, leading edges, engines (air inlets), propellers and rotors and sensors 

and pitot tubes9. However, in certain places of aircraft, IPSs are not viable or 

efficient due to limitations such as weight, space, or energy requirements, 

making passive systems more suitable. For example, the phenomena known as 

secondary or runback icing occurs when melted ice coming from active IPSs 

moves to downstream areas of thermally covered zones in both aircraft and wind 

turbines, reaching sensors and other operational devices. Through these 

secondary processes, the liquid water flows to unprotected regions and 

refreezes beyond the ice protected areas10. Other crucial aerodynamic surfaces, 

like wing leading edges and control surfaces, rely on passive ice protection to 
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avoid compromising stability from added weight or vibrations. Small external 

sensors, such as those for temperatures, pressure, and airspeed, also require 

passive solutions, as active systems could interfere with their functionality. 

Other engine components, including air intakes and fan blades, can benefit from 

passive methods by maintaining airflow efficiency and reducing energy use. 

Even active systems, to be more energy efficient, also require passive surfaces, 

protective and preventive ones, that reduce interaction with ice.  In this chapter, 

we propose nanostructured multicomponent passive solutions capable of 

reducing interaction with ice, thus addressing one of the hybrid solutions 

outlined in the SoundofIce project. 

Superhydrophobic surfaces, exhibiting remarkable water repellency with a 

contact angle (CA) greater than 150⁰ and a rolling-off angle (RoA) below 10⁰, 

known as a Cassie-Baxter (CB) state11,12,13 have been identified as promising 

solutions for icephobic applications3,14. Typically, that repellent wetting behavior 

is achieved through micro-nano structured configuration combined with low 

surface energy chemical termination,  what significantly reduces the solid-liquid 

contact area partly thanks to the ability to trap air, which in turn could decrease 

the thermal exchange required for the phase transition at low temperatures 

(take into account the low thermal conductivity of stationary air, around 0.026 

Wm-1K-1)15. Although it is commonly assumed that the thicker the passive 

system, the lower the heat transfer through it to prevent the ice formation, the 

thermal conductivity of the materials does not depend on the insulating 

thickness. So, in a porous surface, the thermal conductivity of trapped air plays a 

fundamental role, that depends inversely on the air molecule mean free path (a 

few tens of nanometres) to the pore size ratio15. Since low temperatures lead to 

lower air thermal conductivity16 they are the solid surface contact points that 

promote the ice nucleation degrading the icephobic properties. Therefore, by 

minimizing the contact points of water / surface interaction, superhydrophobic 

porous surfaces should minimize the probability of heterogeneous ice nucleation 

at cold environments, thus preventing ice formation. 

Additionally, moisture content can reduce the surface thermal resistance 

because the thermal conductivity of water if 20 times greater than that of room 

air. So, at low temperatures and under notable humid conditions, water 

absorption in porous structures leads to an increase in the effective thermal 

conductivity of the surface17 allowing the condensation of water in the pores, 
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which would reduce the number of open pores in the structure. Also, surface 

tension increases when the temperature decreases that affect the wettability, 

that is, promoting the Cassie-Baxter (“lotus-like”) superhydrophobic to 

hydrophobic Wenzel (W, “petal-like”) behaviours transition18,19, which increases 

the water/surface contact area, being enhanced if roughness is present, 

promoting freezing. Thus, the CB to W transition accelerates the heterogeneus 

ice nucleation and increases the strength of ice adhesion to the porous surfaces20. 

Even if the temperature returning to room values, the reverse transition could 

not occur21 due to a high surface free energy state and structural changes. 

Returning to the C-B state would require removing this additional surface free 

energy or restoring air pockets, now filled with water, what is challenging 

without active intervention. Therefore, the surfaces lose their water repellency 

and become sticky, compromising their icephobic properties or the repellent, 

antimicrobial response as biomaterials22,23. This irreversibility is crucial for 

applications needing stable water interactions, whether to repel or retain 

water24. Current strategies used to mitigate the transition from CB to W states 

include surface texturing and surface chemistry modification using low surface 

free energy coatings, molecules, and liquids in order to stabilize the water 

repellence capability22,23,25. 

It is should be noted that the roughness at the nanoscale can also play a key role 

in the ice nucleation, as exposed in Chapter 1, because concave motifs at low 

temperature seem to reduce the energy barrier of water molecules to organize 

themselves and give rise to ice crystals. However, the influence of the roughness 

on the ice formation from water liquid droplets, specially on superhydrophobic 

surfaces, is still uncertain or unconcluded, sometimes due to the difficulty of 

distinguishing topographical from chemical effects26. On the contrary, the 

interfacial free energies between vapor/liquid and solid surface seem to govern 

the different freezing events since vapor to surface interfacial energy is higher 

than the nucleus to surface corresponding one. Therefore, an ice nucleus from 

the liquid phase is expected to have a larger contact angle than one from the 

vapor phase, and consequently, the reduction of the energy barrier to trigger 

freezing due to the topography is less important when ice nucleation comes from 

a liquid droplet. Moreover, water droplet temperature has an influence in the 

freezing mechanism since supercooled water presents higher viscosity and 

surface tension than room temperature water27. 
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However, the Achilles heel of icephobic surfaces is stability and durability. It is 

well known that the mechanical properties and thermal performance of passive 

surfaces age. One of the main effects is the wear of insulating agents or the 

infusion of ambient air that can absorb moisture into the porous structure. Both 

passive and passive-protected active systems to mitigate ice accumulation  must 

be designed to ensure stability, durability and substrate compatibility, 

particularly in aeronautical applications where a diverse range of materials is 

involved, including different metallic alloys, composites and laminates. 

Extending these concerns to other substrates, such as glass or polymeric 

surfaces, highlights the challenges of developing systems that prevent ice 

formation while ensuring compatibility and transparency. These configurations 

are also applied in other fields, such as the automotive industry for heated 

windshields, displays and outdoor screens and architectural glazes28. Therefore, 

the strategies to overcome applied incompatibilities must be adaptable to any 

type of substrate and surface.  

In this chapter, icephobic passive surfaces based on hybrid hierarchical nano-

micro-structures are proposed and studied to prevent ice formation on medium 

area samples and cylindrical geometries. We propose the use of laser patterning 

of metallic substrates (aeronautical substrates) and the development of 

supported 1D core@shell nanofibers to produce superhydrophobic surfaces, 

even at low temperatures. This approach provides a surface development with 

permanent Cassie-Baxter wettability by combining three levels of roughness 

with  a peculiar chemical modification. Particularly, the method involves 

nanosecond IR laser treatments of AL6061 substrates followed by the 

application of the soft-template method for the formation of core@shell 

nanofibers with tunable morphology, density and composition29,30.  

Laser technology is applied in metallic substrates to achieve aleatory or ordered 

roughness at the microscale. Herein, we advance over the results presented in 

Chapter 3, extending the growth of core@shell nanofibers to laser treated alloys 

at larger scales and on complex substrates shapes and morphologies, including 

airfoils. We take advantage of the combination with low free energy materials in 

small content/concentration, like PDMS and fluorinated molecules grafting to 

produce highly robust and omniphobic hierarchical surfaces. On a step forward, 

we test the anti-icing capability under harsh environmental conditions 

employing advanced large facilities and aeronautical conditions.   
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As explained in Chapter 2, the nanofibers resulting from the soft-template 

method31 were developed using two organic molecules with different 

sublimation temperatures to provide different parameter options related to 

nanofiber density, diameters, and lengths, particularly different surface aspect 

ratio. The sublimation temperature depends on the molecule employed as a 

building block of the organic nanowires and can be compatible with 

temperature-sensitive substrates. Thus, the results gathered in this chapter can 

be straightforwardly extended to glass and polymeric substrates to allow for 

transparent and flexible anti-icing surfaces. Finally, the proposed passive surface 

will be tested as universal protective ending of active de-icing systems governing 

by two different fundaments: electrothermal heating and surface acoustic waves. 

 

6.2 Experimental Section  

6.2.1 Materials and samples preparation 

 

AL6061 polished plates of 10 x 5 cm2 and aeronautics profiles of 2 cm of diameter 

and 10 cm of length were supplied by INTA (National Institute of Aerospace 

Technology) as shown in Figure 1 a). These substrates were cleaned using 

detergent water solutions.   

Laser treatments of these substrates were performed at room temperature using 

a 20 W diode-pumped Nd laser operating at 1064 nm with a pulse width of 100 

ns (see Chapter 2). It was the first step of generating a first level of micro-

roughness. The next steps devoted to the obtention of a hierarchical surface that 

combines nanowires of nanostructured surface are included in the growth of 

nanostructures by the soft-template method using OPVD technique (Chapter 2) 

with two different organic molecules: 1,5-diaminoanthraquinone (DAAQ) and 

free metal phthalocyanines (H2Pc) (see Figure 1 b)), with 150⁰C and 350⁰C 

sublimation temperature, respectively, at the working pressure of 10-3 mbar of 

Ar.  
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Figure 1. a) AL6061 polished plates and aeronautic profiles after a mild laser treatment; b) 

different organic molecules (free phthalocyanine and 1,5-diaminoanthraquinone) employed for 

organic nanowires grow by OPVD process; c) schematic of the core@shell nanofibers deposition 

including PDMS embedding and fluorine-based grafting. 

 

Both molecules present one-dimensional growth of organic nanowires (ONW) 

directed by π-conjugated stacking. Substrate temperatures above 200 °C and 60 

°C for H2Pc and DAAQ were fixed, respectively. It is worth noting that in the case 

of the DAAQ, temperatures as low as 60 °C make the growth of ONWs compatible 

with temperature-sensitive substrates, such as polymers. TiO2 seed layers and 

shells were fabricated by PECVD (Chapter 2) as shown in Figure 1 c). The shell 

thickness was controlled by the growth duration and rate of the TiO2 on the 

ONWs decorated substrates, being the 250 nm the nominal thickness of the TiO2 
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shell. The final steps involve the formation of a thin layer of PDMS (80 nm 

thickness), working as hydrophobic and protective coating to enhance the 

substrate adhesion, the nanostructures flexibility, (according to results in 

Chapter 3) and expected resilience to ice accretion and impact. PDMS was 

functionalized by grafting of 1H,1H,2H,2H-Perfluorooctyltriethoxysilane 

(PFOTES) molecules. This protocol allowed the comparison of surfaces with 

different morphologies, and nanofibers density and surface aspect ratio (defined 

as the nanowires length /diameter ratio) while keeping the same chemical 

modification. 

Hereafter, the following labeling is employed to include the multi-step 

processing of the surfaces: AL - aluminum substrates, L- laser treatment, P- 

PDMS layer, and F- fluorinated grafted molecules. Thus, the samples were 

mentioned as AL-L-DAAQ@TiO2-P-F or AL-L-H2Pc@TiO2-P-F depending on the 

used organic precursor. Reading the label from left to right represents the step-

by-step processing of the substrate (except for the formation of the TiO2 seed 

thin film (TF) not included as it is inherent to all the surfaces) to end up in the 

chemical functionalization of the external shell. 

 

6.2.2 Surface characterization: morphology, wetting, environmental 

stability, durability and anti-icing capability  

 

The morphological aspects of the hierarchical surface have been explored by 

SEM analysis in both cross section and top view configurations. Surface aspect 

ratio was estimated by means of SEM image treatments using ImageJ software. 

The wetting properties of the potential passive surfaces were evaluated by 

contact angle measurements using 2 µl polar (water contact angle - WCA) and 

non-polar liquid (diiodomethane contact angle - DCA) droplets in a contact angle 

goniometer (Chapter 2). Data presented is an average over 3 measurements per 

condition. Omniphobic properties were also evaluated through rolling-off angle 

(RoA) measurements with biological fluid simulants described in Chapter 2. To 

evaluate the stability of the hydrophobic state and to check the possible C-B to 

W transition, evaporation process monitoring32 of 5 µl bidistilled water droplet 

deposited on the surface at low temperature were carried out in terms of finding 

correlations between WCAs, Triple-Phase-Contact-Line (TPCL) diameter and 

Laplace pressure (details included in Chapter 2).  
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Durability tests (detailed in Chapter 2) were conducted on both hierarchical 

systems through exposure to UV-vis light using a 300 mWcm-2 light source for 

90 min at a 30 cm distance between light source and faced samples. Thermal 

cycling in a conventional laboratory oven was performed for 3 cycles from room 

temperature to 150 °C for 120 min. Immersion tests were carried out in two 

different solvents (50 ml of isopropanol and acetone, respectively) for 30 

minutes.  Additionally, rain erosion tests were conducted in the universal 

machine at 5 ⁰C using two different working modes: water jet and water dripping 

with 30⁰ tilting and 50 cm distance between sample and water dispenser, for 90 

min in each working mode. Measuring WCA before and after durability 

experiments was used to verify the wetting stability of the passive surface. 

Environmental stability and anti-fogging behavior were evaluated through 

microscopic observation of the water vapor condensation on the surface carried 

out by “in situ” Environmental Scanning Electron Microscopy (ESEM)33,34 

performed at INSA as well as at BIONAND, operating at 30-35 kV, with pressure 

values from 300 Pa to 1500 Pa to achieve water condensation and sample 

temperature kept at 2 °C. In the annex supporting this chapter, Environmental 

Transmission Electronic Microscopy (ETEM)35 study of the water/nanofibers 

interaction at high resolution depending on their wetting state is included, 

having also been performed at INSA (experiments detailed in Chapter 2).  

The anti-icing capability of the hierarchical surfaces was evaluated through 

freezing delay experiments, pull-off ice adhesion and complemented by 

advanced tests carried out at the Icing Wind Tunnel (IWT) at INTA simulating 

real flight conditions. Freezing delay was performed under dry conditions using 

a nitrogen flow in a sealed chamber, with 2 µl of bidistilled water droplets, at a 

temperature of -5 °C. Pull-off ice adhesion experiments were carried out in the 

Universal Material Testing Machine at -13 ⁰C with 90% relative humidity using 

1 ml of bidistilled water, Teflon cantilevers, and waiting for more than 20 min for 

the complete freezing process of ice particle. Two icing tests were performed in 

the IWT: centrifugal ice adhesion and ice accretion experiments to evaluate the 

anti-icing properties under harsh conditions. Ice adhesion experiments were 

conducted using a centrifugal mode (300 rpm) with glaze ice blocks of about 2.75 

cm x 5 cm formed at -5⁰C and 70 m/s of air speed, Liquid Water Content (LWC) 

around 1 g/m3 and Mean Volume droplet Diameter (MVD) of 20 µm. Ice accretion 

experiments were realized with a medium distance of 50 cm between the sample 
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and the supercooled droplet injector, at -5 ⁰C without collimators, working with 

the same glaze ice formation parameters that in the ice adhesion test. Once the 

ice is generated, the experimental setup is placed inside the cold chamber where 

the tunnel is located, maintaining the same temperature as the ice formation 

conditions36, to perform both adhesion and accretion experiments. 

 

6.3 Results and discussion 

6.3.1 Hierarchical surfaces: topography and morphology  

 

Figure 2 shows characteristic SEM and confocal images of the morphology of the 

laser-treated aluminum alloys.  

 

 
Figure 2. a) Top-view SEM micrographs of AL-L at different magnifications; b) confocal and 2D 

map images of AL-L surface. 

 

Figure 2 a) presents SEM micrographs of the AL-L sample surface at different 

magnifications fabricated under the so called “explosive” laser conditions 

(described in Chapter 2). It exhibits a micro-scale porous random roughness, i.e., 

without an orderly pattern, with medium size grooves in the range between 10 

and 20 µm. The surface microstructure consists of deep, narrow features, with 

valleys of 65 µm in depth shown in the confocal image and 2D profile at the 

micro-scale (Figure 2 b)). The main roughness parameters, Sq (root mean square 
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height) and Sa (arithmetical mean heigh) are 13 µm and 10 µm, respectively, 

reaching a surface roughness scale of tens of microns. The next step to achieve 

the hierarchical surfaces (combination with the nanoscale) is the growth of 

nanostructures exploiting the soft-template method. Figure 3 a)-c) shows the 

nanofibers grown on a reference Si(100) wafer, with phthalocyanine ONWs and 

a TiO2 shell nanostructure. Figure 3 d)-f) display the 1,5-diaminoantraquinone 

core-based nanofibers finished with similar TiO2 conformal coating grown on the 

laser treated substrate.  

 

Figure 3. Microstructural characterization by SEM images at different magnifications for: a-c) Si-

H2Pc@TiO2 (flat silicon reference substrate), and d-f) AL-L-DAAQ@TiO2 (laser treated aluminum 

substrate). 

 

Figure 3 a) shows the preferential vertical alignment of the nanofibers on the 

substrates. This alignment is related to both the presence of the electrical field in 

the plasma sheath and the enhanced stiffness of the nanofiber upon the 

formation of the TiO2 shell. Figure 3 b) presents the formation of high density 

DAAQ@TiO2 nanofibers obtained on the microstructured laser treated substrate. 

As it has been previously reported37 the ONW density is enhanced on laser 

grooves due to a high number of nucleation sites and exalted supersaturation 

conditions. The formation of 1D-aligned nanofibers does not clog the laser 

grooves but produces two new levels of roughness, i.e., in the microscale, related 

to the nanofibers’ length and at the nanoscale, given the nanofibers’ surface 

roughness. Both SEM zoomed images (Figure 3 c) and f)) highlight the 

nanostructure of the conformal TiO2 shell with a cauliflower-like configuration 

70nm100nm400nm

a) b) c)

3um 1um 200nm

d) e) f)
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generated by the nanocolumnar arrangement of the TiO2 nanocolumns. This 

nanostructured morphology depends on the plasma conditions during the 

formation of the shell and is equivalent for both organic cores. However, in the 

example in Figure 3 d)-f) the TiO2 deposition conditions lead to a thicker shell of 

200 - 250 nm (compared scale bars between panels c) and f)). Therefore, the 

nanostructured surface provides a third scale of roughness to the system in the 

range of the tens of nm that is conditioned to the used ONW core, which may 

define the roughness hierarchy needed for a superhydrophobic Cassie-Baxter 

surfaces29,34,38. Employing different organic molecules allows for controlling the 

density, and length of nanofibers. Thus, the average nanofiber length and 

diameter for the H2Pc were 1 µm and 60-70 nm, respectively, in comparison with 

DAAQ core, showing 600 nm and 90-100 nm, respectively. This phenomenon is 

related to the π-conjugated specifications and single-monocrystalline growth of 

this organic molecules according to different variables such as seed layers, 

temperature of the deposition, deposition rate and work pressure39. From those 

average length and diameter as well as the shell thickness, aspect ratio values 

can be estimated. Thus, the hierarchical samples formed by supported 1D 

core@shell nanostructures using H2Pc and DAAQ exhibits aspect ratio values of 

9 and 1.5, respectively.  

The nanofibers were subjected to a hybrid chemical surface modification, 

previously explored in Chapter 3, in order to enhance substrate adhesion, 

mechanical and repellence properties. Figure 4 shows the hierarchical surfaces 

after embedding in PDMS and perfluorinated grafting, i.e., AL-L-

DAAQ/H2Pc@TiO2-P-F. The surface nanoroughness, although softened, is still 

respected when the nanofibers were coated with the PDMS layer as observed in 

Figure 4 d) and h).  
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Figure 4. SEM microstructural characterization of the hierarchical surfaces in function of the core 

organic nanowires, both coated and modified with PDMS and fluorine molecules, respectively: a)-

d) AL-L-H2Pc@TiO2-P-F and e)-h) AL-L-DAAQ@TiO2-P-F. 
 

Although the deposition of PDMS by spin coating was optimized to achieve a 

suitable thickness to preserve the generated micro- and nano-roughness, the 

different core@shell nanostructure aspect ratio promotes different degrees of 
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polymeric coverage: from conformal coatings to partially embedded nanofibers, 

as is the case with shorter DAAQ@TiO2 nanofibers.  The average thickness of the 

PDMS is 80 nm which results in a mean thickness increase of ca. 40 nm for both 

AL-L-H2Pc@TiO2-P-F and AL-L-DAAQ@TiO2-P-F nanostructures. It should be 

noted that the incorporation of perfluorinated molecules to the surface does not 

affect the nanostructure since its estimated length is around 15 Å. The free 

movement and flexible characteristics of these fluorinated chains well anchored 

to the surface are responsible for preventing interaction with external agents40. 

This type of hierarchical porous surface morphology has been proposed as an 

effective approach to achieve superhydrophobicity and to mitigate ice formation 

by reducing heat transfer to the substrate34,41,42. In the following sections, we 

thoroughly analyse the wetting and anti-icing properties of our hierarchical 

nanostructures and present their compatibility with different active de-icing 

approaches. 

 

6.3.2 Wetting properties of hybrid hierarchical surfaces  

 

The wetting properties were evaluated through static contact angle 

measurements using polar and non-polar liquids at room temperature and water 

at subzero temperature. As shown in Figure 5, the water and diiodomethane 

contact angle measurements were obtained for different levels of surface 

hierarchy from aluminum reference to complete hybrid core@shell systems (AL-

L-H2Pc/DAAQ@TiO2-P-F). The AL sample exhibited a partial hydrophilic state 

with WCA value of approximately 70°. After laser treatment, hydrophobicity 

slightly increased reaching WCA~90⁰, likely related to a higher surface 

roughness and presence of carbonaceous species due to storage and aging under 

room conditions43. The deposition of TiO2 thin films, which were later used as a 

nucleation seed layer for the growth of the supported 1D core@shell 

nanostructures, involved a decrease of the contact angle on both Al reference and 

laser treated substrates, which did not exceed 80° (AL-TiO2 TF and AL-L-TiO2 

TF). This evolution responds to the lower contact angle corresponding to TiO2 

surfaces, which present hydrophilic behavior just after deposition under plasma 

conditions and evolve toward a higher contact angle upon exposure to room 

environment.  
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Figure 5. Contact angle measurements for increased complexity of surface hierarchy, 

characterized by sessile droplets of 2 µl, including bi-distilled water and diiodomethane. Freezing 

delay time was estimated for bi-distilled droplets of 2 µl and surface temperature of -5 °C. (The 

statistics in each experimental data are reflected by a ±5% error). 
 

Contact angles below 70⁰ were observed for diiodomethane (~51 mNm-1 of 

surface tension) for the reference substrate, AL-L and TiO2 seed layers, 

highlighting the amphiphilic nature of this type of metal oxides (TiO2)44. 

As the roughness scales with the growth of core@shell nanostructures, the 

contact angle increases for both water and diiodomethane droplets. Particularly, 

the contact angle values of AL-L-DAAQ@TiO2 and AL-L-H2Pc@TiO2 samples may 

be compatible with a typical petal-like wetting behavior45,(i.e., lower than 150°) 

but still far from the reported lotus effects46.   

There is a substantial enhancement of both hydrophobicity and oleophobicity 

behaviors for samples coated with the PDMS thin film. While the interaction with 

water seemed to be more influenced by surface chemistry (PDMS) in view of the 

similar WCA values within the margin of error, the higher surface aspect ratio 

has promoted greater repellency to diiodomethane droplets. Despite PDMS is 

one of the petal effect model materials46, its combination with a structural 

hierarchy provides contact angle values in the range expected for the lotus effect, 
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particularly for the AL-L-DAAQ/H2Pc@TiO2-P surface with 150° and close to 

120° of WCA and DCA values, respectively. In general, both passive strategies 

using DAAQ and H2Pc as organic cores for nanostructures growth obtained 

notable improvements of repellency (superhydrophobicity and oleophobicity) 

with the presence of fluorinated molecules anchored to the PDMS surface (last 

two bars in Figure 5). The highest WCA and DCA values were obtained with the 

hybrid surface modification (F+P) of the H2Pc core-based hierarchical samples. 

This result is in good agreement with the lower solid fraction expected from the 

H2Pc-based nanofibers endowed with a higher aspect ratio than the DAAQ ones. 

Moreover, both modified hierarchical surfaces (AL-L-H2Pc/DAAQ@TiO2-P-F) 

exhibit RoA values (related to water and diiodomethane droplet sliding) lower 

than 5°, which indicates a full repellence (superoleophobic response) as it is 

collected in the Table 1. 

To evaluate the wetting stability of the developed hierarchical surfaces in 

comparison to the AL reference sample, evaporation experiments at 0 °C were 

carried out. 5 µl of bidistilled water were used in a dry atmosphere supplied by 

N2 gas flow. The objective was to differentiate superhydrophobic from 

hydrophilic wetting responses by analysing the influence of Laplace pressure 

during the droplet evaporation process when it is deposited on these special 

open porous hierarchical structures. Laplace pressure, detailed in Chapter 2, 

states that the pressure difference between the inside and outside of a drop 

increases with the liquid surface tension (ϒ) and decreases with the droplet 

curvature radius (R). This pressure is the result of the liquid's tendency to reduce 

its surface area due to surface tension acting towards the interior of the liquid to 

maintain its ideal spherical shape. Typically, rough wettable surfaces create 

negative Laplace pressures, enabling capillary wicking, while rough non-

wettable surfaces create positive Laplace pressures, exhibiting fluid repellency47. 

Particularly, superhydrophobic nanostructures lead to high Laplace pressure 

values on water droplets resulting in bouncing and sliding phenomena on these 

non-sticking surfaces48.  

The droplet evaporation evolution has been typically used as indicative 

parameter of the stability of a Cassie-Baxter state. Thus, if the pressure of the 

liquid can overcome the surface tension of the air trapped in the pores during 

the evaporation, the wettability evolves towards Wenzel-type, as water can 
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penetrate and fill the pores. This feature allows to identify the transition from 

superhydrophobic to hydrophobic/hydrophilic behaviours. 

 

Table 1. Rolling-off angle values of 10 µl droplets of different liquids on the hierarchical surfaces 

compared to the substrate reference. 

 

Rolling-off 

angle (°)/10µl 

Water Oil Humic 

acid 

Sodium 

alginate 

Bovine 

serum 

AL >90 >90 >90 >90 >90 

AL-L >90 >90 >90 >90 >90 

AL-TiO2 TF >90 >90 >90 >90 >90 

AL-L-TiO2 TF 90 90 90 90 90 

AL-TiO2-P TF 71 59 75 75 77 

AL-L-

DAAQ@TiO2 

38 53 51 53 50 

AL-L-H2Pc@TiO2 45 49 50 53 49 

AL-L-

DAAQ@TiO2-P 

15 29 27 25 24 

AL-L-

H2Pc@TiO2-P 

38 45 41 42 42 

AL-L-

DAAQ@TiO2-P-F 

<2 <2 <2 <2 <2 

AL-L-

H2Pc@TiO2-P-F 

<2 9 6 7 6 

 

Figure 6 shows the trend of the WCA and the TPLC diameter of a 5 µl water 

droplet deposited on the AL-L-DAAQ@TiO2-P-F hierarchical surface as function 

of the Laplace pressure compared to the case on the reference Al6061 surface 

during the evaporation event at temperature close to 0 °C.  
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Figure 6. Evolution of the water contact angle and triple phase contact line diameter of a 5 µl water 

droplet as a function of the Laplace pressure approximately according to P=2ϒ/R, deposited on a) 

AL6061 ref. surface (hydrophilic) and b) AL-L-DAAQ@TiO2-P-F hierarchical surface 

(superhydrophobic) during evaporation at 0 ⁰C in dry environment. 

 

Depending on the way the droplet evaporates, the TPCL evolution will be 

different, whether the change in volume (droplet radius) or the change in surface 

tension (contact angle) predominates49. It should be noted that the evaporation 

rate must compete with the cooling and freezing processes at low temperature. 

Moreover, a dry environment tends to favour the evaporation due to the 

difference in humidity between the droplet and the surrounding air as well as 

the higher water vapor pressure.  

50 100 150 200 250 300 350
0

30

60

90

120

150

180
 WCA

 TPCL diameter

Laplace Pressure (Pa)

W
C

A
 (

º)

0

2

4

6

8

T
P

C
L

 d
ia

m
e

te
r 

(m
m

)

50 100 150 200 250 300 350
0

30

60

90

120

150

180
 WCA

 TPCL diameter

Laplace Pressure (Pa)

W
C

A
 (

º)

0

2

4

6

8

T
P

C
L

 d
ia

m
e

te
r 

(m
m

)

a)

b)



                                                                                                                             CHAPTER 6 

255 
 

For the reference surface, a hydrophilic behaviour was reflected by low WCA 

values (around 70°) at the beginning of the experiment, decreasing to values 

close to 10° by the end of the evaporation process at 0 °C in dry atmosphere. The 

surface tension of a droplet typically increases as the temperature decreases. For 

water, the surface tension goes from 72.8 to 75.5 mNm-1 when the temperature 

drops from room to 0 °C. Since the liquid surface tension is indicative of the 

cohesive forces between liquid molecules at the contact solid surface, these 

become stronger at low temperature and resist spreading out over the surface. 

Besides, at lower temperatures, the reduced molecular motion allows 

intermolecular forces to dominate, resulting in higher surface tension.  This fact 

would result in the measurement of greater contact angles, which should be 

maintained as the volume of the drop is reduced by undergoing at low-

temperature evaporation process. However, as the water evaporates, the 

amount of water molecules near the surface decreases, what, at low temperature, 

due to lower thermal movement, establishes stronger adhesive interactions with 

the surface reducing the water contact angle. Also, since the water droplet 

contour decreases as evaporation occurs together with the increase of water 

viscosity at low temperature, the droplet shape can change influencing the 

contact angle. On the other hand, most solid surfaces also increase their surface 

free energy at low temperatures that enhances the affinity to be wet. Therefore, 

the competition between all of these factors is involved in the resulting trend in 

the Figure 6. There was a fast drop for both WCA and TPCL diameter evolution 

consistent with such a hydrophilic behaviour of the flat reference. During 

evaporation, the droplet kept a low curvature shape defined by higher radius 

values at low Laplace pressure values (see first points in Figure 6 a)). In this 

region, the maximum Laplace pressure that the droplet deposited on the surface 

could withstand before the final changes in surface tension (caused by droplet 

disappearance) was around 60 Pa.  

In contrast, the first WCA measurement on the hierarchical surface leads to a 

higher Laplace pressure as a consequence of a smaller droplet curvature (TPCL 

diameter) due to the more spherical shape adopted when deposited on a 

superhydrophobic surface. Also, slower and more gradual decrease of both WCA 

and TPCL diameter was observed in Figure 6 b) for the superhydrophobic AL-L-

DAAQ@TiO2-P-F surface, where the evaporation process lasted for 3 hours. In 

this case, WCA and TPCL diameter values presented extremely slow fall for 
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higher Laplace pressure values in comparison with the reference. Hence, the 

hierarchical sample with a characteristic Cassie-Baxter wettability has endowed 

with an outstanding resilience to the Laplace pressure influence50. The 

multiscale roughness and chemical functionalization of this hierarchical system 

were able to delay the Cassie-Baxter to Wenzel transition at 0 °C until to 100 Pa.  

After that, the hierarchical surface delayed for longer time the droplet volume 

decrease until 350 Pa at the dry and cold environment.  

 

6.3.3 Anti-fouling characterization  

 

The ability to repel fluids simulating fouling agents can be used to demonstrate 

the anti-fouling capacity of surfaces. Various organic simulants of surface tension 

values lower than that corresponding to water, around 50-65 mNm-1, were 

employed to assess this bio-fouling repellence similarly to that protocol 

previously presented in Chapter 4. Figure 7 shows the contact angle 

measurements using different organic solutions together with different 

snapshots of the droplet interaction with the developed hierarchical surfaces. 

Contact angle values were quite low for the reference surfaces, with or without 

TiO2 coating and even with the induced roughness state by the laser treatment. 

Meanwhile, a notable increase has been observed when a PDMS thin film was 

included, reaching values between 80-100° with various organic liquids 

droplets. The presence of nanostructures enhanced the repellency behavior, 

improving the omniphobicity for both nanofibers grown with DAAQ and H2Pc 

cores, as shown in Figure 7. Besides, wrapping the supported 1D core@shell 

nanostructures with the polymeric coating did not include significant 

improvements in the anti-fouling response unless combined with the fluorinated 

functionalization. In fact, for fluids with similar surface tension, such as 

diiodomethane and bovine serum, both the hierarchical structures and those 

coated with PDMS showed a worse affinity for diiodomethane droplets, which 

are denser and more viscous compared to the bovine serum ones.  
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Figure 7. a) Contact angles of 2 µl droplets on the surfaces with different complex hierarchy. Data 

are shown for the following simulated fouling agents: diiodomethane, humic acid, sodium alginate, 

and bovine serum. b) Snapshots showing the anti-fouling response of the AL-L-DAAQ@TiO2-P-F 

sample to different liquid droplets of 10 µl as labeled. 

 

However, the presence of perfluorinated molecules leads to a well-defined anti-

fouling properties regardless of the used fouling fluid. Particularly, the sample 

AL-L-DAAQ@TiO2-P-F reached contact values close to 170°. This result agrees 

with the current literature that points to the surface chemical modification 
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necessary to achieve a total repellence (superomniphobic behavior)51, and its 

optimal combination with nanostructures52.  

Table 1 presents the rolling-off angle values of  larger droplets on the studied 

surfaces. The experience confirmed the repellent response of AL-L-DAAQ@TiO2-

P-F and AL-L-H2Pc@TiO2-P-F surfaces, with RoA values lower than 2⁰ and 

around 6-9⁰, respectively, since a complete organic liquid droplet sliding on 

those surfaces. For the other hierarchical surfaces, such as the AL-L-

DAAQ@TiO2-P sample, the RoA values were  25⁰ for the different biological 

simulators, whereas higher values ( 50⁰) were found for the bare hierarchical 

surface. The images in Figure 7 b) depict the complete droplet sliding behavior 

on the surface of the best anti-fouling surface, i.e., AL-L-DAAQ@TiO2-P-F, which 

preserved superhydrophobic behavior even after the anti-fouling experiments.  

 

6.3.4 Water condensation experiments  

 

“In-situ” water condensation observation was carried out using environmental 

electron microscopy (ESEM). ESEM images sequence of the omniphobic AL-L-

DAAQ@TiO2-P-F and AL-L-H2Pc@TiO2-P-F surfaces in a supersaturated humid 

environment are presented in Figure 8. After 5 minutes (Figure 8 top) I-II) the 

water vapor pressure increased from dry conditions (~350 Pa) to wet conditions 

(~800 Pa) with no impact on the AL-L-H2Pc@TiO2-P-F surface, as evidenced by 

the absence of microdroplets in the micrographs. According to Figure 8 in 

Chapter 1, at 2⁰C the saturated vapor pressure corresponds to a value around 

706 Pa. It is worth stressing that the electron beam scanning could be influencing 

the water condensation on the region under observation. Therefore, nearby 

unexposed areas with equivalent focus planes were periodically checked to see 

if water evaporation could occur due to continuous scanning34. After 7 minutes, 

and increasing of the water vapor pressure until 1401 Pa, the surface remains 

unchanged (blurring is due to the water vapor supersaturated environment).  



                                                                                                                             CHAPTER 6 

259 
 

 
Figure 8. Top view ESEM micrographs for AL-L-H2Pc@TiO2-P-F (top green square) and AL-L-

DAAQ@TiO2-P-F (blue square bottom) surfaces at 2 °C for increasing water vapor pressure and 

relative humidity conditions (RH) as labelled. 
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At 1400 Pa of water vapor pressure, sample temperature increased until 6 ⁰C 

(theoretical water vapor pressure of 935 Pa) and the relative humidity rose to 

98% without any signs of water condensation on the cold hierarchical surface. 

Finally, after approximately 12 minutes at 100% RH, isolated spherical droplets 

(with an estimated diameter of 8 µm) began to be visible (see yellow arrows). 

Figure 8 bottom) gathers the results of an equivalent experiment for the 

hierarchical surface of lower aspect ratio (i.e., from DAAQ organic cores). In this 

case, the surface resisted more than 40 minutes under higher water vapor 

pressure and high relative humid conditions without evidence of water 

condensation. At stages I) and II), the dual-scale roughness of this surface was 

clearly resolved, and even at 1400 Pa and 98% relative humidity, no 

microdroplets were observed. Considering the phase diagram of water from 

Figure 8 in Chapter 1, at high-pressure values such as 1400 Pa, liquid water 

should start to be present between 0 °C and 15 °C, with a humidity percentage of 

98%. In conclusion, the superhydrophobic behaviour prevented the water 

condensation on the surface under severe temperature, pressure and relative 

humidity conditions. It should be noted that since water condensation is an 

exothermic process53,54 even with the little increase of the surface temperature, 

condensation on it was not appreciated unlike other more hydrophilic regions 

inside the microscope.  

To understand the anti-fogging response, it should be considered the differences 

in thermal conductivity of the hierarchical surface materials. Standard thermal 

conductivity of AL6061 is 152 W mK-1, meanwhile, the corresponding to 

amorphous TiO₂ (seed layer and shell) is in the range 0.2-0.7 W mK-1, and even 

lower for PDMS, i.e. 0.15-0.2 W mK-1 55,56,57. Since the cooling of the samples was 

carried out by using a Peltier plate below them (temperature sensor was placed 

there), water condensation could occur not only at the interior of the laser 

groove defects, but also at the sides and sample holder acting as low-

temperature points of hydrophilic behaviour.   

It is expected that the superhydrophobic Cassie-Baxter wettability of these 

hierarchical surfaces will induce different water condensation mechanisms 

based on the final combination of surface hierarchy and chemical 

functionalization58. The surface modification is equivalent for both types of 

hierarchical surfaces, including PDMS and PFOTES grafting. Therefore, the 

differences in the condensation are likely related to the differences in 
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morphology, aspect ratio, and density of the nanofibers.  We hypothesize that the 

lower aspect ratio of the DAAQ-based nanofibers allows for higher coverage of 

the nanoroughness, specially of the deepest laser groove regions, by the PDMS 

and perfluorinated grafting, reducing the nucleation sites available for 

heterogeneous water condensation. As stated in Chapter 1, according to eq. 3, 

the expected critical size radius for temperature differences between 5-10⁰C 

from 0⁰C would be around 4.6-9 nm59,  what is in the range of the roughness scale 

developed with the TiO2 shell nanostructures.  

 

6.3.5 Icing behavior of the hybrid hierarchical surfaces 

 

Experiments aimed at determining the freezing delay time (FDT) (the duration a 

surface at -5 °C in a dry atmosphere can prevent ice formation when 2 µl water 

droplet is deposited on it) have been previously illustrated in Figure 5. All 

surfaces without nanostructures, including AL, AL-L, AL-TiO2 TF, and AL-L-TiO2-

P TF, showed a freezing delay time of less than 26 minutes. This maximum time 

corresponds to the FDT of the PDMS-coated sample. The hydrophilic nature of 

the surfaces, combined with a roughness topography in the microscale (even 

flatter when coated with PDMS), results in a larger water-surface interface area. 

This larger area facilitates heat exchange and promotes a quick freezing from the 

cold interface toward the top of the liquid droplet60,61.  

Hierarchical surfaces presented similar FDT values, ranging from 20 to 26 

minutes to those of the smooth low surface free energy PDMS surface. The 

presence of air pockets should slow down heat exchange due to the low thermal 

conductivity of air (0.025 W mK-1), making cooling condition difficult. Besides, 

the TiO2 nanostructured shell has a high surface tension and hydrophilic 

behaviour. This structure can create defects that serve as initiation sites for ice 

nucleation. The presence of air pockets in hierarchical surfaces contributes to 

the increase of the WCA until it reaches a superhydrophobic behavior, 

decreasing the surface tension upon contact with water, which is not affected by 

the decrease in temperature below 0°C. This favors a very reduced physical 

contact between the perfect spherical water droplet and the surface, only 

through pinning points of nanometric dimensions that, added to the low thermal 

conductivity of the air located in the porosity, makes it difficult for a stable 

Cassie-Baxter to Wenzel state transition even at -5 °C. Taking into account that 
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nominal thermal conductivity values of the materials employed in the 

development of the hierarchical surfaces are higher than that of the air present 

in the pores of the structure, and decreases linearly as temperature decreases17. 

Liu et al.62 found that the air thermal conductivity is not affected by the pore size 

at the microscale and thus the effective thermal resistance of a microstructure 

may increase with the microporosity. Otherwise, regarding the effect of the pore 

size in the nanoscale, when air molecules mean free path and the pore size of the 

TiO2 shell are of the same order of magnitude, the effective thermal conductivity 

of the nanoporous structure would be practically determined by that of the 

trapped gas in the open pores, which would tend to decrease. The other critical 

parameter is the moist environment since the effective thermal conductivity of 

porous surfaces tends to increase with the ambient humidity17. 

Consequently, combining topographic hierarchy with chemical modification is 

necessary to obtain anti-icing performance. Longer FDTs were observed when a 

thinner PDMS encapsulation on both hierarchical surfaces was added, reaching 

values of 90 and 81 minutes for AL-L-DAAQ@TiO2-P and AL-L-H2Pc@TiO2-P 

samples, respectively. Finally, a fluorinated surface termination through the 

anchoring of fluorinated molecules allowed the longest FDTs: 182 and 119 min 

for the AL-L-DAAQ@TiO2-P-F and AL-L-H2Pc@TiO2-P-F surfaces, respectively. 

Even without considering the effect of the PDMS embedding, the nanostructure 

with lower surface aspect ratio (DAAQ core) has been found to be more 

beneficial in delaying freezing. Consequently, the physicochemical nature of 

PDMS (surface tension and heat thermal conductivity around 20-25 mNm-1 and 

0.15-0.2 W mK-1, respectively) together with the coverage of deeper structural 

defects and the known water repellency of perfluorinated molecules contributed 

to inhibiting ice nucleation in icing environments. 

To further evaluate the icephobic behavior of the Al-L-DAAQ@TiO2-P-F surface, 

ice accretion, and centrifugal ice adhesion experiments were conducted in an 

icing wind tunnel (IWT) at the INTA facilities. Figure 9 presents the results of 

the ice accretion tests, which were carried out using glaze ice formed at -5 °C and 

a wind speed of 70 m/s, as detailed in Chapter 2. 
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Figure 9. Pictures of ice accretion experiments at -5 ⁰C, 70 m/s of airspeed and glaze ice for AL-L-

DAAQ@TiO2-P-F hierarchical surface (top left panel a)) as well as zoomed regions at posterior 

event times (panels b) and c)), compared to other surfaces, from right to left in panel a): AL6061 

reference sample, AL-L-DAAQ@TiO2-F, and AL-L-F. 

 

It is known that the higher air speed moving across a surface, the higher the rate 

of heat transfer through the surface and, consequently, the faster the freezing 

triggering. However, the hybrid hierarchical surface, as illustrated in Figure 9, 

shows clean areas free of ice particles compared to the other tested surfaces that 

display a continuous layer of several millimeters of glaze ice on top characteristic 

of a film-wise water accumulation when high-speed supercooled water droplets 

impact on them. These results stress the role of the surface hierarchy and 

chemical termination in reducing heterogeneous ice nucleation and accretion63. 

In contrast, the exposition of the AL-L-DAAQ@TiO2-P-F surface to freezing 

conditions resulted in an extremely low ice coverage through the unusual 

formation of ice particles keeping quasi-spherical drop-like shapes. This fact 

indicates that the Cassie-Baxter regime was stable under severe icing conditions 

for more than 240 s. The accreted ice content on the hybrid hierarchical sample 

after 240 seconds represented approximately 40% less of the surface area of the 

sample compared to the others. This performance was even more impressive 

considering its reproducibility after three cycles, which confirms the stability of 
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its anti-icing capability. The result indicates the synergetic combination of the 

chemical modification with the hierarchical structure that supports stress 

accumulation and topographical damage that typically affect rigid 

superhydrophobic surfaces under ice particle formation and/or impact 

conditions64.  

It is important to note that the literature indicates that one of the disadvantages 

of using superhydrophobic rough surfaces in anti-icing applications is their 

generally low performance when it comes to ice adhesion. To shed light on this 

issue, ice adhesion tests using a centrifugal ice adhesion method were performed 

(see Chapter 2). The acceleration speed was settled at 300 rpm for all the 

samples. Collimators were employed to provide normalized glaze ice accretion 

area on the surfaces. The samples were weighed before and after the experiment 

to determine the amount of accumulated ice mass, calculating the angular 

velocity for each of these samples and their adhesion values65,66. Figure 10 

presents images of the ice adhesion state before and after the surfaces, including 

as references the AL6061 substrate and two low-adhesion aeronautical coatings 

(paints). The estimated ice adhesion strength is 260±54 kPa for the aluminum 

reference and 88± 5 kPa for the aeronautical paints.  

Figure 10 i) shows the equivalent amount of ice accreted for all the surfaces at 

the initial step of the experiment. Meanwhile, Figure 10 iii) displays the final 

stage, showing the presence of visible ice residues on the tested surfaces. 

Particularly the ice weighed after the centrifugal test was 7.0 g, 8.0 g and 7.3 g 

for the AL-L-F, AL-L-DAAQ@TiO2-F, and AL-L-DAAQ@TiO2-P-F samples, 

respectively, corresponding to ice adhesion strength values of 400 kPa, 628 kPa, 

and 439 kPa, respectively. Although these values are far from the slippery 

references, are in the same order of magnitude than that corresponding to the 

flat aluminum, even better than other literature proposals, such as silane-based 

patterned surfaces67,68,69. 
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Figure 10. Pictures of the centrifugal ice adhesion tests at -5 ⁰C and 300 rpm, using glaze ice of the 

proposed surfaces: AL-L-F, AL-L-DAAQ@TiO2-F and AL-L-DAAQ@TiO2-P-F compared to the 

aeronautical references. 

 

The reason why the fluorinated hierarchical sample without the PDMS coating 

showed higher ice adhesion values compared to the same coated hierarchy lies 

in the insufficiently smoothed roughness at the nanoscale or the lack of 

concealment of defects from the laser treatment still exposed. Roughness may be 

harmful to promote a mechanical interlocking of the ice nuclei within the micro, 

and mainly nano-scales70,71. It has been reported that laser-induced morphology, 

combined with the presence of nanostructures, creates an interlocking 

mechanism that traps ice nuclei within the surface roughness. Other adverse 

factor to improving anti-adhesion properties is the use of sticking polymers of 

similar chemical nature than the high density PDMS72. However, it is worth 

highlighting the good performance of this hierarchical surface in ice accretion 

experiments conducted in the IWT, as well as the promising results in runback 

experiments like those previously reported with another functionalized 

hierarchical structure previously developed by the research group, using the 

same chemical modification on oriented nanocolumnar Al2O3 coatings deposited 

on laser treated aluminum aeronautical substrates10,73. Other factor of 
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improvement to reduce these ice adhesion values include reducing the density 

of PDMS reaching a liquid-like slippery termination74,75. 

 

6.3.3 Durability and stability characterization of the hybrid hierarchical 

surfaces 

 

The durability test matrix of physical and chemical essays representing the real-

life applications detailed in Chapter 2 has been applied to the best performance 

anti-icing surfaces, i.e., AL-L-DAAQ@TiO2-P-F and AL-L-H2Pc@TiO2-P-F. Figure 

11 summarizes the positive results obtained after these aging and durability 

tests. 

          

Figure 11. Summary about durability tests for  AL-L-DAAQ@TiO2-P-F and AL-L-H2Pc@TiO2-P-F 

samples checking the surface integrity and  wetting stability. 

 

As shown in Figure 11, both hybrid hierarchical surfaces exhibited positive 

results concerning changes in wettability and physical alterations after the 

proposed tests. Notably, no loss of coating integrity was observed after three 

hours of rain erosion experiments, which were conducted under two working 

modes: dripping and jet dosing. In the same way, the surfaces resisted 

adequately the interactions with solvents, UV light, and under thermal cycling.  
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To further evaluate the durability of the fluorinated surface functionalization of 

the hierarchical surfaces, we followed the evolution of surface chemistry during 

the aging of the samples. Considering that the perfluorinated molecules grafted 

feature long, and flexible C-F chains that can evolve upon aging, we monitored 

periodically the chemical composition (XPS) and the wettability of the surfaces. 

This analysis is also relevant in the context of the new European regulations 

aimed at reducing the use of perfluorinated and polyfluoroalkyl substances 

(PFAS), defined as forever chemicals. Looking also for alternatives to the 

extended use of the  (1H,1H,2H,2H-Perfluoro-octyltriethoxysilane 98% 

(PFOTES)) precursor, we have also included in the study two other fluorinated 

molecules considered more environmental-friendly due to their shorter carbon 

chains and, therefore, fewer C-F bonds, or promoter of stronger bonds to the 

surface: 1H,1H,2H,2H-Perfluorodecyl-triethoxysilane 97% (PFDTES), and 

Trichloro(1H,1H,2H,2H-Perfluorooctyl)silane 97% (TCPFOS). 

XPS spectra and quantitative analysis of the surface atomic concentration have 

been obtained for different time intervals (1 month, 5 months, 9 months and 13 

months) of air storage in hermetic boxes, as well as the corresponding WCA 

analyses were studied. Stability of the molecular anchoring is assessed through 

the silanol groups of these perfluorinated molecules and the hydroxyl groups (-

OH) on the pre-activated surfaces with mild plasma, or ozoniser treatments. 

Figure 12 gathers the XPS spectra corresponding to the survey, and high 

resolved binding energy regions of interest (C 1s and F 1s) for each of these 

molecules for different intervals until 13 months from the first measurement 

(the corresponding atomic concentration is collected in Table 2). 

Just after performing the chemical derivatization with the different 

perfluorinated molecules, the surface state was quite similar. It was notable the 

incorporation of fluorine atoms bound to carbon ones and for the presence of 

silicon or chlorine at binding energies corresponding to -O-Si- and -Cl-Si- 

species76,77 depending on the used molecule (see Figure 12 panels a-c)). Fluorine 

incorporation varied from 28% to 34% when PFOTES or PFDTES was employed 

in good agreement with the higher fluorine content of the precursors (13 F atoms 

versus 17 ones, respectively). 
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Figure 12. XPS survey spectra and high resolution XPS spectra corresponding to C 1s and F 1s 

regions at different aging times for functionalized hierarchical surfaces: a) PFOTES, b) PFDTES and 

c) TCPFOS. 
 

The primary highest incorporation of fluorine at the surface was observed with 

the TCPFOS precursor, which also has 13 F atoms per molecule, reaching 39% 

atomic concentration. This result might indicate that after surface activation 

with oxygen plasma, the link through the formation of Si-O bonds to the surface 

by the loss of a chlorine atom (~380 kJ/mol Si-Cl bond energy) would be more 

efficient than that through the loss of the oxygen linked to a methyl groups (~450 

kJ/mol Si-O bond energy)78. F 1s spectra in Figure 12 a)-c), corroborate the 

incorporation of fluorine on the surface with binding energies between 687.8 – 

687.3 eV assigned to the presence of covalent C-F bonds79. The increase of the 

fluorine content is also accompanied by an increase in carbon concentration 

(Table 2 and Figure 12 a)-c)). 
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Table 2. Atomic concentration of the elements: F, C, O, Si and Cl by XPS by progressive aging time 

intervals of the fluorinated functionalized hierarchical passive surface. Representation of the 

chemical formula of the molecule is also included as an illustration of each fluorinated precursor. 

 

 
 

C 1s XPS spectra have a common appearance for the derivatized surfaces with 

the three precursors consisting of two main peaks located around 290.5 eV and 

284.5 eV related to the CF3/CF2 and C-C/C-H functional groups, respectively80.  

Both contributions present similar intensities of the C 1s photopeak except for 

the PFDTES surface functionalization, where the fluorinated carbon band, at 

higher binding energies, was a bit higher than that corresponding to the aliphatic 

carbon bonds. Besides, in the case of the TCPFOS grafting, the fluorinated carbon 

band was slightly wider towards higher values of binding energy consistent with 

a greater contribution of CF3 bonds added to the majority presence of CF2 ones. 

After a month of air storage, the surface chemical functionalization appeared to 

be quite stable when using PFOTES and PFDTES molecules in the grafting 

process. In contrast, the TCPFOS precursor showed a significant decrease in the 

atomic fluorine percentage, dropping from 38% to 15%. Besides, it can be seen 

how the increase in the atomic concentration of carbon of spurious origin hid the 

signal corresponding to fluorinated groups in the C 1s spectrum after 1 month of 

aging. This trend has continued for 13 months, with a fluorinated contribution 
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on the surface decreasing to 7%. On the contrary, the CF band was still clearly 

visible in the C 1s spectra of both PFOTES and PFDTES grafted surfaces after 5 

months have passed, being around 20%-30% of fluorine content. This XPS signal 

was still evident after 9 months for the fluorinated surface through the PFDTES 

grafting. And after 13 months of aging, C 1s spectra was similar for both PFOTES 

and PFDTES grafted surfaces made up of a main photopeak centered at 284.5 eV 

and a notable tail extending beyond the 290 eV of binding energy. The envelope 

of this tail would have contributions from possible oxygen-containing functional 

groups coming from the environment in addition to the remnant of fluorinated 

groups resisting on the surface. That is justified by the increase in the presence 

of oxygen from 31% to 36% and from 24% to 30% (Table 2) on the aged, 

fluorinated surfaces after the grafting with PFOTES or PFDTES, respectively. It 

should be mentioned that the surface that has incorporated the most oxygen 

atomic percentage after the aging time was the one functionalized with TCPFOS, 

confirming that it was this fluorine-based grafted surface the most sensitive to 

environmental contamination. During the entire analysis time and for all the 

grafted surfaces, the main O 1s photopeak has been located on the binding 

energy corresponding to -O-Si- species at 531.5 eV. However, full width at half 

maximum around 3.5-3.8 eV depending on the perfluorinated molecules, 

suggests the incorporation of -O-C- groups over 530 eV81. Finally, as an additional 

effect of the aging, F 1s spectra indicated a slight shift to lower binding energies 

as time has passed, especially accentuated in the case of the TCPFOS grafted 

surface in almost 2 eV. Some works in the literature refer to the formation of C-F 

bonds that are less strong than the covalent/organic type (around 687.5 eV), 

called semi-ionic C-F bonds appearing close to 685.5 eV79. 

In Table 2, it can be observed that, generally, the three fluorinated molecules 

exhibit a decrease in the percentage of fluorine on the surface over time, while 

the percentage of carbon tends to increase for all of them. This carbonaceous 

contamination of the surface can be also responsible for maintaining the high-

water contact angles82. Thus, the reduction of exposed F content was 

compensated by the increase of spurious carbon on the surface, which ultimately 

would benefit water repellence82,83. In fact, after 13 months, wetting properties 

were measured with water droplets and other simulators of biological agents, 

resulting contact angles ca. 150⁰. This highlights that the carbon accumulation 
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also sustains the omniphobic character of the surfaces to inspire reviewing eco-

friendly alternatives to PFAS84,85,86.  

 

6.3.6 Permanent Cassie-Baxter hybrid hierarchical surface as passive 

protective termination in active de-icing systems 

 

After conducting a thorough study of hierarchical surfaces as icephobic passive 

systems, we have demonstrated their impressive performance in terms of 

durability, stability and compatibility to be implemented in active de-icing 

systems. For this section, we have selected AL-L-DAAQ@TiO2-P-F surface as a 

proposal to be tested due to the demonstrated permanent Cassie-Baxter state at 

icing conditions. This sample will be implemented into two de-icing solutions, 

namely, as icephobic coating and protective layer (passive system) on an 

electrothermal ice protection system (IPS) and on a thickness-shear mode 

acoustic de-icing device.  

In the case of the electrothermal IPS, the hybrid hierarchical surface was scaled 

to substrates with complex geometries, such as AL6061 semicylinders. Joule 

heating was provided by a 0.5 mm thick steel serpentine, which is secured with 

a temperature-resistant material. The electrothermal IPS experiments were 

conducted in the IWT at INTA. Two working modes were proposed as follows:  

 

• Anti-icing mode, where the resistive heating was activated before water 

droplets injection in the IWT and kept during the posterior interaction 

with the exposed surface. While the surface was hot (values between 0 

and 5 °C), water was sprayed onto it, and then, the input power was 

gradually reduced until ice formed on the surface, calculating the 

required minimum input power to avoid ice accumulation.  

 

• De-icing mode, where ice was allowed to accrete for 2 minutes without 

de-icing applied power, and then, the electrothermal heater was 

activated at a fixed power (1.8, 2.5 or 3.5 kW/cm2) to determine the de-

icing time.  

 

Aerodur and others commercial polyurethane (PU) paints with thickness  100 

µm (compare to the 7-10 µm thickness of our hierarchical system), were used as 
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references. Two different types of ice were formed for both specific experiments: 

glaze ice (transparent denser crystalline ice), which was formed at -5 °C, with a 

LWC) of 1 g/m3 and MVD of 80 µm, and rime ice (white lighter amorphous or 

polycrystalline ice), which required severe icing conditions to be achieved (-15 

°C, LCW: 1 g/m3, and MVD of 30 µm)87. Temperature values and ice types were 

chosen to mimic severe icing conditions. Figure 13 illustrates the experimental 

setup, and the semicylinders in the configuration of electrothermal de-icing 

systems. 

 
Figure 13. a) Details of the electrothermal de-icing system mounted on the aluminum semicylinder 

covered with the Aerodur paint aeronautical reference; b) Schematic of the experimental setup in 

the icing wind tunnel; c) Pictures of the AL-L-DAAQ@TiO2-P-F hierarchical surface on the 

semicylinder assembled with the electrothermal protection system during the anti-icing mode 

experiment. 

 

At first, Figure 13 a) presents the Aerodur coating on this 3D complex geometry 

such as reference sample whereas the Figure 13 c) illustrates the AL-L-

DAAQ@TiO2-P-F hierarchical surface deposited on the AL6061 semicylinder. 

This picture demonstrates the compatibility of the laser and hybrid micro-

/nano-structured fabrication protocol with 3D substrates. The red colour 

observed is attributed to the organic π-conjugated molecules (DAAQ) 
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incorporated within the nanofibers which would be easily removed by heating 

to remove organic content from the nanofibers. Figure 13 b), show the final set 

up, illustrating how the studied surfaces are positioned for both anti-icing and 

de-icing experiments, where supercooled droplets under the wind action attacks 

are concentrated on the front sections thanks to the use of collimators. This faced 

area received the impact of supercooled droplets at 70 m/s, causing drag 

towards the lateral substrate ends.  

Table 3 presents the results of the anti-icing mode experiments with both types 

of ice, with the comparison between the most representative anti-icing power 

values of the PU paint reference (Aerodur), 1.0 W/cm² for rime ice, which is 

defined as the minimum power required for the anti-icing effect to occur with 

this coating, and 0.5 W/cm² for glaze ice. These values can be compared to those 

needed for the hybrid hierarchical surface. This indicates that if the power values 

are lower than those specified, the anti-icing effect will not be achieved with this 

type of coating. Anti-icing power value for bare AL6061 reference was 1.03 

W/cm2 under extreme conditions (-15 °C, rime ice). 

 

Table 3. Anti-icing experiments at -15 ⁰C (rime ice) and -5 °C (glaze ice) comparing anti-icing 

power values of the hybrid hierarchical surface with the reference sample in 4 tests. 

 

                       *Indicates that with this input power, it was not formed ice on the samples. 

 

An overall conclusion of this table is that the implementation of the passive anti-

icing coatings is not only compatible with the electrothermal protection system, 

but also improves its energy efficiency. The results of the hybrid hierarchical 

surface at -15 °C (rime ice) indicate an anti-icing power value of approximately 

1 W/cm² across four reproducible tests, which is comparable to or even lower 

than the industrial paint reference with a thickness of ca. 100 µm. Essay 4 

  

F-P-L-AL-DAAQ@TiO2 

 

Power (W/cm2) F-P-L-AL-DAAQ@TiO2 

 

Power 

(W/cm2) 

Essay 1 1.1* Essay 1 0.54* 

Essay 2 1.0* Essay 2 0.47 

Essay 3 0.9* Essay 3 0.51* 

Essay 4 0.8 Essay 4 0.53* 

Anti-icing experiments (-15 ⁰C) → Rime ice  Anti-icing experiments (-5 ⁰C) → Glaze ice  
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showed that the applied power could not be lowered to 0.8 W/cm² to prevent 

rime ice formation, representing the limited minimum power required. Similarly, 

in the anti-icing experiment at -5°C with glaze ice, the power values obtained 

with the hybrid hierarchical coating were also very close to those of the paint 

reference across four tests. This suggests that the hierarchical surfaces have a 

great potential as passive protective coatings in active anti-icing electrothermal 

systems. 

The second test consisted of the electrothermal de-icing at two different 

temperatures, -15 ⁰C and -5 ⁰C, depending on the type of ice. For these 

experiments, supercooled droplets with LWC of 1 g/m3 impacted the surface at 

70 m/s during 2 minutes without any applied power. Once the ice has been 

formed, a reference fixed power value was applied88, whereas the time needed 

for the surface to thaw was registered. The key parameters in this experiment 

were the de-icing time and the energy consumption (E) for each de-icing test. 

These values were estimated by the product of the fixed consumed power by the 

de-icing time, measured in J/cm². Results are shown in Table 4.  

 

Table 4. De-icing experiments at -15 ⁰C (rime ice) and -5⁰ C (glaze ice) comparing de-icing energy 

consumption of the hybrid hierarchical surface with the reference sample in 3 powered de-icing 

conditions. 

 

De-icing experiments (-15⁰C)→ 

Rime ice 

De-icing experiments (-5⁰C)→ Glaze ice 

 

Fixed 

Power 

(W/cm2) 

Energy consumed  

(J/cm2) 

E=P·tde-ice 

 

Fixed 

Power 

(W/cm2) 

Energy consumed 

(J/cm2) 

E=P·tde-ice 

 AERODUR 
(PU paint) 

  F-P-L-AL-
DAAQ@TiO2  

AERODUR 
(PU paint) 

F-P-L-AL-
DAAQ@TiO2 

1.85 20.67 22.31 1.12 10.08 11.65 
3.35 20.13 14.04 1.75 8.75 8.64 

 

Two limits, low power of 1.85 W/cm² and 1.12 W/cm²and high-power of 3.35 

W/cm² and 1.75W/cm² values were used for de-icing experiments with rime and 

glaze ice, respectively. Table 4 illustrates that at low power levels, the Aerodur 

reference required an energy consumption like that of the hybrid hierarchical 

surface at -15°C to remove rime ice from it. In the case of high-power values, the 

hybrid hierarchical surface required lower energy consumption compared to the 



                                                                                                                             CHAPTER 6 

275 
 

aeronautical reference sample, that is, 14.04 J/cm² against 20.13 J/cm², 

respectively. It should be noted that AL6061 reference consumed around 39 

J/cm2 at low power and 54.3 J/cm2 for the high applied power in rime de-icing 

experiments. The hierarchical system also significantly reduced the de-icing 

time, which is extremely important in aeronautical applications, as shorter de-

icing times are crucial for minimizing mechanical and aerodynamic issues89. For 

example, since rime de-icing took 21 s for the aluminum sample at low applied 

power, the hybrid hierarchical surface managed to de-ice in 11 s, whereas at 3.35 

W, de-icing was performed in 6 s compared to the 16 s that the bare sample 

needed. Hence, in de-icing experiments with rime ice, the permanent Cassie-

Baxter surface presented a greater benefit with lower energy consumption 

values associated to shorter de-icing times even compared to the aeronautical 

paint in high applied power conditions: a reduction of 58% of de-icing time 

comparing the 11 s required with the Aerodur surface respect to the 4 s of the 

hierarchical system, associated to a reduction of 30% of energy consumption. 

The experiments conducted at -5 ⁰C at the two limit powers for de-icing glaze ice 

showed that the energy consumed by Aerodur surface and the hybrid 

hierarchical one was comparable for both limits applied power conditions. 

To further demonstrate the compatibility of the developed passive system with 

an alternative electromechanical de-icing system, the hybrid hierarchical coating 

was integrated in an active anti-/de-icing system working by the application of 

Surface Acoustic Waves (SAW), developed in the framework of the European 

project SoundofIce. The use of these repellent hierarchical coatings on 

piezoelectric substrates were proposed as anti-icing protective layer. The active 

anti-/de-icing system is formed of a piezoelectric substrate (LiNbO3) with a ZnO 

layer deposition by PECVD (piezoelectric material), whose effectiveness for de-

icing and its compatibility with other passive systems such as fluorinated 

coatings have been previously demonstrated90. In this case, instead of using TiO2 

seeds and shells to grow nanostructures, piezoelectric ZnO was employed 

following the same soft template method. This choice is based on the previous 

results found by the research group indicating a proper acoustic propagation on 

the polycrystalline ZnO layers. Then, the supported 1D core@shell 

nanostructures, keeping a dual scale roughness formed by the microscale 

dimension of the nanofibers in combination with the nanostructure of the shell, 

were deposited on the piezoelectric plate and then modified with the PDMS 
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coating and PFOTES surface termination (H2Pc@ZnO-P-F). Figure 14 presents a 

scheme of the final design for implementing this nanostructured system as a 

passive coating in an active anti-/de-icing (SAW) system as well as of the 

experimental set-up. 

 
Figure 14. a) Scheme to integrate the anti-icing coating such as protective layer on the top of the 

active de-icing system to be conducted by acoustic waves, b) experimental set-up for de-icing by 

acoustic waves in room environment when the sample stays at -5 °C.  

 

Figure 15 showcases different snapshots of the de-icing process acquired in the 

environmental chamber of the OCA 20 DataPhysics (shown in Figure 14 b)). This 

experiment was performed at -5 °C under room humidity level (~40% RH), 

applying voltages of 70 Vp-p (peak-to-peak) through a RF source and an amplifier 

as detailed in reference90. The surface in stage I) appeared completely covered 

with frozen droplets of different volumes. When the acoustic wave-assisted 

device was activated by applying voltage to the bottom part of the piezoelectric 

plate, the ice particles began to melt, forming supercooled water droplets on the 

surface. These droplets exhibit spherical shapes typical of being deposited on a 

superhydrophobic surface. Over time (57 s until stage VI), these droplets 

gradually began to slide and disappear out the surface slightly tilted, leaving 

clean and dry areas at the same time as other droplets, due to the enhanced 

mobility on the repellent surface, tended to coalesce between them. 
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Figure 15. De-icing sequence using H2Pc@ZnO-P-F as passive protective coating on an acoustic 

wave assisted active de-icing device at -5 °C and room humidity environment. 

 

Therefore, the protective repellent hybrid hierarchical surface has been fully 

compatible with the propagation of acoustic waves through the piezoelectric 

plate and the surface, inducing the melting of droplet contours and interfaces 

with the surface and facilitating the droplets and partially melting ice particles 

removing without the need to achieve a complete ice fusion. It should be noted 

that according to reference90, 40 Vp-p and 41s were required to melt an ice 

aggregate formed on the pristine piezoelectric plate at -5 °C, quite similar values 

than those reported here for the combined passive hierarchical surface and the 

acoustic active de-icing device. 
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6.4 Conclusions 

Hierarchical surfaces, combining two or even three roughness levels, from the 

grow of supported 1D core@shell nanofibers of a few micrometres length and a 

few hundred of nanometres diameter, with a special nanostructured surface 

made by vacuum and plasma techniques, to the combination with random 

roughness at the microscale induced by laser treatments, have proven to be 

compatible with substrates of medium size dimensions and complex geometries 

of interest in industrial applications such as aluminum aeronautical alloys. The 

selection of the π-conjugated organic precursor to fabricate the single-

monocrystalline core of the nanofibers allowed to tune the surface aspect ratio, 

a crucial factor to control the wetting properties, as well as the processing 

temperature what is a promising result to implement the hierarchical surface on 

sensible and flexible substrates, like polymers. 

Hierarchical surfaces of developed triple level roughness have presented 

hydrophobic and almost oleophobic response which thanks to a special surface 

modification with PDMS coating and fluorinated molecules grafting scaled to 

superhydrophobic and oleophobic behavior, particularly noteworthy with the 

surface of lower aspect ratio, and, by extension, at an omniphobic, fully fluid 

repellent, function. That meant an anti-fouling surface checked with bovine 

serum, humic acid and alginic acid agents. Besides, the superhydrophobic 

behavior has been shown to be stable by low temperature evaporation 

experiments up to 350 Pa of Laplace pressure values. Consequently, it seems that 

these hybrid hierarchical surfaces are of a permanent Cassie-Baxter state.  

Other evidence of this fact has come from the monitoring of water vapor 

condensation experiments in ESEM, where both high and low surface aspect 

ratio hybrid hierarchical surfaces withstood supersaturated humid 

environmental conditions without signs of water condensation on its surfaces, 

remaining at a low temperature. And only in the case of the less PDMS 

embedding, i.e. the hierarchical surface of lower aspect ratio, after 12 minutes at 

1420 Pa of water vapor condition, 100% RH, and 6 °C, began to present water 

microdroplets of spherical shape between the larger pores of the structure. 

Therefore, it has been verified that the greater coverage with the PDMS thin film 

(respecting the topographic hierarchy) out the free defects that could have 

remained from laser machining guaranteed the anti-fogging capacity. Under the 

same arguments, the hybrid hierarchical surfaces demonstrated a remarkable 
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anti-icing capacity by a discontinuous ice accretion, and longer freezing delay 

times, particularly in the case of the lower surface aspect ratio sample. This result 

adds to the preservation of a Cassie Baxter state even when working under 

adverse environmental conditions of supercooled droplets impact under the 

action of high wind currents at temperatures below 0 °C. However, the anti-

adhesion to ice property, although with tolerable values regarding the literature, 

they are far from being comparable to the aeronautical paint references. Here, 

the roughness at the nanoscale may promote a mechanical interlocking of the ice 

nuclei of similar sizes, whose prevention can be addressed from the surface 

modification with slippery alternatives. 

The stability of the hybrid hierarchical surfaces was also confirmed through 

several durability tests, where, after solvent immersion, temperature cycling, 

UV-Vis illumination, and rain erosion essays, the surfaces were able to maintain 

the superhydrophobicity, as well as the omniphobicity. 

Finally, the hybrid hierarchical configuration was integrated as protective 

coating of two different de-icing systems, based on surface acoustic waves and 

electrothermal heating devices, and checked in scalable facilities under realistic 

aggressive environmental icing conditions. Regarding the electrothermal de-

icing actuation, the hybrid hierarchical surface of an aluminum semicylinder was 

tested as active anti-icing and de-icing performances at two different 

temperatures (-5 °C and -15 °C) and different type of ice particles (rime and 

glaze), compared to an aeronautical reference. On one hand, the developed 

surface required similar values of applied power to prevent ice accumulation as 

the reference, while on the other, the de-icing times were of the same order or 

even shorter than those of the references, particularly with rime ice and higher 

applied power conditions, which resulted in a reduction in the energy consumed 

around 30%. So these surfaces are potentially interesting to adapt in 

aeronautical applications, where it is preferable to apply higher power values in 

the electrothermal system for shorter periods of time to have the lowest energy 

consumption.  

Regarding the second de-icing device, the implementation of the hybrid 

hierarchical passive surface on piezoelectric layers as a final protective layer 

resulted compatible with the acoustic wave transmission responsible to the ice 

detachment at the ice/surface interface. And, due to the stable superhydrophobic 

behaviour even at low temperatures, the de-icing process was facilitated 
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combining a minimal ice melting, particularly at the interface, to promote the 

droplets removing as partially melting ice particles. 
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A.1 Water condensation on core@shell nanostructures monitoring at the 

nanoscale by STEM and ETEM analysis 

 

To study in a more fundamental point of view the interaction of water vapor 

with the nanostructured shell of the core@shell nanofibers depending on the 

wetting behavior, Environmental SEM in STEM1 (Scanning Transmission 

Electron Microscopy) mode and ETEM2 (Environmental Transmission Electron 

Microscopy) studies were performed using holey carbon TEM grids as supports 

where the core@shell nanofibers can be individually characterized. 

Experiments were conducted at temperatures close to 0 ⁰C and varying the 

water vapor pressure (from dry conditions at 300 Pa to 900 Pa) to achieve 

water vapor saturation conditions to promote the condensation on the cold 

surface. To find differences between hydrophobic and hydrophilic 

nanostructured surfaces, functionalized core@shell nanofibers collected in the 

TEM grids were exposed to an “in situ” plasma cleaning for 30 seconds at 6 W 

power. Therefore, the plasma discharge can hydroxylate the nanostructured 

TiO2 shell leading to a hydrophilic state. Figure A1 presents a sequence of the 

ESEM in STEM mode and ETEM experiments, comparing the fluorinated 

(hydrophobic surface), and plasma activated (hydrophilic surface) H2Pc@TiO2 

nanofibers. As is seen in Figure A1 top a) and b) for STEM mode in ESEM, at 

high water vapor pressure (900 Pa) and low temperature, water droplets began 

to condense on the hydrophilic holey carbon grid, but no water condensation 

signs were detected around the hydrophobic nanofibers. Meanwhile, in Figure 

A1 bottom d) and e), water droplets were well appreciated around all 

nanofibers at the beginning of the experiment (600 Pa) giving rise to the 

formation of water meniscus between hydrophilic nanofibers. At higher 

resolution analysis by ETEM, at the initial state it was possible to observe a 

well-defined nanostructure of the TiO2 shell as external part of the hydrophobic 

nanofibers with the core filled with organic molecules as appreciated by a 

darker contrast in Figure A1 c). After 1.73 s at 900 Pa, the organic core 

suddenly disappeared (isthmus left in the center marked with a yellow arrow) 

in agreement with a previous study3 whereas the nanostructured TiO2 shell 

remained well resolved. From the following snapshot taken at 3.70 s until the 

last one at 4.60 s, it was clearly visible how the outside porous shell 

nanostructure was blurring.  
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Figure A1. Sequence of STEM-ESEM images in a-b) and d-e) and ETEM images in c) and f) for 

hydrophilic H2Pc@TiO2 nanofibers (top) and hydrophobic H2Pc@TiO2-F nanofibers (bottom), 

respectively. 
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In the absence of testing with empty nanofibers (although there was a clear 

difference between the darker contrast expected for water compared to a 

lighter contrast corresponding to the organic material), the hypothesis is that 

the interface between the nanofiber and the holey carbon grid presented 

condensed water filling the TiO2 wall nanopores (blurred and darker contrast) 

while the core remained empty (even with one end open: the one above the 

observed nanofiber). On the contrary, the ETEM experiments for hydrophilic 

nanofibers showed water flooding from the initial state. The presence of water 

film in the TiO2 nanostructured walls forming menisci between nanofibers was 

clearly observed. After 5.00 s, the core also partially disappeared (lighter inner 

contrast) and after 80 s, water also reached the hole core, facilitating the 

growth of the water menisci between nanofibers. 

In conclusion, when water condensation occurs on the hydrophilic holey 

carbon grid, it can propagate through capillarity onto the nanofibers. In this 

scenario, fluorinated molecules serve as barriers to repel water. In contrast, 

water condensation on hydrophilic nanofibers could easily occur at lower 

partial pressures, with water molecules condensing at every defect at the 

nanoscale, including the nanostructured shell and the empty core.  

It is important to note that during the ETEM process, the inner core was 

affected due to the combination of a high-voltage electron beam (300 kV) and 

the presence of water vapor. However, it was preserved inside the core@shell 

nanofiber operating at lower magnification (30 kV) in ESEM. Therefore, it is 

presumed that the surface functionalization with fluorinated molecules could 

be compromised during the ETEM experiment although for analysis prolonged 

for an hour, evident differences between the hydrophobic and hydrophilic 

core@shell interaction with water could be detected.  

 

1. Masenelli-Varlot, K. et al. Wet-STEM tomography: Principles, potentialities and 
limitations. Microscopy and Microanalysis 20, 366–375 (2014). 

2. Jinschek, J. R. Advances in the environmental transmission electron microscope (ETEM) 
for nanoscale in situ studies of gas–solid interactions. Chem. Commun. 50, 2696–2706 
(2014). 

3. Filippin, A. N. et al. Self-Assembly of the Nonplanar Fe(III) Phthalocyanine Small-
Molecule: Unraveling the Impact on the Magnetic Properties of Organic Nanowires. 
Chemistry of Materials 30, 879–887 (2018). 

  
  



          Appendix A 
 

288 
 

 



                                                                                                                         CHAPTER 7 
 

289 
 

 

7 
General conclusions and future 

perspectives 
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7.1 General conclusions 

In this thesis, advanced methodologies have been developed to fabricate 

multifunctional hierarchical surfaces with multiscale roughness, employing the 

combination of laser treatments or porous substrates, supported nanomaterial 

deposition by vacuum and plasma techniques and surface chemical modification 

of low fluorine content. These surfaces, designed following biomimetic 

principles, exhibit outstanding control of the wetting properties, and, 

particularly related to repellence as superhydrophobicity, omniphobicity, self-

cleaning, anti-fouling, anti-fogging and anti-icing responses.  

A central focus has been the controlled fabrication of surface structures in the 

micro- and nano- scales by three main strategies: supported 1D core@shell 

nanostructures, and oriented porous nanocolumnar thin films by plasma 

assisted vacuum approaches, and surface patterning by laser treatments. These 

methodologies allow a precise control over the final wetting properties. 

Multiscale roughness configurations have been combined with surface chemical 

modification in pursuit of the ecofriendly requirements based on the merging of 

PDMS thin films with low fluorinated terminations, compatible with any kind of 

substrate material and geometry, from flexible porous cellulose membranes and 

SS filters to transparent glass plates and aeronautical alloys plates and 

semicylinders. The hybrid hierarchical surfaces were tailored to diverse 

operational contexts, from harsh environment conditions to active de-icing 

demonstrators to prove their reliability, stability and durability.  

The most notable results include:  

❖ Controlled wettability: tuning from hydrophilicity to 

superhydrophobicity and omniphobicity, permanent even under severe 

environmental conditions.  

❖ Anti-icing capability: surfaces exhibit repellent properties that delay 

ice formation, reduce ice accretion, and provides lower energy 

consumption in active de-icing systems.  

❖ Durability and stability: functional properties were preserved after 

corrosion tests, rain erosion aging, solvent immersion, UV radiation, 

thermal cycling, and ice particle / supercooled water droplet impact in 
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icing wind tunnel experiments, confirming their potential for industrial 

applications.  

❖ Processing versatility: the employment of dry, clean, and efficient 

deposition by vacuum and plasma techniques supported by laser 

treatments enabled work with a wide variety of materials and complex 

geometries, demonstrating scalability and adaptability to specific 

requirements.  

A summary about the specific conclusions for each chapter is listed below:  

 

CHAPTER 3  

3.1 This work presents the innovative combination of the soft-template method 

by vacuum and plasma techniques, enabling the synthesis of supported 1D 

core@shell nanowires and nanofibers. The integration of plasma-enhanced 

chemical vapor deposition (PECVD) at room temperature for the formation of 

metal oxides seeds and decoration with nanostructured shells, especially 

amorphous TiO2, proves to be effective for controlling surface roughness at 

micro- and nano- scales devoted to generation of hierarchical porous structures 

from π-conjugated organic nanowires templates. This method is adaptable for 

diverse substrates, including metal grids and cellulose filters.  

 

3.2 The 1D supported nanofibers exhibit a unique cauliflower-like topography 

that contributes to a triple scaled roughness when combined with porous 

substrates, raising a superhydrophobic behaviour. This is particularly effective 

for separating polar and non-polar liquids and a self-cleaning capability. The 

surface modification with low surface free energy materials, particularly a thin 

PDMS coating and fluorinated molecules termination, also assisted by plasma 

pre-activation, ensures a firm omniphobic state without occlusion of the 

membrane pores, and stable even under UV exposition. 

 

3.3 The hybrid nanomembranes demonstrate significant potential in microfluids, 

particularly for controlling droplets movement, and oil/water separation. The 

TiO2 photoactivity can be used to promote a selective wetting to be employed for 

potential applications such as on-demand liquid release and efficient droplet 

manipulation in biomedical devices.  
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CHAPTER 4 

4.1 This study demonstrates the successful creation of hierarchical stainless steel 

(SS) surfaces using a combination of laser treatment and oblique angle 

evaporation for porous oriented nanocolumnar thin film deposition. The method 

yields nanostructures of similar composition to the bare substrate, what ensures 

the compatibility and good adhesion, with varying porosity levels to be available 

for allocating functional agents, particularly the integration of different low 

fluorinated strategies at the nanoscale.  

 

4.2 It has been shown that reducing fluorine surface content is effective to 

achieve enhanced surface wetting related properties, such as superhydrophobic, 

omniphobicity, self-cleaning, anti-fouling, and anti-icing. Specifically, the grafting 

of PFOTES molecules onto the hierarchical SS surface is revealed as the best 

repellent performance compared to the fluorinated coating, and SLIPS 

approaches.  

 

4.3 Low fluorination process lets to preserve or even enhance the corrosion 

resistance of the SS hierarchical surface, which in principle could have been 

counterproductive due to the high concentration of topographic defects 

available to be attacked by corrosive agents. Thus, the fluorinated grafted 

hierarchical SS surface exhibit a remarkable resistance to pitting corrosion while 

its superhydrophobicity is maintained even after the corrosion test. These 

findings suggest that the combination of micro- and nano-structuring and low 

fluorination of stainless steel offers substantial benefits such as long-term 

protection in corrosive and abrasive environments with industrial interest.  

 

CHAPTER 5 

5.1 The research demonstrates how bioinspired mild laser technology, 

specifically femtosecond laser treatment, on transparent substrates can control 

the structuring of surfaces to achieve repellent properties while maintaining 

transparency. By tuning laser treatment parameters, particularly the distance 

between laser-generated grooves and the number of laser repetitions in two 

different laser patterns: parallel lines and asymmetric square micropillars, 
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structured surfaces at the micro- and nano- scales can be obtained without 

compromising the optical properties of the transparent borosilicate glass. 

 

5.2 Since the borosilicate glass, despite its low thermal expansion coefficient and 

resistance to thermal shock ideally suitable for anti-icing applications, is 

hydrophilic even after laser treatment, its surface requires a low fluorinated 

functionalization by chemical grafting to reach a superhydrophobic behaviour. 

This functionalization combined with the micro-structured patterning resulted 

in additional properties, such as anti-fouling, anti-fogging, and anti-icing, thereby 

enhancing the versatility of the transparent treated substrates.  

 

5.3 The best performance conditions included 5 laser pattern repetitions and 

groove distances between 50 and 100 µm to get the highest water contact angle 

value, improved anti-fouling response, and longer freezing delay times. 

Furthermore, square micropillar patterned surface exhibit better wettability-

derived functionalities compared to the line patterned one, although the latter 

allows for the anisotropic movement of droplets, positively impacting the anti-

fouling capacity. 

 

CHAPTER 6 

6.1 Hierarchical surfaces, which combine multiple roughness levels ranging from 

supported 1D core@shell nanofibers to microstructured surfaces by vacuum and 

plasma techniques supported with soft laser treatments, guarantee 

compatibility with substrates of medium size and complex geometries, such as 

aluminum aeronautical alloy plates and semicylinders. By selecting the 

appropriate π-conjugated organic precursor for the growth of nanofibers, the 

surface aspect ratio and processing temperature can be controlled, allowing the 

development of hierarchical surfaces of outstanding repellent properties on 

sensitive and flexible substrates, like polymers.  

 

6.2 The developed triple-level roughness surfaces present both hydrophobic and 

oleophobic responses, which were further enhanced to omniphobicity through 

the exploited surface modification with thin PDMS coating and fluorinated 
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molecules grafting. Consequently, the hybrid hierarchical surfaces have excellent 

anti-fouling properties against bovine serum, alginic acid and humic acid.  

 

6.3 It has been found that the higher PDMS embedding that promotes the low 

surface aspect ratio hierarchical surface together with the fluorine-based 

termination induces a stable superhydrophobicity under low-temperature 

evaporation tests, and longer delay of water condensation in a supersaturated 

humid and low temperature environment, what confirms the obtention of a 

permanent Cassie-Baxter state with anti-fogging activity.  

6.4 The hybrid hierarchical surfaces possess excellent anti-icing properties, as 

demonstrated by long freezing delay times, and low ice accretion in severe 

windy, humid and cold conditions, produced in a heterogeneous way checked in 

Icing Wind Tunnel facility, what indicates the robust superhydrophobic 

behaviour of the developed surface. Meanwhile the anti-adhesion to ice 

performance is promising, it does not yet meet the standards due to the 

impossibility of avoiding mechanical interlocking in the exposed nanostructure. 

The surface’s ability to remain in a Cassie-Baxter state under challenging 

weather conditions highlights its potential in aerospace applications.  

 

6.5 Durability and long-term stability of the hybrid hierarchical surfaces is 

accordingly confirmed since maintaining the superhydrophobic and omniphobic 

characteristics after exposition to harsh environments and interaction with 

aggressive agents.  

 

6.6 Additionally, the integration of the hybrid hierarchical surfaces into de-icing 

active systems, particularly an electrothermal heating mechanism, and an 

assisted acoustic wave piezoelectric device, implies significant protective action 

and energy consumed reduction, offering an efficient solution for ice prevention 

and de-icing in aeronautical applications, and potentially transferred to other 

ones. 
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7.2 Future perspectives  

Given the current climatic conditions we are facing and the urgent need to 

address or find short-term solutions to the associated challenges, it is essential 

to develop scalable, high-performance methods that are environmentally 

friendly and energetically efficient, making the most of possibilities offered by 

the nanotechnology and surface engineering worlds. The modification of 

surfaces to control the wetting behaviour can be achieved through invasive 

techniques that create micrometric roughness or non-invasive deposition 

methods that preserve the material´s integrity and adopt to various substrates. 

In the context of this thesis, the proposed approaches to keep repellent surfaces 

working at low-temperature calls to explore its scalability on other substrates 

and geometries, accessible thanks to the advances in laser technology and 

plasma and vacuum techniques to be compatible with flexible and soft materials. 

Furthermore, the processing optimization could take advantage of new artificial 

intelligence routines to design the parametrization of new hierarchical 

structures.  

Particularly, addressing the challenges of roughness hierarchy generation for 

repellent and anti-icing purposes, involves the need to adapt laser treatments 

conditions (wavelength and pulse duration) and the design of supported 

nanostructures by vacuum and plasma methodologies that ensure a conformal 

coverage devoted to enhancing the ice anti-adhesion properties. Besides from 

the point of view of surface modification to count with hybrid hierarchical 

surfaces, other solutions to the interlocking mechanism can be explored with 

liquid-like material coatings.  

From the perspective of surface chemical termination, it is advisable to adopt 

fluorine-free approaches. These include using low surface free energy materials 

like silicone-based or wax-based coatings and exploring chemical anchoring with 

shorter fluorine chains, that also could be supported by artificial intelligence 

tools intended for finding new stoichiometries and chemical design to get 

effective low surface free energy combinations.  

Moreover, the development of gradient materials, both for the chemistry and the 

topography configurations, inspired in the Janus approach, allows the 

conjunction of -fobic and -filic wetting behavior on the same surface, which 

would provide responses to the interaction with the environment or other 

agents depending on the location. At the very least, this would ensure the best 
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adhesion and adaptability of the generated surface to any substrate while 

maintaining external repellence or could be applied to direct with high precision 

the interaction with fluids. From a fundamental point of view, advanced analysis 

by wet-STEM and ETEM facilities on empty and stable repellent nanostructures 

will shed light on the understanding of how water-porous surface interaction 

occurs at low temperatures at the nanoscale. 

Finally, the integration of the hybrid hierarchical passive surfaces as protective 

element into de-icing systems could be optimized, helped by the artificial 

intelligence assistance and even extrapolated to other external activation 

deviced. This includes testing other scalable substrate geometries and different 

electrothermal and acoustic waves transmission configurations, evaluating 

performance at low temperatures and humid conditions and incorporating the 

interaction of contaminants and fouling agents to the icing processes for a better 

simulation of the real outdoor application environment.  
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