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Abstract 

Controlling the physicochemical properties of solid surfaces is of utmost importance in 

many fields, from Life Sciences to Physics to Chemistry. Besides protection of the 

support material underneath, energy conversion, catalysis, and waterproofing 

properties are just a few examples. Creating rough surfaces on the micro and nanoscale 

and modifying the structures with different chemical compounds are considered 

promising methods to extend the applicability of the functional surfaces. Therefore, the 

interest in developing the new strategy that can fabricate morphological-tunable micro 

and nanostructures on solid surfaces, improving the efficiency and controllability of 

surface functionalization, and applying the functional surface coatings in different 

practical scenarios has been growing for many years.  

In the first and second parts of this work, systematic investigations of the effects of the 

synthesis conditions on the morphology and surface properties of the single-component 

(SC) silicone nanostructures have been conducted. Practical applications of silicone 

nanorods (SNRs) materials have been explored. Especially when different cellulosic 

papers are used as the substrate, SNRs coating endows them with a completely different 

nanoscale surface texture. While maintaining normal appearance, printability, and 

writability, the decorated papers exhibit enhanced physicochemical durability and 

functionalities in waterproofing, self-cleaning, and anti-microbial. 

In the third part, to investigate the geometrical effects of the coating structures, a 

dynamic Droplet Assisted Growth and Shaping (d-DAGS) synthesis strategy is 

developed to synthesize the stiff bamboo-shaped SC-SNRs. Unless the other silicone-

based micro and nanostructures, such as filaments and wires, the obtained bamboo-

shaped SNRs present many advanced features, including in situ controllable 

morphology, tunable height, robust anti-wetting property, and enhanced mechanical 

stiffness and chemical durability. Tentative applications of the as-prepared samples in 

promoting the buoyancy of the floating stuff, self-cleaning, and water harvesting have 

been successfully conducted, and exciting results have been obtained, for example, a 
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maximum water collecting rate (WCR) of 32.3 ± 0.6 mg∙cm-2∙min-1 is achieved from 

the sample with 6-segments bamboo-shaped silicone coating, which is at an advanced 

level in related studies. In addition, the bottom-up growing mechanism is perfectly 

verified and explained by the d-DAGS mechanism. Further attempts to grow ultra-long 

rods with 12 and 18 segments (very high aspect ratio) expand the possibility of 

developing this method and replicating it on other materials. 

In the final part, based on the d-DAGS method, different precursors are introduced to 

synthesize the multi-component hybrid (MCH) silicone nanostructures. Small units 

(segments) with different chemical compositions are arranged in a controllable specific 

order to form a bamboo-shaped structure, i.e., MCH-SNRs. The co-existence of the 

inert and reactive components enables the as-prepared superhydrophobic products to 

be modified directly and selectively. Region-selective functionalization (RSF) has been 

successfully performed on the level of a single nanostructure, whose modifiable regions 

hinge upon the dynamic arrangement of the synthesis process. A vertical region-

selective protection (RSP) mechanism is proposed to explain the different surface 

behaviors of the functionalized MCH-SNRs samples. Additionally, confocal 

microscopy has been the first-time used to visually reveal the water penetration level 

and directly exhibit the intermediate wetting state.  

In addition, a mushroom-like structure, namely, silicone micro-hoodoos (SMHs), has 

been synthesized when tri-chlorosilane and di-chlorosilane are mixed during the 

synthesis process. A possible new growing mechanism is proposed and discussed. The 

excellent anti-adhesive performance shown in the adhesive loop tack strength test of 

this unique structure strongly supports their potential applications in protecting the 

substrates underneath the functional coatings. 

In summary, the results presented in this work systematically demonstrate the one-step 

synthesis, in-situ shape control, region-selective functionalization, and practical 

applications of the homo- and heterogeneous silicone-based nanostructures. Further 

developing and applying the presented facile, efficient, and low-cost d-DAGS method 

on other materials will provide more opportunities to engineer the surfaces and 

interfaces with unique physicochemical properties, expand the applicability of the 

functional coatings, and explore the new world of material science and nanotechnology. 
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1. Introduction 

Design and synthesis of micro- and nanomaterials with desired specific physical, 

chemical, and mechanical properties and performance characteristics have attracted 

remarkable attention from science and industry. In the past decades, numerous nano-

engineering techniques have been developed to maximize design freedom, and 

countless real-life applications were bound to nanotechnology. As one of the crucial 

subjects of nanoengineered surfaces and interfaces, the fabrication of solid surfaces 

featuring unique functionalities, for example, waterproofing[1-3], water-harvesting[4], 

self-cleaning[5-7], protein adsorption[8], drug release and delivery[9], oil-water 

separation[10], and catalyst immobilization[8, 11], has been found indispensable in 

various practical scenarios. Among numerous materials used in nanotechnology and 

surface science, silicone-based nanomaterial is considered one of the most popular 

types. Benefiting from multifaceted functions and unique physicochemical properties, 

such as oxidative stability, chemical inertness, and thermal properties[12], 1D-SNFs, 

since their discovery by the Seeger group more than a decade ago[1], the development 

of their fabrication, modification, and applications have never been stopped.  

SNFs have been reported to be produced at room temperature via either liquid or gas 

phase chemical synthesis methods[1, 13]. Most substrate materials can be coated after 

appropriate surface activation treatment[14-16]. The engineered substrate surfaces are 

generally characterized by low-surface-energy and high roughness at micro- and 

nanometer scales[12, 17]. Diverse applications, such as oil-water separation[10], 

support for oxygen evolution catalysts[18], water disinfection[19], and anti-icing[20], 

have been extensively investigated.  

However, the conventional SNFs coating faces enormous challenges for the following 

reasons: (i) High surface roughness is typically caused by highly entangled irregular 

SNFs networks, whereas a single SNF structure may have tens of microns in length but 

with a curved and messy morphology. Therefore, precise control over surface coating 

thickness and uniformity is hardly achieved; (ii) SNFs are fragile and susceptible to 
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mechanical damage[5], such as linear abrasions, cyclic abrasions, and finger wiping. 

Developing the mechanical stability of soft silicone materials remains a formidable 

challenge. (iii) most silicone-based micro- and nanostructures are made of single 

chemical composition with intrinsic hydrophobicity and inert chemical properties. Non-

reactive functional groups are typically exposed on the surface of the formed structures, 

such as alkyls[12] and perfluoroalkyls[21]. Harsh conditions are normally required for 

their further chemical modifications.   

Even though the DAGS mechanism has been proposed for explaining the in situ growth 

pattern of various shapes of silicone-based materials, such as filaments, rods, volcanoes, 

chalices, tubes, and helices[22], further development of silicone-based micro- and 

nanostructures requires a deeper understanding and expansion of the mechanism in 

terms of structural optimization[23]. In addition, enhancing the degree of freedom in 

the design of nanomaterials should not only focus on structural design but also consider 

chemical composition adjustment and the possibility of further surface chemical 

modifications. Therefore, from the mechanism of synthesizing silicone-based 

nanostructures to their morphological-design, chemical functionalization, effects on 

surface physicochemical properties, and practical applications, many aspects of 

silicone-based nanomaterials are still waiting to be explored.  

The scope of this thesis centers around refining and expanding the DAGS mechanism 

and using it as a basis for further development of silicone-based nanostructures bearing 

desired specific physicochemical and mechanical properties. Meanwhile, related 

studies, such as chemical functionalization on the synthesized nanostructures, wetting 

properties of the nanoengineered solid surface, and practical applications of the 

obtained samples, were also conducted. The aims of each chapter are as follows: 

• Chapter 4.1: investigate the roles of the synthetic parameters in the growing and 

shaping process of the silicone nanostructures via the gas phase method. 

The gas phase chemical synthesis method, the so-called CVD method, was used in this 

thesis because it is facile, efficient, low-cost, solvent-free, and environmentally 

friendly[23-25]. Previous studies[26] have revealed that basic synthetic parameters, 

such as T, absolute water amount, RH, and the precursor and substrate types, can 

collectively affect the geometric properties of the synthesized silicone-based micro- and 

nanostructures. In this chapter, a series of fundamental experiments were designed and 
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performed to evaluate the combinations of different synthetic parameters, including RH, 

RT, VOL, and substrate and precursor types. Other factors remained constant. Notably, 

only single-component nanostructures, considered homogeneous in chemical 

compositions, were synthesized and analyzed. SEM was used for morphological 

characterizations. 

• Chapter 4.2: discover the practical applications of the newly synthesized ETCS-

based SNRs. 

To expand the practical applications of the newly synthesized ETCS-SC-SNRs, 

investigations on the cellulosic-paper-based substrate were conducted. In recent years, 

complicated and costly synthesis processes, limitations in mass production, and adverse 

effects on the environment due to organic solvents have become the main obstacles for 

the real-world applications of waterproof cellulosic paper[25]. Simultaneously 

achieving anti-wetting properties, printability, writability, well-readability, and 

enhanced mechanical stability on the cellulosic paper surface remains a technique 

challenge. The cellulosic paper has intrinsic hydrophilic properties because of the 

monosaccharide building units and poor mechanical strength after contact with 

water[27, 28]. Most surface-engineering strategies, such as photolithography[2], 

chemical etching[29, 30], and nanoparticulate deposition[31-33], can hardly be applied 

on cellulosic-paper-based substrates because of the undesired damages from 

unignorable thermal or wet-chemical treatments[34]. With the development of the 

ETCS-SC-SNRs, a non-solvent strategy to adopt the cellulosic-paper-based substrate, 

a micro-nano hierarchical morphology, is developed. The functionalities of the ETCS-

SC-SNRs decorated samples, including waterproofing, self-cleaning, and antimicrobial 

properties, were examined in this chapter. 

• Chapter 4.3: characterize the novel bamboo-shaped SC-SNRs, understand and 

improve their synthesis mechanism, i.e., d-DAGS mechanism, and explore their 

potential applications. 

In order to overcome the vulnerability and irregularity of the nanostructures synthesized 

using silicone-based materials with inherent soft mechanical property, the specially 

designed bamboo-shaped SC-SNRs are produced via the d-DAGS method[23]. The 

repetitive dynamic regulation of synthetic parameters, concomitant with the periodic 

flushing and injection of silanes, has resulted in the formation of the highly-regular and 
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morphological-controlled bamboo-shaped SC-SNRs with a specific number of 

segments. Geometric parameters of the surface coatings are considered significant to 

surface wetting properties[35-37], the height of the synthesized bamboo-shaped 

structures, i.e., the thickness of the surface coating because of the uniformity of the 

formed structures, can be effectively tuned by arranging a different number of segment 

units. From 1 to 6, the well-structured ultra-long rods with 12 and 18 segments have 

been successfully fabricated. From hydrolysis and condensation reactions of the 

trifunctional silanes to the polysiloxane deposition process and the growing and shaping 

procedures of the bamboo-shaped structures, almost all details have been discussed in 

the studies of the d-DAGS mechanism. Compared to the conventional SNFs, the 

bamboo-shaped ETCS-SC-SNRs exhibited enhanced mechanical stiffness and 

chemical durability and excellent performance in promoting buoyancy and self-

cleaning. The water-harvesting capability of the silicone-based structures, which has 

rarely been reported in other research, is particularly investigated in this chapter to solve 

the incessant water-scarcity problem caused by rapid population growth, over-

consumption, environmental pollution, and global climate change[38-40].  

• Chapter 4.4: develop MCH silicone-based nanostructures via the d-DAGS 

method and feature them desired site-specific physicochemical properties via 

the chemical modification method. 

Based on the optimized d-DAGS mechanism, the heterogeneous multi-component 

hybrid (MCH) material with the desired site-specific physicochemical properties has 

been developed and analyzed in this chapter. The term heterogeneous indicates the 

difference in the chemical composition of different parts of the synthesized MCH 

nanostructures. With increasing material demands from the real world, developing more 

complicated and functional materials, from which the functional parts or specific 

properties can be intelligently allocated to the neediest positions, has been of great 

interest for many years[41-44]. Commonly used additive manufacturing methods, for 

example, fused deposition modeling[45, 46], laser engineered net shaping[47], and 

selective laser melting[48, 49], are either more suitable for metal substrates or hindered 

by inferior properties and processing issues on polymers[50]. Benefiting from the 

independent growth of each segment via the d-DAGS method, different precursors are 

used in synthesizing polysiloxanes, and the corresponding surface physical and 

chemical properties can therefore be tuned on-demand. 
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2. Theory and Background 

2.1 Silicone chemistry 

2.1.1 General aspects 

Silicone, also known as polysiloxane or polyorganosiloxane, refers to a kind of mixed 

organic-inorganic polymer family that is made up of siloxane, namely, silicone-oxygen 

backbone (Si-O-Si) or network, with branched or unbranched chains. As a literal 

combination of the terms “silicon” and “ketone”, the expression “silicone” was coined 

by Kipping in 1901, whereas silicone chemistry started to bloom in the 1940s due to 

the Müller–Rochow synthesis of organochlorosilanes on an industrial scale[51, 52]. 

Based on the molecular weight and degree of crosslinking, siloxanes with 

macromolecular structures – highly croslinked structures - are classified as polymers, 

whereas the ones with low molecular weight, e.g., trimers, tetramers and oligomers, 

usually exist as silicone fluids[53]. Today silicone polymers are widely used in our daily 

life because of their multifaceted functions as well as unique intrinsic physicochemical 

properties, for example, oxidative stability, chemical inertness, thermal and 

environmental stability, low toxicity, flexibility, biocompatibility, low flammability, 

and anti-adhesive properties[52, 54-57].  

These properties and benefits of polysiloxanes can be explained by their structural 

characteristics. C-O bond is often selected and analyzed as a comparison. Si-O bonds 

are considered covalent and polar (more polarized than the C-O bond) but not fully 

ionic according to the electronegativity difference between the silicon and oxygen 

elements (Si: 1.74, O: 3.50, and C: 2.50)[58, 59]. Although the Si-O bond is reported 

to be longer than the C-O bond (1.63 Å1 to 1.54 Å)[60, 61], it has a bigger bond strength 

(452 kJ∙mol-1) than the C-O bond (358 kJ∙mol-1)[62], plus the strong silicone bonding 

caused by the high polarity, eventually resulting in the good stability and chemical 

 
1 Å, angstrom, is a Non-standard SI metric unit of length equal to 10-10 m.   
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inertness of the silicone products, for example, the degradation temperature of PDMS 

in N2 atmosphere is bigger than 300℃[34]. Compared to the bond angle of the C-O-C 

bond (111o)[63], a much larger value can be found in the Si-O-Si bond (142o)[64], 

which indicates that the polymers based on the Si-O-Si backbone are much more 

flexible than the one based on carbon. In addition, the high flexibility of the 

polysiloxanes contributes to easier shielding and protection[65]. When the nonpolar 

hydrophobic organic groups, e.g., methyl, locate on the Si-O-Si chain, that can 

efficiently shield the main chain and weak the intermolecular interactions, leading to 

the silicone configuration with the organic groups pointing outside, eventually resulting 

in the low surface tension of polymer materials[65]. With a low rotation barrier, more 

configurations can be adopted on the Si-O-Si chain; a good example is that the smaller 

rotation energy of the Me2Si-O bond (3.3 kJ∙mol-1) than the H2C-H2C bond (13.8 

kJ∙mol-1) in polyethylene contributes to a nearly free rotation[65]. 

2.1.2 Synthesis of polysiloxanes 

The production of silicone polymer materials is typically started from the monomer of 

organo-substituted silanes with the general formula RnSiX(4-n), where R represents the 

organic residue, and X is the hydrolysable group, e.g., alkoxy, acyloxy, and halogen. 

Functional-chlorosilanes, as one of the most important precursors for silicones, are 

generally thermally stable but react quickly with water or other oxygen-moiety-

containing reagents to generate the intermediate products – silanols or siloxanols – and 

further condensate to form the respective polysiloxanes (Figure 2.1.1), so-called the 

hydrolysis and condensation reactions.[22, 23, 53, 59].  

 

Figure 2.1.1: A simple sample of synthesizing siloxanes. Adapted with 

permission from[59]. 
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Functional-chlorosilanes are considered to have four different types based on the 

number of chlorine atoms (hydrolysable groups) on the central silicon atom, which are 

M (R3SiCl), D (R2SiCl2), T (RSiCl3), and Q (SiCl4), where R = organic moiety, as 

shown in Figure 2.1.2[57]. The reactivity of the precursors and the properties of the 

formed polysiloxanes are significantly influenced by the substituents on the silicon 

atom[53]. Adding crosslinkers to the polysiloxanes either in their initial polymerization 

process or later with reactions to the side or end groups can also affect the 

characteristics of the final products[53]. 

 

Figure 2.1.2: Polysiloxane building blocks, where R = organic moiety. 

As mentioned above, two main steps are involved in the synthesis of polysiloxanes: (1) 

hydrolyzation of hydrolysable group X of the silane RnSiX(4-n) to produce intermediate 

silanols; (2) subsequent condensation reactions to form the polysiloxanes. It still lacks 

clear clues of the sequence and kinetics of all possible reactions in the above steps, so 

both homo- and heterofunctional condensation reactions might occur[12, 66]. The 

intermolecular condensations can be catalyzed by either acid or base[67]. As the 

product of the hydrolyzation of hydrolysable group X is HX, when chlorosilanes are 

used as a precursor, byproduct hydrochloric acid is produced and inversely catalyzes 

the reactions[23]. Therefore, the whole procedure is somehow self-catalytic[22].   

Depending on the degree of functionality of different precursors, they may contribute 

to different types of polysiloxanes: 

(1) Monofunctional silanes can work as the terminator to control the chain length in 

polycondensation reactions;  

(2) Difunctional silanes can be used to produce linear polyorganosiloxanes and cyclic 

diorganosiloxanes, which are considered the two most important siloxanes in research 

and industry[59]. For example, PDMS (Figure 2.1.3), due to their excellent stability 
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and physicochemical properties, have been widely used in lubricants, rubbers, resins, 

oils, etc.[57, 68]. Although cyclic dimethylsiloxanes have many overlap applications 

with PDMS, they can be specially used in cosmetics and personal care products[69]. 

 

Figure 2.1.3: Reactions and chemical structures of PDMS. 

(3) Tri- and tetrafunctional silanes can form polysiloxanes with more complicated 

structures because of their ability to crosslink. Whereas the product of trifunctional 

silanes, Silsesquioxanes, with the general formula (RSiO3/2)n, are considered a 

subspecies of polysiloxanes and frequently used as protective or functional coatings in 

different substrates, such as electronic and optical devices, glass, wood, and fibers[12]. 

The reactions to synthesize polysilsesquioxanes are given in Figure 2.1.4, whereas the 

overall reaction is based on the assumption of complete condensation[12]. However, it 

has been evidenced that the complete condensation of all hydroxyl groups cannot 

happen, as seen in silicone resins[4, 66]. A general formula of polysilsesquioxane, 

[RSiOx(OH)3-2x]n, where 0 < x <3/2, is used assuming complete hydrolysis. 

 

Figure 2.1.4: Reactions to form polysilsesquioxanes. 

2.1.3 Surface silylation and chemical structures of silsesquioxanes 

According to the chain length and the size of substituents on the silicon atom, different 

types of polymerizations can be observed, such as horizontal, vertical, and bulk 

polymerizations[70, 71]. As one of the most widely used applications of polysiloxanes, 

surface modification – to alter the surface energy, roughness, and wetting properties, 

has been of great interest for many years. Many mono-, di-, and trifunctional silanes 
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have been successfully loaded on the hydroxyl groups containing substrate surfaces in 

various pathways, namely surface silylation (Figure 2.1.5)[70], different types of 

substrates, such as silica[72-74], metal (germanium, titanium, and aluminium)[16, 73, 

75], polyester[15, 76], textiles[15], and glass[4, 14, 77], can be used after pretreatment. 

 

Figure 2.1.5: Surface silylation on hydroxyl groups containing silica 

surface. Reprinted with permission from[70]. 



10   2. Theory and Background 

Notably, as shown in Figure 2.1.5, trifunctional silanes are more reactive than their 

monofunctional analogs and are able to conduct polymerizations in the presence of 

water, leading to various surface architectures, including covalent attachment, self-

assembly (2D), and surface-induced polycondensation (3D)[70]. As illustrated in 

Figure 2.1.6, silsesquioxanes can adopt different chemical structures depending on the 

reaction and curing conditions, including well-defined 3D polyhedral cage structures 

(size may be different), partial cage structures, polymeric 2D ladder structures, and 

random structures[55, 78-80]. 

 

Figure 2.1.6: Structural variation of silsesquioxanes. Reprinted with 

permission from[78]. 

2.1.4 Silicone-based micro- and nanomaterials 

Despite widespread application of different types of polysiloxanes, little has been 

investigated about the characteristics of the material at the nanometer scale[12]. 

Silicone-based 1D nanoparticles, for example, filaments, tubes, wires, and fibres, which 

are synthesized via the template-free method, have been developed only since the 

beginning of this century[81, 82]. Subsequently, many studies have been conducted on 

developing silicone-based micro- and nanomaterials with different physical, chemical, 

and mechanical properties and different functionalities. As the examples shown in 

Figure 2.1.7, different shapes of silicone-based micro- and nanomaterials, such as starts, 
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helices, filaments, volcanos, chalices, and tubes, have been reported[22]. 

 

Figure 2.1.7: SEM images of (a, b) stars. (c) helices. (d) SNFs. (e) 

volcanoes. (f) SNF on top of a volcano. (g) rods. (h) chalices on top of a 

volcanos. (i) chalices. (j) TEM image of a silicone nanotube. Adapted with 

permission from [22]. 

2.1.5 Fabrication methods and mechanisms 

Various methods have been developed and successfully applied in fabricating and 

tuning the micro- and nano-roughness and morphology of decorated structures for 

decades, for example electro-spinning and electro-spraying[83, 84], electrochemical 

deposition[85, 86], the sol-gel method[87], wet-chemical method[88, 89], 

lithography[35, 90, 91], chemical vapor deposition[92]. However, most of these 

methods either work on metallic materials or lack precise control over the structures 

formed on the substrate surface. Promising methods used in fabricating regular micro- 

and nanostructures, for example, chemical etching and lithography, are hindered in 

widespread adoption because of their unignorable drawbacks, such as the requirement 

of harsh conditions, use of hazardous materials, chemical waste production, and high 

cost[93, 94].  

As for the silicone-based materials, depending on whether solvents are used, the known 

methods for synthesizing micro- and nanostructures can be roughly classified into two 

groups: liquid phase synthesis method and gas phase synthesis method[12]. Compared 
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to the liquid phase synthesis method, which requires the presence of organic solvents, 

such as toluene[95], trimethylamine and methanol[96], ethanol[97], and various other 

solvents[13], the gas phase synthesis method, typically including the techniques of 

“top-down” (physical deposition) and “bottom-up” (chemical deposition), is widely 

favored due to the advantages such as solvent-free[24], zero liquid waste[25], and 

accessible scale-up properties[98]. This thesis aims to discuss and develop the 

chemical-based gas phase synthesis method based on the previous studies in Seeger’s 

group. 

Pretreatment 

As previously mentioned, many different types of substrate materials (Figure 2.1.8) 

can be used in silicone-based surface coating after specific surface pretreatment – to 

produce or add hydroxyl groups on the substrate surface. These pretreatment methods 

consist of  

• Liquid treatment – activate the solid surface by using solvents, strongly 

oxidizing liquid, cleaning solutions, or alkaline with or without the help of 

ultrasonication[1, 4, 75, 77, 99];  

• Plasma treatment – use oxygen or the mixture of oxygen and hydrogen as 

process gas[72, 73, 82, 100, 101];  

• UV-light[7].  

Sometimes, more than one method is used in the retreatment process[100]. 

 

Figure 2.1.8: SEM images of SNFs on (a) silicon, (b) cotton, (c) aluminum, 
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and (d) PDMS substrates. Insert is the picture showing a water droplet 

sitting on the respective coating surface. Scale bar, 200 nm. Reprinted with 

permission from[14]. 

Synthesis in the gas phase 

Unlike the physical deposition methods, which do not consist of any chemical reactions 

during the product forming and shaping process, the synthesis of silicone-based micro- 

and nanomaterials via the chemical vapor deposition method is dependent on the 

reactions between gaseous water and reactive silanes at room temperature and normal 

pressure inside the coating environment[1, 72, 100]. Commonly used silanes include 

MTCS, VTCS, ETCS, or a mixture of different silanes[15, 72, 102]. Similar procedures 

(Figure 2.1.9) have been reported from different studies that the reactions are triggered 

by the evaporation of the volatile silanes in the reaction atmosphere[1, 102] or by 

exposing the substrate to the coating environment[72]. Prior to the reactions, the 

reaction atmosphere is created by loading the necessary amount of water via methods 

such as flushing the moisture gas[1], evaporation of water[73], and using residual 

surface-adsorbed water[102]. 

 

Figure 2.1.9: Schematic illustration of CVD method. Adapted with 

permission from[103]. 

DAGS mechanism 

Many mechanisms have been developed to explain the growth mode of the silicone-

based 1D nanomaterials, such as composition-based mechanism[4], surface-curvature-

based mechanism[72], and diffusion-based mechanism[73], whereas the droplet 
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assisted growth and shaping (DAGS) mechanism[22] is considered a reasonable 

explanation to the room temperature processing and polymerization reactions of 

trifunctional silanes.  

 

Figure 2.1.10: Illustration of the DAGS method. (a) water layer condensed 

on the substrate surface. (b) tiny water droplet increases into reaction 

volume through equilibrating with gases from the neighboring environment. 

(c) hydrolysis and condensation reactions in the water droplet to form the 

polysiloxanes. (d) deposition of insoluble silicone and growth of silicone-

based nanostructure. Reprinted with permission from[22]. 

As shown in Figure 2.1.10, the DAGS method[22] demonstrates that the growth of 1D 

silicone-based nanomaterials starts from the formation of tiny water droplets on the 

substrate surface because of structural and chemical inhomogeneity after loading the 

necessary amount of water into the reaction chamber (via moist N2 gas)[104, 105]. 

Subsequently, with the addition of volatile precursors, evaporating functional silanes 
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are able to react with water in the gas phase to generate (mono)silanol and HCl. It is 

impossible to further hydrolysis to (di- or tri-)silanols because the silanol is much harder 

to hydrolysis than the functional silanes. Soluble reactants and products (water, HCl, 

silanol, and chlorosilanes) are attracted and dissolved into the superficial tiny water 

droplets on the substrate surface, reducing water droplet activity and further hydrolysis 

and condensation reactions. Water droplets can be replenished from the surrounding gas 

phase because of the thermodynamic equilibration to guarantee that the reaction 

continues. Eventually, the polysiloxane is formed in the condensed water droplet, which 

is acting as the spatially confined reaction vessels, and further deposits at the liquid-

solid interface result in the growth of 1D silicone-based micro- and nanostructures. 

Reaction parameters 

Systematic parameters, such as T, absolute water amount, RH, RT, and the precursor 

and substrate types, collectively affect the product morphologies, thereby influencing 

the surface roughness and physicochemical properties[26]. Based on different 

combinations of reaction parameters, different shapes of silicone-based structures can 

be obtained; for example, as shown in Figure 2.1.11, by changing the RT and T, various 

micro- and nanostructures are presented. 

 

 

Figure 2.1.11: the obtained ETCS-based silicone micro- and nanostructures 

as a function of RH and T. ● : volcanoes, ▼ : chalice, ˟ : SNFs and Rods. 

Reprinted with permission from[22]. 

Notably, the parameters RH and VOL mainly affect the ratios between nsilane and nwater. 

The calculation of nsilane/nwater is based on the assumption of ideal gas behavior, the 
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Arden Buck equation[106] is used to calculate the saturation pressure of water vapor Ps 

(in kPa) at the given temperature T (in Celsius). 

𝑃𝑠(𝑇) = 0.61121𝑒(18.678−
𝑇

234.5
)(

𝑇
257.14+𝑇

)
 

At a given RH, the corresponding pressure Pc can be calculated by:  

𝑃𝑐 =  𝑃𝑠 ∙ 𝑅𝐻 

The nwater is then obtained in equation: 

𝑛 =  
𝑃𝑐𝑉

𝑅𝑇
 

Where V is the volume of reaction chamber (in L). 

2.1.6 Chemical modifications 

In order to further extend and improve the design, synthesis, and applicability of the 

silicone-based micro- and nanomaterials, from morphology control[107, 108] to 

chemical modifications[19, 109, 110], various methods have been developed and 

attempted. As the geometrical parameters of the formed structures can be tuned during 

their growing process by adjusting the reaction parameters, further chemical 

modifications are considered the only way to change the physicochemical properties of 

the formed silicone-based structures. For example, oxidation treatment, which includes 

annealing[102], calcination[4], and various plasma treatment methods[77, 100, 111], 

enables to change the hydrophobic/superhydrophobic silicone-based functional surface 

coating to be superhydrophilic with θWCA close to 0o with or without affecting the initial 

morphologies. Moreover, the oxidized samples, which are usually decorated with 

hydroxyl groups, can be further modified by conducting chemical reactions with, for 

instance, 1H,1H,2H,2H-perfluorooctyltrichlorosilane[100, 101, 111], 1H,2H,2H-

perfluorodecyltrichlorosilane[112], and titania nanoparticles[5, 113].  

Besides the above oxidization methods, the photoinitiated thiol-ene click reactions are 

also reported to modify the surface chemical properties of the silicone-based materials 

that bear vinyl groups[110, 114-116]. As shown in Figure 2.1.12, the detailed radical-

mediated thiol-ene click reaction mechanism demonstrates that[117]:  

• Step 1: A radical initiator abstracts the H from the thiol molecule under thermal 
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or illumination conditions. This step produces a highly reactive thiyl radical R1-

S∙, which can attack the alkene groups (R2CH2=CH). 

• Step 2: The formed carbon-centered radical (R1SCH2C∙HR2) can also abstract 

the H from a R1-SH molecule. This step is deemed an amplification step as the 

single thiyl radical leads to a series of chemical attacks, similar to the chain-

growth free radical polymerizations. 

 

Figure 2.1.12: Scheme of the photochemical radical-mediated thiol-ene 

click reaction mechanism. Reprinted with permission from[117]. 

 

Figure 2.1.13: Schematic illustration shows that (top) thiol-ene click 

reaction of the VTCS-based surface coating with cysteamine and (bottom) 

disulfide-ene reaction with 3,3-dithiodipropionic acid. Adapted with 

permission from[110]. 
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As illustrated in Figure 2.1.13, Li et al.[110] reported the successful functionalization 

of the VTCS-based SNFs structures with different thiol derivatives under 260 nm UV 

light for 15s, resulting in the change of surface wetting properties from 

superhydrophobic to superhydrophilic. Similarly, Wang et al.[114] (Figure 2.1.14) also 

reported the same thiol-ene click modifications based on the reactions between VTCS-

based SNFs and the sulfobetaine under a 365 nm UV light for 10 min at room 

temperature with the help of photoinitiator DMPA. Various practical applications have 

been tested after the chemical modifications on the VTCS-containing silicone-based 

micro- and nanomaterials. 

 

Figure 2.1.14: Thiol-ene click reactions on the VTCS-based SNFs with 

sulfobetaine. Adapted with permission from[114]. 

2.1.7 Applications 

One of the most important reasons the silicone-based micro- and nanomaterials have 

attracted extensive attention is their multifunctionality. Many different practical 

applications of silicone-based materials have been widely reported. For example: 

• Superhydrophobic: silicone-based micro- and nanostructures as a functional 

coating on the solid surface enable the reduction of the surface energy 

(depending on the functional groups) and increase the surface roughness, 

therefore leading to the superhydrophobic surface properties.[5, 12, 14, 15, 23, 

24, 81, 95, 101, 112, 118] 

• Oleophobic/superoleophobic: chemical modifications on the silicone-based 
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micro- and nanomaterials with some fluorine-containing chemicals, for 

example, 1H,2H,2H-perfluorodecyltrichlorosilane and 1H,1H,2H,2H-

perfluorooctyltrichlorosilane, enables to improve the oil repellency of the 

surface coating.[111, 112, 119] 

• Oil/water separation: based on the above-mentioned superhydrophobic or 

oleophobic properties, silicone-based coatings are also used for separating water 

and oil.[76] 

• Switchable wettability: switch between superhydrophobic and superhydrophilic 

properties of the silicone-based coatings via chemical modification methods.[77] 

• Surface wetting patterns: by introducing the partial masks in surface chemical 

modifications, such as the photoinitiated thiol-ene click reactions, different 

patterns on the surface based on the wettability are obtained.[77, 110] 

• Wettability gradients: similar to the surface wetting patterns, using the 

photoresist masking technique or hydrolysis of silicone-based materials in 

alkaline solutions, wetting gradients on the substrate surface are achieved.[14, 

120] 

• Data storage: based on the stabilized plastrons by hierarchically structured 

silicone materials, two Cassie-type wetting states (at micro- and nanoscale)[121] 

are detected and distinguished by optical means and are therefore considered as 

bistable logic states to store binary data.[122] 

• Self-cleaning: the rolling-off droplets on the silicone-modified substrate surface 

can remove dirt and contaminants.[23, 24, 88] 

• Water harvesting: SNFs-modified hydrophobic and superhydrophobic solid 

surfaces are used for water harvesting applications.[4] 

• Protein adsorption: enhanced site-specific or non-specific immobilization of 

proteins on the 1D SNFs modified substrate surfaces compared to the flat ones 

have been widely reported.[8, 123]   

• Catalyst immobilization: silicone-based micro- and nanostructures are 

considered excellent catalyst support because of their chemical stability, large 

surface area, and possibility of chemical modifications, etc.[5, 113, 124] 
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2.2 Wetting of solid surfaces 

2.2.1 Homogeneous planar solid surface 

Depending on whether the liquid droplet that is in contact with a solid surface tends to 

spread on the surface or stay compact, the words “wetting” and “non-wetting” are used, 

respectively. According to Young’s equation[125] (Eq. 2.2.1), the wettability of the 

ideal homogeneous planar solid surface can be described as (Figure 2.2.1.a): 

 

cos 𝜃 =  
𝛾𝑆𝑉− 𝛾𝑆𝐿

𝛾𝐿𝑉
                                        (Eq. 2.2.1) 

 

Where θ is the contact angle determined from the solid-liquid-vapor contact line 

(“three-phase contact line” or “triple-line”); γSV, γSL, and γLV represent the solid-vapor, 

solid-liquid, and liquid-vapor interfacial tensions, respectively. 

 

Figure 2.2.1: Scheme illustration of (a) the interfacial tensions at triple-line, 

(b) hydrophilic, and (c) hydrophobic surfaces. 
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Based on the fundamental relationships of the interfacial energies and the contact angle 

(shape) of the droplet (water) on the surface, the wettings of the solid surface can be 

classified as:  

• complete wetting with θ = 0 (cosθ = 1), where, γSL+ γLV = γSV.  

• Hydrophilic (Figure 2.2.1.b) with θ < 90o (cosθ > 0), where γSV > γSL. 

• Hydrophobic (Figure 2.2.1.c) with θ > 90o (cosθ < 0), where γSV < γSL. 

The reported highest θWCA on a fluorinated flat and homogeneous solid surface is ~ 

120o[126, 127]. 

2.2.2 Rough and heterogeneous solid surface  

Young’s equation is no longer valid on the rough homogeneous (chemical) solid surface 

as the changes in the surface tension balance at the three-phase contact area (Figure 

2.2.2).  

 

Figure 2.2.2: Schematic illustration of a droplet on a rough solid surface. 

(a) Wenzel regime, (b) Cassie-Baxter regime. 

By replacing the smooth surface in Figure 2.2.1 with rough homogeneous surfaces 

shown in Figure 2.2.2.a, both unwetted and wetted areas of the surface have been 

increased by a roughness factor r [128]: 

 

𝑟 =  
𝐴𝑎𝑐𝑡𝑢𝑎𝑙

𝐴𝑠𝑚𝑜𝑜𝑡ℎ
                                            (Eq. 2.2.2) 
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Due to the surface tension of rough surface is related to smooth surface: 

 

𝛾∗ =  𝑟 ∙  𝛾                                            (Eq. 2.2.3) 

 

Hence, the new balance of surface forces: 

 

cos𝜃∗ = r ∙ cos 𝜃 =  𝑟 ∙ (
𝛾𝑆𝑉− 𝛾𝑆𝐿

𝛾𝐿𝑉
)                       (Eq. 2.2.4) 

 

Eq. 2.2.4 is the so-called Wenzel equation, which relates the θ*
WCA measured on a rough 

homogeneous solid surface to the θWCA defined on the flat surface. 

In the case of the presence of two different materials (chemical compositions), so-called 

heterogeneous solid surface, for example, as shown in Figure 2.2.2.b, an air layer is 

enclosed in the cavities between liquid and solid, the mixed θ**
WCA in this state can be 

calculated based on the Cassie-Baxter equation[36]: 

 

cos𝜃∗∗ = 𝑓1 ∙ cos 𝜃1 + 𝑓2 ∙ cos 𝜃2                       (Eq. 2.2.5) 

 

Where fx and θx (x = 1 or 2, and f1 = 1 – f2) represent the solid fraction and contact angle 

of the respective substance, in the Cassie-Baxter regime, one of the chemical 

components is air, and θair = 180o. Hence, the Eq. 2.2.5 can also be written as: 

 

cos𝜃∗∗ = 𝑓 ∙ cos 𝜃 + (1 − 𝑓) ∙ cos 180𝑜 =  𝑓 ∙ cos 𝜃 + 𝑓 − 1        (Eq. 2.2.6) 

 

Conventionally, when a water droplet can maintain its spherical shape on the solid 

surface and easily roll off, the surface is defined as superhydrophobic with θWCA larger 

than 150° and θWSA less than 10°[121, 129, 130]. 
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2.2.3 Intermediate wetting state 

 

Figure 2.2.3: Schematics of the different wetting states: (a) Wenzel state, 

(b) Cassie-Baxter state, (c) partial wetting state for one-scale structured 

surface, and (d) partial wetting model for a dual-scale structured surface. 

Reprinted with permission from[131]. 

Considering the effect of physical geometries on wettability, the Wenzel state describes 

the liquid droplet penetrating the rough surface and fully wetting the substrate (Figure 

2.2.3.a), and the Cassie-Baxter state indicates that the liquid droplet sits on the peak of 

rough surface (Figure 2.2.3.b)[36, 128]. However, the perfect Wenzel and Cassie-

Baxter states are rare in real situations[132]. The mixed-wetting state, also known as 

the partial wetting state or intermediate state, exists between Wenzel and Cassie-Baxter 

states and is, therefore, developed and discussed in recent years[131, 133-136]. As 

shown in Figure 2.2.3.c-d, in 2019, Nagayama et al.[131] reported the theoretical 

partial wetting model via the thermodynamic energy minimization method and tested 

the model by conducting experiments on surfaces bearing different surface 

morphologies. In 2023, they reported a deeper understanding of the intermediate 

wetting state based on the surface free energy analysis[137], further verifying the 

suitability of this model for their fabricated Si surfaces from theoretical and 

experimental viewpoints.   
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3. Materials and Methods 

3.1 Materials 

3.1.1 Chemicals 

The chemicals used throughout the project are listed in Table 3.1.1. 

Table 3.1.1: List of Chemicals (in alphabetical order)1. 

Name Specification Supplier 

1,4-butanedithiol 97% Sigma-Aldrich 

2,2-dimethoxy-2-phenylacetophenone 99% Sigma-Aldrich 

2,2-dihydroxyindane-1,3-dione 99% Alfa Aesar 

Acetone ≥ 99.8% Merck Millipore 

Atto 633-COOH - ATTO-TEC 

BL21 Escherichia Coli strain - Life Technologies 

Chloroform ≥ 99.5% Sigma-Aldrich 

Cysteaime ~ 95% Sigma-Aldrich 

Deconex 11 universal - Borer Chemie AG 

Dichloromethylvinylsilane 97% Thermo Fisher GmbH 

Ethanol absolute - Sigma-Aldrich 

Ethyltrichlorosilane 99% Sigma-Aldrich 

Hydrochloric acid 37% Sigma-Aldrich 

Methylene blue 99.80% Sigma-Aldrich 

N,N-dimethylformanide ≥ 99.8% Sigma-Aldrich 

Rhodamine B ≥ 95% Sigma-Aldrich 

Sodium hydroxide ≥ 97% Sigma-Aldrich 

Tetrahydrofuran ≥ 99.5% Sigma-Aldrich 

Toluene 99.80% Sigma-Aldrich 

 
1 Unless other specified, all chemicals were used as received without further purification. 



3. Materials and Methods  25 

Trichlorovinylsilane 97% Sigma-Aldrich 

All functional silane chemicals were stored and handled in the N2-filled glove box to 

avoid undesirable reactions. 

Water 

Deionized water was from the lab’s water line. Ultrapure Milli-Q water with a 

resistivity of 18.2 MΩ·cm produced by a Simplicity water purification system (Merck 

Millipore) was used throughout the project. 

Detergent deconex solution1 

10% (v/v) aqueous solution of Deconex 11 universal was prepared and stored under 

ambient conditions for further use.  

Ninhydrin solution 

Ninhydrin dissolved in EtOH absolute (0.02 g·mL-1) was stored in a lab refrigerator 

(4 ℃) for further use. 

Dye-containing water 

Atto 633-COOH (Mw = 652 g·mol-1) fluorescent dye dissolved in Milli-Q water (50 

µg·mL-1) was stored in a lab refrigerator (-20 ℃) for further use. 

3.1.2 Substrates 

Glass substrate and activation 

Microscopic glass slides (26 × 76 × 0.15 mm) and coverslips (1#) purchased from 

Menzel (Braunschweig, Germany) were used after the surface cleaning and activation 

process. The undesired dirt and other organic and inorganic contaminants on the surface 

of the received glass substrate must be removed to avoid possible adverse effects on the 

homogeneity and reproducibility of the silicone nanostructures. Therefore, for each 

time of cleaning and activation, 8 pieces of glass slides were placed upright in a glass 

staining jar filled with 10% (v/v) aqueous solution of detergent Deconex 11 universal. 

After ultrasonication at 37 kHz and 50 ℃ for 2 h, the glass slides were removed, 

thoroughly rinsed with Milli-Q water for several minutes, and dried by N2-gun (nitrogen 

 
1 Deconex 11 universal is a mildly alkaline water solution (pH = 11) normally used as the surfactant. 
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gas flow). After the cleaning step, the glass surface was gently activated (hydroxyl 

groups loaded) by the alkaline Deconex solutions, an indicator is that the surface can 

be thoroughly wetted1 as shown in Figure 3.1.1. All cleaned and activated glass slides 

were stored in a clean plastic slide container for further use.  

 

Figure 3.1.1: Picture of water droplet (10 µL) on (a) untreated glass slide 

(~ 51.7o) and (b) the freshly activated glass slides (~ 0o). 

Other Substrates 

Cellulosic papers (A4 size) were purchased from Refutura (Germany) and cut into small 

pieces (10 cm x 10 cm) before coating. Some other cellulosic-paper-based samples, 

including letter envelopes, toilet paper, and package boxes, were also used as 

supporting material. 

Oxygen plasma 

Oxygen plasma treatment (Figure 3.1.2) was employed to activate the substrate surface 

in some cases. The pristine substrates2 were placed on a metal frame and inserted into 

the low-pressure oxygen plasma chamber Femto (Diener Electronic, Germany). After 

2 min of surface hydroxylation treatment at 100-watt power, the samples were carefully 

taken out and immediately placed into the coating chamber for further synthesis steps. 

 

Figure 3.1.2: Oxygen plasma.  

 
1 Notably, the θWCA of the activated glass slides would increase after long-term storage. 
2 Letter envelop and package box. 
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3.2 General synthetic protocol 

In this section, the general synthetic procedure (gas phase) of the silicone-based micro- 

and nanostructures is summarized based on earlier studies in our group[1, 22] and our 

newly developed d-DAGS mechanism[23]. All reaction parameters, including substrate 

types, precursor types and amounts, relative humidity, reaction time, temperature, etc., 

can be adjusted for different research purposes. Therefore, the presented general 

synthetic procedure applies to all the syntheses throughout this project and can provide 

theoretical support for future studies. 

3.2.1 Experimental setup 

The experimental setup comprises two parts: (a) external system including gas source 

and thermostat, and (b) reaction chamber. All the syntheses mentioned in this project 

were performed in a custom-built desiccator (coating chamber) via the CVD method[1].  

 

Figure 3.2.1: Scheme of the reaction chamber used for temperature-

controlled CVD coatings. The setup basically consists of 1 gas inlet, 2 

chemical inlet, 3 septum, 4 gas outlet, 5 reactor lid, 6 chemical holder dish, 

7 sample, 8 special designed Teflon sample holder, and 9 water jacket 

connected with a water circulation system (left) water inlet, (right) water 

outlet. 
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The schematic of the main experimental setup (reaction chamber) is shown in Figure 

3.2.1. A specially modified vacuum desiccator (Schott DURAN) with a rough volume 

of 6 L was surrounded by a water jacket, which is connected to a thermostat Julabo F34 

(Julabo, Germany) to control the environmental temperature 1  inside the reaction 

chamber. Provided two valves of gas inlet and outlet enable the N2 gas flow to purge 

the whole reaction chamber when needed (before or during the reactions). The N2 gas 

flow with a specific RH was achieved by mixing humidified and dry N2, supplied by 

the lab’s internal gas source, and adjusted by two gas regulators2. A hygrometer EE23 

(E Plus E, Germany) was used to monitor the RH in real-time. A changeable chemical 

holder dish was placed in the center of the reaction chamber, which is used to support 

precursors slowly injected by a syringe through the septum in the middle of the reactor 

lid. Depending on the number of glass substrates used for each coating reaction, the 

corresponding number of specially designed Teflon sample holders (one for each glass 

slide) were placed neatly on the air-permeable shelf inside the reaction chamber. Other 

samples, such as cellulosic paper pieces, were put upright and symmetrically around 

the chemical holder dish to allow the chemicals to access both sides of the sample. 

3.2.2 Experimental procedure 

As shown in the experimental flow diagram (Figure 3.2.2), common procedures are 

comprised of four main steps including: Substrates, Pre-treatment, Reactions, and Post-

treatment. Specifically, eight steps from S1 to S8 describe the whole procedure as 

follows:  

• S1: sample preparations, detailed procedures can be found in section 3.1.2; 

• S2: a certain number3  of glass slides or other substrates, after cleaning and 

activation, were mounted on the specially designed Teflon sample holders. The 

distance between the samples and the edge of the chemical holder dish is around 

10 cm. The reaction chamber needs to be sealed with the help of silicone-free 

laboratory grease (glisseal N). Both gas inlet and outlet valves were open for N2 

gas flush purposes. 

 
1 Without other specifications, the constant temperature of 23.0 ℃ ± 0.2 ℃ was used for all the syntheses 

mentioned in this project. 
2 Constant flow rate 2.5 L∙min-1 was maintained throughout the experiments. 
3 Maximum 4 glass slides were used for the best coating quality. 
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• S3: switch the thermostat to equilibrate the temperature inside the reaction 

chamber and leave it on for the whole reaction procedure. Set the desired RH 

by regulating the ratio of the dry and humidified N2 gas flow, and wait for at 

least 15 min until the value read from the hygrometer is stable. Depending on 

the desired nanostructures, the RH value is adjusted correspondingly. Before 

going to the next step, at least 1 h of the purging time is required to thoroughly 

equilibrate the reaction environment (both RH and T) inside the reaction 

chamber.  

• S4: fully close the gas inlet and outlet valves. The desired precursors (a specific 

type and amount) were carefully injected into the reaction chamber by a syringe 

through the septum in the middle of the reactor lid.  

• S5: the reaction time is counted from the moment of completion of the precursor 

injection process until the reaction chamber is opened or re-purged for further 

steps. Depending on the precursor types and the desired nanostructures, the 

reaction time is adjusted in a targeted manner. 

• S6: the difference between the conventional DAGS method and the newly 

developed d-DAGS method is that the d-DAGS method allows multiple 

segments to be synthesized through the repetitive dynamic adjustment of the 

growth parameters, concomitant with the periodic re-purging and injection of 

the same or different precursors. 

• S7: open both gas inlet and outlet valves, re-purge for a certain time at a certain 

RH, and a new precursor can be injected for the new round growth of the 

nanostructures. A cycle from S4 → S5 → S6 → S7 → S4 is abbreviated as Rx, 

where x represents the number of cycles. 

• S8: the samples were taken out immediately after reactions and blown by an N2-

gun to cease the reactions and clean up the sample surfaces. 
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Figure 3.3.2: Experimental flow diagram1. 

  

 
1 Red color with underline style marked parameters are variables. 
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3.3 Synthesis of SC silicone nanostructures  

Single-component silicone nanostructures are synthesized by using only one precursor, 

but their final shapes may differ because different reaction parameters are applied. 

Reaction parameter tables only show the steps from S3 to S7 due to the steps S1, S2, 

and S8 are the same unless otherwise specified. 

3.3.1 Silicone nanofilaments 

Conventional SNFs were used as comparisons in some tests. Based on the general 

synthetic protocol provided in section 3.2.2, its synthesis procedures were summarized 

in Table 3.3.1.  

Table 3.3.1: Synthetic parameters of SNFs. 

Seg1 S3 RH (%) S4 (µL) S5 RT (min) S6 S7 RH, Time (min)  

1 40 ± 0.32 ETCS: 400 240 no - 

 

3.3.2 Silicone nanorods 

Short SNRs were synthesized for different purposes. Different growth parameters are 

summarized from Table 3.3.2 to Table 3.3.5. 

To investigate the optimal growth conditions of silicone nanostructures 

Table 3.3.2: Synthetic parameters of ETCS-based-SNRs.  

Seg S3 RH (%) S4 (µL) S5 RT (min) S6 S7 RH, Time (min)  

1 40 ± 0.3 100 20 no - 

1 50 ± 0.3 100 5 no - 

1 50 ± 0.3 100 20 no - 

1 50 ± 0.3 100 60 no - 

1 50 ± 0.3 400 20 no - 

1 50 ± 0.3 600 20 no - 

1 60 ± 0.3 100 5 no - 

 
1 Segment order/number is counted from the bottom of the nanostructure.  
2 Error bars of the RH represent the range of the presented values. 
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1 60 ± 0.3 100 20 no - 

1 60 ± 0.3 100 60 no - 

1 60 ± 0.3 400 20 no - 

1 60 ± 0.3 75 20 no - 

1 60 ± 0.3 200 20 no - 

1 60 ± 0.3 600 20 no - 

1 60 ± 0.3 400 5 no - 

1 60 ± 0.3 400 60 no - 

1 70 ± 0.3 100 20 no - 

1 70 ± 0.3 400 20 no - 

1 70 ± 0.3 600 20 no - 

1 80 ± 0.3 100 20 no - 

1 80 ± 0.3 400 20 no - 

1 80 ± 0.3 600 20 no - 

 

Table 3.3.3: Synthetic parameters of VTCS-based-SNRs.  

Seg S3 RH (%) S4 (µL) S5 RT (min) S6 S7 RH, Time (min)  

1 40 ± 0.3 100 20 no - 

1 50 ± 0.3 100 20 no - 

1 60 ± 0.3 100 20 no - 

1 60 ± 0.3 100 5 no - 

1 60 ± 0.3 100 60 no - 

1 60 ± 0.3 100 240 no - 

1 60 ± 0.3 100 720 no - 

1 60 ± 0.3 600 20 no - 

1 60 ± 0.3 75 20 no - 

1 60 ± 0.3 200 20 no - 

1 60 ± 0.3 400 20 no - 

1 70 ± 0.3 100 20 no - 

1 80 ± 0.3 100 20 no - 
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Table 3.3.4: Synthetic parameters of ETCS-based-SNRs on cellulosic 

paper1.  

Seg S3 RH (%) S4 (µL) S5 RT (min) S6 S7 RH, Time (min)  

1 30 ± 1 800 120 no - 

1 50 ± 1 400 120 no - 

1 50 ± 1 1200 120 no - 

1 80 ± 1 800 120 no - 

 

To do the coatings on cellulosic papers 

Table 3.3.5: Synthetic parameters of ETCS-based-SNRs on cellulosic paper. 

Seg S3 RH (%) S4 (µL) S5 RT (min) S6 Comments  

1 50 ± 1 800 120 no 10 cm x 10cm 

1 50 ± 1 2000 360 no A4 size2 

 

For some characterization purposes, pure SNRs were obtained by scraping the surface 

of the SNRs-coated glass slide. Therefore, eight pieces of glass slides (75 mm x 25mm 

x 1mm) were coated with SNRs under the same conditions applied to cellulosic papers 

(10 cm x 10 cm).  

3.3.3 Bamboo-shaped silicone nanorods 

The optimal growth conditions for synthesizing the bamboo-shaped SNRs were 

obtained by systematically analyzing the morphology and surface properties of the short 

SNRs, as shown in Table 3.3.6. 

 

 

 

 
1 For all coatings on cellulosic papers, 2 h of equilibration time was used. 
2 For all coatings on cellulosic papers with A4 size, a bigger reaction chamber with a rough volume of 

12 L was used. 
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Table 3.3.6: Synthetic parameters of bamboo-shaped ETCS-based-SNRs1.  

Seg S3 RH (%) S4 (µL) S5 RT (min) S62 S7 RH, Time (min)  

1 60 ± 0.3 400 10 (yes) 60 ± 0.3, 10 

2 - 400 10 (yes) 60 ± 0.3, 10 

3 - 400 10 (yes) 60 ± 0.3, 10 

4 - 400 10 (yes) 60 ± 0.3, 10 

5 - 400 10 (yes) 60 ± 0.3, 10 

6 - 400 10 (yes) 60 ± 0.3, 10 

7 - 400 10 yes 60 ± 0.3, 10 

8 - 400 10 yes 60 ± 0.3, 10 

9 - 400 10 yes 60 ± 0.3, 10 

10 - 400 10 yes 60 ± 0.3, 10 

11 - 400 10 yes 60 ± 0.3, 10 

12 - 400 10 (yes) 60 ± 0.3, 10 

13 - 400 10 yes 60 ± 0.3, 10 

14 - 400 10 yes 60 ± 0.3, 10 

15 - 400 10 yes 60 ± 0.3, 10 

16 - 400 10 yes 60 ± 0.3, 10 

17 - 400 10 yes 60 ± 0.3, 10 

18 - 400 10 no - 

 

  

 
1 Table shows the complete synthesis procedure of the ultra-long bamboo-shaped 18-seg-ETCS-SNRs. 
2 Parentheses indicate that the choice can be either yes or no, because the bamboo-shaped SNRs presented 

in this work only consist of 1-seg (R0), 2-seg (R1), 3-seg (R2), 4-seg (R3), 5-seg (R4), 6-seg (R5), 12-seg 

(R11), and 18-seg (R17). Stop at any point marked in the table would lead to the production of the 

corresponding sample with a certain number of segments. 
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3.4 Synthesis of MCH silicone nanostructures  

Multi-component hybrid silicone nanostructures are synthesized by using more than 

one precursor. Due to the different physical and chemical properties of the different 

types of precursors, the final morphology of the obtained MCH nanostructures has been 

significantly affected. 

3.4.1 Bamboo-shaped nanostructures 

Owing to the high similarity between ETCS and VTCS, the bamboo-shaped MCH-

SNRs were synthesized when combining them in a specific manner. Reaction 

parameters were adjusted based on the morphological and chemical properties of the 

obtained SC-SNRs. Growth parameters were summarized from Table 3.4.1 to Table 

3.4.3. 

Synthesis of 2-segment EV-MCH-SNRs 

Table 3.4.1: Synthetic parameters of EV-MCH-SNRs. 

Seg S3 RH (%) S4 (µL) S5 RT (min) S6 S7 RH, Time (min)  

1 55 ± 0.3 ETCS: 400 10 yes 55 ± 0.3, 7 

2 - VTCS: 250 10 no - 

 

Synthesis of 3-segment EEV-MCH-SNRs 

Table 3.4.2: Synthetic parameters of EEV-MCH-SNRs. 

Seg S3 RH (%) S4 (µL) S5 RT (min) S6 S7 RH, Time (min)  

1 60 ± 0.3 ETCS: 400 10 yes 55 ± 0.3, 10 

2 - ETCS: 200 10 yes 50 ± 0.3, 7 

3 - VTCS: 300 10 no - 
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Synthesis of 3-segment EVE-MCH-SNRs 

Table 3.4.3: Synthetic parameters of EVE-MCH-SNRs. 

Seg S3 RH (%) S4 (µL) S5 RT (min) S6 S7 RH, Time (min)  

1 55 ± 0.3 ETCS: 400 10 yes 55 ± 0.3, 7 

2 - VTCS: 250 5 yes 55 ± 0.3, 5 

3 - ETCS: 400 10 no - 

 

3.4.2 Mushroom-shaped nanostructures 

We were the first to synthesize the mushroom-shaped silicone nanostructures, known 

as silicone micro-hoodoos, via the d-DAGS method when a new dichloro-functional-

silane, DCMVS, was introduced and combined with a base segment ETCS, which is 

classified as a kind of trichloro-functional-silane. The optimal growth conditions for 

well-structured SMHs, as shown in Table 3.4.4, were obtained by adjusting the basic 

reaction parameters, such as RH, RT, and VOL. 

Table 3.4.4: Synthetic parameters of MCH-SMHs. 

Seg S3 RH (%) S4 (µL) S5 RT (min) S6 S7 RH, Time (min)  

1 60 ± 0.3 ETCS: 400 10 yes 60 ± 0.3, 10 

2 - DCMVS: 400 960 no - 
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3.5 Chemical functionalization on MCH silicone 

nanostructures  

The photoinitiated radical-based thiol-ene “click” reactions under UV illumination 

were employed in functionalizing the multi-component hybrid silicone nanostructures. 

The photo-initiator DMPA with the concentration of 0.01 g∙ml-1 and 0.005 g∙ml-1 were 

separately used in reactions when the samples were being functionalized by cysteamine 

(0.1 g∙ml-1) and 1,4-butanedithiol (0.04 g·mL-1). Before the reactions, the mixture of 

ethanol/water (v/v at 7:3) was prepared and used to dissolve the reactants and photo-

initiator under ultrasonication at 37 kHz for 10 min. Samples were appropriately cut 

into small pieces and immersed into the as-prepared solution that was transferred into 

a quartz reactor. The quartz reactor was then carefully placed into a UV chamber (RPR-

200, SNE Ultraviolet Co., USA) equipped with four UV lamps (λ = 250 nm), and the 

reaction was triggered when the UV chamber was switched on. Different reaction times, 

including 3, 5, 10, 20, 30, 60, and 90 min were investigated, respectively, for further 

characterizations. After the reactions, the sample was removed and rinsed with EtOH 

(70%), followed by Milli-Q water for at least 5 min. The freeze-drying machine 

(CHRIST, Germany) was employed in sample drying treatment.  
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3.6 Sample evaluation and characterizations 

Several tests with respect to the physical and chemical properties of the prepared 

samples were conducted to evaluate their potential applications in different practical 

scenarios. Detailed test procedures, application instructions, and characterizations are 

presented in this section. Notably, according to the particularity of different samples, 

not all samples synthesized in sections 3.3 and 3.4 were subjected to all of the following 

tests. The sample used, and their test and application performances can be found in the 

section of Results and Discussion. 

3.6.1 Chemical durability test 

In order to evaluate the short and long-term chemical durability of the ETCS-based 

samples, a series of dip tests in some selected solutions were conducted. The solutions 

used can be briefly classified as (a) aqueous solutions, including HCl (0.1 M)1  and 

NaOH (0.1 M); (b) polar and nonpolar organic solvents, including toluene, EtOH, 

chloroform, and DMF.  

Glass-substrate-based samples 

Several samples decorated by 6-seg-ETCS-SC-SNRs were cut into small pieces (26 

mm x 26 mm) and immersed into the freshly prepared chemical solutions, including 

HCl, NaOH, EtOH, DMF, and toluene, respectively, for at least 6 days. For acidic and 

basic aqueous solutions, one month immersion test was performed. At timed intervals, 

small sample pieces were taken out and dried by freeze drying method, which can help 

to maintain the original morphology of the samples and will be discussed in section 4. 

Static water contact measurements on the sample surfaces were conducted, and at least 

five measurements on different positions of the sample were recorded. After six days 

and one-month tests, both morphology and chemical compositions of the samples were 

checked by SEM and FT-IR separately.   

Cellulosic-paper-based samples 

Paper-based samples were cut into small pieces (30 mm x 30 mm) and immersed into 

the freshly prepared organic solvents, including EtOH, DMF, acetone, chloroform, and 

 
1 Corresponding pH values were verified by an inoLab pH electrode (WTW, Germany). 



3. Materials and Methods  39 

toluene, respectively, for 24 h, and in aqueous solutions of HCl and NaOH for 15, 30, 

45, 60, and 90 min, respectively. Static water contact angle was measured after the 

samples were removed and dried under vacuum at ambient conditions for 6 h. 

3.6.2 Mechanical durability test 

Linear abrasion test 

An abrasion tester (AB5000, TQC, Germany) was employed for all the linear abrasion 

tests on different samples: 

(a) For glass-substrate-based samples: a 6-seg-ETCS-SC-SNRs coated sample (26 

mm x 26 mm) was mounted on the test area with surrounding 4 pieces of the 

identical untreated glass slides to provide a uniform abrasion contact area. A 

nitrile glove-covered sponge abradant with weights of a specific weight moved 

over the sample with a stroke speed of 5 cycles per minute to provide an 

effective abrasion distance of 8.5 cm. Each one-way tangential sliding was 

counted as one-time abrasion. Pressures of 0.5, 1.5, and 2.5 kPa were tested 

separately. Both the θWCA and θWSA of the samples were measured after the 

linear abrasion test. 

(b) For cellulosic-paper-based samples: the same tests described above were 

applied in cellulosic-paper-based samples, but with different stroke speeds, 

distances, and loading weights of 10 cycles per minute, 30 cm, and 50 g, 

respectively. Every time, a back-and-forth sliding was counted as one cycle. The 

WCA was recorded after the test. 

Tensile test 

Cellulosic-paper-based samples (10 mm x 100 mm) were used in tensile measurement 

with a gap of 40 mm by an Instron 3345 Universal Testing Device (US). The moving 

rate of 1 mm∙min-1 was applied to the device. At least three identical samples were 

tested to obtain the average maximum stress and strain values. The Bluehill Universal 

software (US) was used for data analysis. 

Adhesive loop tack strength test 

In order to test the anti-adhesive performance of the mushroom-shaped SMHs samples, 

the adhesive loop tack strength test was performed using the Instron 3345 Universal 
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Testing Device (US). To conduct the test, as shown in Figure 3.6.1, a lab-used paper 

tape (TimeMed) with a width of 19 mm was cut into 20 cm lengths, and both ends were 

combined together and connected to the movable head of the test device with unstick 

side facing inward. The glass-substrate-based sample pieces (26 mm x 26 mm) were 

mounted on a sample holder and stabilized on the unmovable stage of the device. Before 

the measurement, the movable head was lowered until the tape loop was fully attached 

to the sample surface with a contact area of around 494 mm2. A weight (15 g) was 

placed on the contact area for at least 1 min to ensure the tight attach. Afterward, the 

weight was removed, and the movable head was lifted at a constant speed of 300 

mm∙min-1 until the tape and sample were completely separated. The adhesion force 

interaction between the tape and the sample was recorded. At least 3 measurements 

were conducted each time to obtain the average maximum force value. 

 

Figure 3.6.1: Scheme illustration of the Adhesive loop tack strength test. 

The presented image consists of 1 movable head, 2 unmovable stage, 3 

stabilized sample, 4 sample holder, 5 tape, and 6 weight. 

3.6.3 Environmental durability test 

The anti-wetting properties of the as-prepared samples after being exposed to some 

extreme environments were characterized by θWCA. These environments consist of UV 

conditions (λ = 350 nm), high humidity environment (RH ≈ 90%), and extreme 

temperatures (-196 ℃ in liquid N2 and 200 ℃ in lab oven). The UV-resistance test was 

performed in the UV chamber equipped with eight UV lamps. 

3.6.4 Buoyancy test 

In order to measure the buoyancy promotion ability of the bamboo-shaped SNRs with 
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different numbers of segments (0, 1, 2, 3, 4, 5, 6, 12, 18), the maximum weight that can 

be loaded on a floating sample was measured. To conduct the test, a small beaker was 

placed on the floating sample (26 mm x 26 mm) whose surrounding surfaces had been 

rubbed by sandpaper, and the weight was increased by continuously adding water 

droplets into the small beaker. The maximum weight was recorded and transferred into 

the buoyancy force following Archimedes’ principle and the balanced force equation. 

3.6.5 Biological test 

Escherichia coli BL21 strain grown in LB (Luria-Bertani) medium at 37 ℃ overnight 

was diluted by LB until the optical density of 0.02 (λ = 600 nm), namely OD600 = 0.02, 

was achieved. Presterilized pristine and decorated cellulosic-paper-based samples were 

immersed into the respective bacterial cell culture dilution for 50 s and subsequently 

rinsed with 100 µL of ddH2O. All samples were then transferred to the middle position 

of the LB agar plates and incubated overnight at 37 ℃. To verify the result of the anti-

microbial activity test, pictures after bacteria incubation were acquired under a Leitz 

Laborvert light microscope (Germany) with 100x magnification.  

3.6.6 Water harvesting 

The water harvesting test was conducted with the bare glass slide sample, SNFs coated 

sample, and bamboo-shaped SNRs with different numbers of segment (1, 3, 6) coated 

samples, respectively. The setup is shown in Figure 3.6.2.  

 

Figure 3.6.2: Scheme of the setup used for water harvesting application. 

Reprinted with permission from [23]. 
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All samples were cut into 26 mm x 26 mm pieces and tightly fixed by a vertically placed 

sample holder. A container equipped with a funnel was stabilized inside a precision 

balance (resolution: 0.1 mg) to collect the water droplets harvested by glass samples. 

The distance between the sample and the top of the funnel is 10 cm. A commercial 

Ultrasonic Humidifier (JS-38-J ultrasonic humidifier, Well Feeling, Switzerland) was 

stabilized on the same level with the sample center at a distance of 5 cm between the 

sample surface and the custom-made nozzle and used to generate artificial fog flow (4.7 

mL∙min-1) with tiny water droplets. A minimum 30 min was required for each 

measurement, and the whole process was recorded by a camera. Tests were performed 

under controlled conditions: T: 20.0 ℃ ± 0.2 ℃ and RH: ≈ 90%.  

The water collection rate was obtained by: 

𝑊𝐶𝑅 =  
𝑚

𝑆𝑡
                                                           (3.6.1) 

Where m is the weighted mass of the collected water droplets in mg, S is the fog capture 

area in cm2, and t is the collection time in min. 

3.6.7 Ninhydrin test 

The ninhydrin test was considered a quick test to verify the functionalization of multi-

component silicone nanostructure samples. The sample functionalized by cysteamine 

was placed into a Petri dish, and a few droplets of ninhydrin solution were subsequently 

added until the sample surface was completely wetted. The color change can be checked 

after 15 min heating in a water bath, from which the temperature was set as 50 ℃. 

3.6.8 High-speed camera 

A high-speed camera system (MiniVis EoSens, Karlsruhe, Germany) was used to track 

the trajectory of the water droplet1 after touching the sample surfaces. Both the water-

impacting test and self-cleaning test were performed with the assistance of the high-

speed camera system. Frame rate 500 was used during recording. The scheme of the 

setup is shown in Figure 3.6.3. 

 
1 Unless otherwise specified, the water droplet used throughout the project was 10 µL. 



3. Materials and Methods  43 

 

Figure 3.6.3: Scheme of the setup used in high-speed camera test. The setup 

consists of 1 water droplet dispenser, 2 high-speed camera system, 3 

generated water droplet, 4 sample, 5 tilt-angle-changeable sample stage. 

Water-impacting test 

ETCS-based bamboo-shaped samples with n segments, where n = 1, 2, 3, 4, 5, 6, 12, 

and 18, and MCH-SNRs samples before and after functionalization were separately 

tested. Water droplet was released from a certain height (1.5 cm) above the sample 

surface, and the whole process of its free-falling and bounces were recorded. Snapshots 

for each time the water droplet is at the maximum bounce height were captured for 

further analysis. Weber number1 is calculated as: 

𝑊𝑒 =  
𝜌𝜐2𝑑

𝛾
                                                       (3.6.2) 

Where ρ is the density, υ is the velocity, d is the diameter of the droplet, and γ is the 

liquid-air surface tension.  

Self-cleaning test 

The self-cleaning tests were performed with a 6-seg-ETCS-SC-SNRs coated sample 

and MCH-SNRs samples before and after functionalization, respectively. The sample 

was placed on a tilting stage at an angle of 5o before the test. The process of the rolling-

off water droplet taking away the dirt2  that was placed on the sample surface was 

recorded by a high-speed camera.  

 
1 For the water-impacting test presented in this work, dWD = 2.57 mm and υ = 0.5 m∙s-1. 
2 Chalk particles consist of sand and dust. 
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3.6.9 Contact angle goniometry 

The anti-wetting ability of the samples was characterized by a contact angle goniometer 

(DSA100, Krüss GmbH, Germany) equipped with a PA3220 tilting device. Both θWCA 

and θWSA were tested at 23.0 ℃ ± 0.2 ℃ using Milli-Q water and calculated using the 

Laplace-Young fitted routing built into the device software (ADVANCE). Each 

measurement was performed within 1 min to avoid the undesirable effects caused by 

water evaporation. At least 3 measurements were repeated on different locations of the 

sample surface, and all results were presented as means ± S.D.  

3.6.10 Fourier transform infrared spectroscopy (FT-IR) 

The FT-IR spectra in the range of 400 cm-1 to 4000 cm-1 (64 scans) were obtained from 

the attenuated total reflection (ATR) FT-IR spectrometer equipped with an ATR single 

reflection crystal (Bruker Optic GmbH, Germany). The background spectra were 

acquired against air at room temperature. 

3.6.11 UV-vis spectroscopy 

Transmittance spectra in the range of 300 nm to 800 nm were acquired from the UV-

vis spectrometer (Lambda 950, PerkinElmer, Llantrisant, United Kingdom) with the 

background collected against air.  

3.6.12 Scanning electron microscopy (SEM) 

The morphology of the samples was checked by a high-resolution SEM (GeminiSEM 

450, Zeiss, Germany) equipped with an EDX detector at an acceleration voltage of 10 

kV under Inlens detector1 or 5 kV under SE2 detector2.  

Sample preparation 

Both glass-substrate-based and cellulosic-paper-based samples were appropriately cut 

into small pieces and mounted on the carbon tape that was pre-fixed on the SEM pin 

stub. Followed to be sputter-coated with a conductive Platinum layer (10 nm for glass-

substrate-based samples and 5 nm for cellulosic-paper-based samples) using a CCU-

 
1 Used for checking surface structures at a 45o tilt angle. 
2 Used for checking the side view of surface structures. 
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010 HV coating unit (Safematic, Switzerland).  

3.6.13 Transmission electron microscopy (TEM) 

TEM sample characterization (Tecnai G2 Spirit, FEI, Netherlands) was conducted at 

120 kV. STEM-EDX 1  was employed to acquire the elemental analysis with the 

assistance of the system software2: Inca or AZtec. 

Sample preparation 

Samples were broken into small pieces and immersed in EtOH (≈ 3 mL) solvent in a 

glass vial (10 mL). After being sonicated at room temperature for 10 min, a droplet (≈ 

10 µL) of the turbid liquid was transferred to a carbon-supported copper grid (Lucerna 

Chem AG, Luzern, Switzerland) by a pipette. This procedure was repeated 10 times 

after evaporating solvent to ensure enough silicone nanostructures were evenly 

dispersed on the sample holder.   

3.6.14 Confocal microscopy 

Glass-substrate-based samples 3  coated by multi-component silicone nanostructures 

before and after functionalization were characterized by this technique to investigate 

the influences of the morphology and the functionalization on surface anti-wetting 

properties. The Leica SP8 automated inverse CLSM (Leica Microsystems GmbH, 

Germany) was used in acquiring the z-stack 3D confocal images4. All measurements 

were performed at room temperature (≈ 23 ℃) with a mild relative humidity (≈ 50%) 

and completed within 15 min to minimize the effect of water droplet evaporation. 10 

µL of Atto 633-COOH dye-containing water droplet was used during the imaging 

process to provide fluorescent signals. General system settings are summarized in Table 

3.6.1. 

 

 

 
1 Equipped with high-angle annular dark field detector. 
2 The system software (both from Oxford Instruments) used throughout the project was annotated in the 

section on results and discussion. 
3 Thickness of the glass substrate is 1# to ensure good penetration of the laser beam. 
4 All 2D confocal images presented in this work were extracted from the z-stack 3D images.  
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 Table 3.6.1: Confocal microscopy settings. 

General settings  Seq. 1 Seq. 2 

Channel 

resolution 

8-bit (0 - 255) Detector HyD - 

12-bit (0 - 4095) PMT PMT 

Scan mode XYZ Beamsplitter TD 488/52/638 RT 15/85 

Scan speed 600 Hz Wavelength 645 – 720 nm 631 – 644 nm 

Zoom factor x10 Laser intensity - - 

Pinhole 95.5 µm Gain - - 

PinholeAiry 999.23 mAU Z-stack mode bottom to top bottom to top 

Objective 

lens 

HC PL APO CS2 

63x/1.40 OIL 

Z-step 0.16 µm 0.16 µm 

 

Some explanations for Table 3.6.1: 

• Some abbreviations were used limited to this table: sequential channel (seq.), 

hybrid (HyD), photomultiplier (PMT). 

• HyD in counting mode was used for acquiring the fluorescent signals; PMT in 

seq.1 was used to gain a brightfield image, which is manually removed in the 

following analysis; PMT in seq.2 was used to acquire the reflectance signals. 

• The wavelength given in seq.1 is for the HyD detector. 

• Laser intensity and gain values were appropriately adjusted for different 

samples. 

• 2D and 3D images presented in this work have been appropriately adjusted 

using the software Imaris (Oxford Instruments) or Fiji (ImageJ package), and 

display settings were provided with the images. 
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4. Results and Discussion 

4.1 Synthetic parameters of the regular SC-SNRs 

In order to gain a better understanding of the synthesis method and potential application 

ability of the silicone nanostructures based on the conventional DAGS method, 

systematic investigations upon the effects of the synthesis conditions on the 

morphology and surface properties of the single-component-based silicone 

nanostructures were conducted in this section. Some pivotal synthetic parameters, 

relative humidity, reaction time, types and volume of the precursors, and substrate type, 

which can directly affect the growth status of the single silicone nanostructure, were 

investigated under a constant temperature.  

4.1.1 ETCS-based silicone nanostructures1 

As explained by the DAGS method and some previous studies[1, 22, 26], RH is 

considered to play an essential role in determining the base diameter of the silicone 

structures by influencing the size of water droplets condensed on the activated substrate 

surfaces. As shown in Figure 4.1.1.a, with other conditions remaining constant, an 

obvious increase tendency of the base diameter of the silicone structures can be 

observed with increasing the RH. The height of the structures decreases resulting from 

two possible reasons: 1), 20 min of the RT is too short to keep the structures growing; 

2), higher RH leads to a big decrease in the ratio of the molar mass of the precursor and 

water (nsilane/nwater). Considering the other parameter combinations (Figure 4.1.1.b1-

b3), a general shape change of the silicone structures with respect to the RH can be 

summarized as: filaments → rods → volcanoes → rings. Notably, the mixtures of two 

shapes are also observed, for example, the mixture of filaments and rods (Figure 

4.1.1.b1) and the mixture of rods and volcanoes (Figure 4.1.1.b4), which further 

 
1 Some parts of this section have been published: Kangwei Chen, Shanqiu Liu, Yuen‐Yee Lau & Stefan 

Seeger, Small, 2022, 18 (40), 2203820. 
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verifies the slow transition of the silicone shapes relying on the change of RH.  

 

Figure 4.1.1: The effects of growth conditions on ETCS-based silicone 

structures and their surface properties. (a1-a5) SEM images of silicone 

structures produced by varying the RH under constant RT (20 min) and a 

certain amount of precursor (100 µL). (b) SEM images of the obtained 

silicone structures under conditions of: (b1) 400 µL, RH 50%, 20 min. (b2) 

400 µL, RH 60%, 20 min. (b3) 400 µL, RH 80%, 20 min. (b4) 400 µL, RH 

60%, 5 min. (b5) 400 µL, RH 60%, 60 min. (c-f) The changes of water 

contact angle (θWCA) and aspect ratio with RH, VOL and RT set as (c) 100 
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µL, 20 min, (d) RH 60%, 20 min, and (e) 20 min. Reprinted with permission 

from[23]. 

In addition, with increasing the RH, a similar decrease tendency is observed from both 

θWCA and aspect ratio, as shown in Figure 4.1.1.c and Figure 4.1.1.e, despite the 

different volumes of precursors applied. It can be concluded that the volcano and ring-

shaped structures caused by applying high RH are limited in applications as a functional 

surface coating due to their less rough morphology and poor performance in water 

resistance. Conversely, low RH is preferred to fabricate a relatively regular rod or 

filament structure with an extensive aspect ratio and excellent superhydrophobicity.      

During the CVD process, the hydrolysis and condensation reactions of the precursor 

are deeply affected by the ratio of the reactants, namely, the molar mass of the precursor 

and water. As discussed above, different water amounts can be obtained by regulating 

the RH. Changing VOL under the same conditions can also lead to a change of 

nsilane/nwater, resulting in different geometrical parameters. From 100 to 400 to 600 µL, 

the increase of both θWCA and aspect ratio can be expected (Figure 4.1.1.e). As 

illustrated in Figure 4.1.1.a3 and Figure 4.1.1.b2, it is clear that the better-shaped 

SNRs are produced by applying 400 µL precursors. However, due to the size limitation 

of the reaction chamber, more precursors cannot achieve better performance; for 

example, similar results in both θWCA and aspect ratio are obtained from 400 to 600 µL 

precursors (Figure 4.1.1.e). Therefore, finding a proper ratio of the reactants under a 

certain reaction environment is important in synthesizing the desired silicone 

nanostructures. 

The effects of RT are mainly reflected in the height of the as-prepared structures, as 

illustrated in Figure 4.1.1.b4, b2, and b5. A longer RT (5 min → 20 min → 60 min) 

provides more opportunities for a complete reaction between the reactants, and the 

deposited silicone nanostructures are able to keep growing even with a tendency 

towards bent-growth (sharp top) that resulted from the consummation of the water 

droplet sitting at the top of the structure. Although a long RT enables to improve θWCA 

and the aspect ratio (Figure 4.1.1.f), RT should be appropriately adjusted to achieve 

better structural control and a higher reaction efficiency.   

In summary, synthetic parameters such as RH, VOL, and RT can jointly determine the 

morphology of the silicone-nanostructure-based surface coatings. A lower RH (≤ 40 %) 
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and longer reaction time (≥ 60 min) are more suitable for the growth of silicone micro- 

and nano-filaments with diameters between ~ 60 nm and ~ 250 nm, whereas a higher 

RH (≥ 70%) and shorter reaction time (≤ 5 min) lead to the formation of silicone 

volcanoes and rings. Through the comprehensive consideration of morphological 

characteristics, reaction efficiency, and hydrophobic properties, we selected the optimal 

conditions of VOL: 400 µL, RH: 60%, and RT: 10 min for the growth of short single 

SNRs. As shown in Figure 4.1.1.b2, the one-segment rods fabricated under the optimal 

condition presented a perfectly regular and ordered arrangement. 

4.1.2 VTCS-based silicone nanostructures1 

 

Figure 4.1.2: The effects of growth conditions on VTCS-based silicone 

structures and their surface properties. (a1-a5) SEM images of silicone 

structures produced by varying the RH under constant RT (20 min) and VOL 

(100 µL). (b) SEM images of the obtained silicone structures under 

conditions of:  (b1-b2) RT: 5 min; RH: 60%; VOL: 100 µL. (b3) RT: 60 min; 

RH: 60%; VOL: 100 µL. (b4-b5) RT: 20 min; RH: 60%; VOL: 600 µL. (c-e) 

The changes of water contact angle (θWCA) and aspect ratio with RH, VOL 

and RT set as (c) RT: 20 min and VOL: 100 µL. (d) RT: 20 min and RH: 

 
1 Some parts of this section have been submitted for publication: Heterogeneous Silicone Nanorods with 

Region-Specific Functionality. 
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60%. (e) RH: 60% and VOL: 100 µL. 

The same investigations were also performed on VTCS-based silicone structures, as 

shown in Figure 4.1.2. Previous studies have reported the VTCS-based micro and 

nano-morphologies, for example, fibers[110] and filaments[138]. A similar trend of 

shape change from filaments → rods → volcanoes → rings with increasing RH can also 

be observed from VTCS-based nanostructures (Figure 4.1.2.a). Especially the mixture 

of two different shapes, such as filaments and rods, presented in Figure 4.1.2.a2 further 

proves that RH plays an important role in determining the base diameter of the 

synthesized silicone structures.  

From final morphology (Figure 4.1.2.a-b) to θWCA (Figure 4.1.2.c-e) to aspect ratio 

(Figure 4.1.2.c-e), a negligible effect can be seen by adjusting the RT (b1, b2 → b3: 5 

min → 60 min) and VOL (a3 → b4:100 µL → 600 µL) under an unsuitable RH value. 

Additionally, VTCS is similar to ETCS because they are both tri-chloro-functional 

silane and have similar molecular weight. However, the VTCS-based SNRs require a 

more careful adjustment upon synthetic parameters, which might be because they bear 

the more reactive vinyl functional groups. All in all, a dynamic range of synthesis 

conditions is probably more suitable for the actual operation in fabricating the required 

VTCS-based nanostructures, that is, RT (≈ 10 to 20 min), VOL (≈ 250 to 300 µL), and 

RH (≈ 50% to 55%). 

4.1.3 Cellulosic-paper-based substrate1 

In order to obtain a versatile protective coating on the cellulosic-paper-based substrate, 

several combinations of the growth parameters are investigated. Notably, as mentioned 

in section 3.3, all coatings on cellulosic-paper-based substrate have 2 h of equilibrium 

time before the reactions. As shown in Figure 4.1.3.a-b, some similar conclusions with 

section 4.1.1 can be obtained that either too low or too high RH (30% and 80%) are not 

helpful in decorating the paper surface texture with ETCS-SC-SNRs. Especially when 

RH is too high, the paper surface is probably fully wetted, and no water droplet, even 

with a big diameter, can be condensed on the surface. Deposition of 1D silicone 

nanostructures cannot be triggered without a condensed water droplet. Therefore, no 

 
1  Some parts of this section have been published in: Shanqiu Liu*, Kangwei Chen*, Alma Salim, 

Jingguo Li, Davide Bottone & Stefan Seeger, ACS Nano 2022, 16 (6), 9442-9451. (*Co-first author). 
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visible silicone structures can be found under this condition. In addition, insufficient 

VOL (400 µL), as shown in Figure 4.1.3.c, resulting in an ununiform growth of the 

SNRs, which has a similar morphology with the coatings conducted under low RH 

(Figure 4.1.3.a). Therefore, the ratio of nsilane and nwater is also pivotal and should be 

adjusted to an appropriate range.  

 

Figure 4.1.3: SEM images of cellulosic paper modified by ETCS-based 

silicone nanostructures under the conditions: (a) VOL: 800 µL; RH: 30%. 

(b) VOL: 800 µL; RH: 80%. (c) VOL: 400 µL; RH: 50%. (d) VOL: 1200 µL; 

RH: 50%. All above reactions have the same RT: 2 h. Reprinted with 

permission from[25]. 

 

Figure 4.1.4: SEM images of the cellulosic paper after being modified by 
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ETCS-based silicone nanostructures under the conditions of VOL: 800 µL, 

RH: 50%, and a varying RT from 5 min to 150 min (left → right). Reprinted 

with permission from[25]. 

The height of ETCS-SC-SNRs (thickness of the coating) can be tuned by adjusting the 

RT of the CVD process, as shown in Figure 4.1.4. As explained in section 4.1.1, a long-

time reaction enables to provide more opportunities for a more complete reaction 

between the reactants (precursors and water), and the deposited SNRs keep growing 

with a shaper tendency on the top area because of the volume consumption of the water 

droplet staying at the top cavity.  

4.1.4 Summary 

All in all, after performing a series of testing experiments under a constant temperature 

(23.0 ℃ ± 0.5℃), some conclusions can be obtained as follows: 

(i) RH determines the base diameter of different silicone-based micro- and 

nanostructures, for example, filaments (d: ~ 60 nm), rods (d: ~ 80 nm to ~ 800 nm), 

volcanoes and rings (a bigger d). According to the DAGS method, the base diameter of 

the synthesized silicone structures is dependent on the size of the condensed water 

droplet on the solid surface, which can be controlled by adjusting the RH in the step of 

pre-treatment S3. 

(ii) Under the same reaction conditions, the height/length of the synthesized silicone 

structures is determined by RT. 

(iii) VOL can be tuned to influence the ratio between reactants (nsilane/nwater) and 

therefore affect the reaction efficiency. Notably, the ratio is determined by both VOL 

and RH; in some cases, a certain constant RH is employed for generating the required 

diameter, VOL is therefore adjusted to reach a high reaction efficiency and produce a 

perfect micro- and nanostructure. 

(iv) Different types of substrates might be used after being activated, but the growth of 

the structures theoretically follows the above rules (i – iii). Particular adjustment of the 

synthetic parameters is necessary to gain the required shape of the final silicone micro- 

and nanostructure.  
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4.2 Characterizations and applications of ETCS-SC-SNRs on 

cellulosic-paper-based substrate 

Some parts of this section have been published: Shanqiu Liu*, Kangwei Chen*, Alma 

Salim, Jingguo Li, Davide Bottone & Stefan Seeger, Printable and Versatile 

Superhydrophobic Paper via Scalable Nonsolvent Armor Strategy. ACS Nano, 2022, 16 

(6), 9442-9451. © 2022 The Authors. Published by American Chemical Society. (*Co-

first author) 

In this section, some practical applications based on the normal single-component 

silicone nanorods were explored by replacing the lab frequently-used glass substrate 

with the cellulosic-paper-based substrate.  

4.2.1 Synthesis and characterizations of the ETCS-SC-SNRs coating 

 

Figure 4.2.1: SEM images of (a) pristine cellulosic paper. (b-c) ETCS-SC-
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SNRs1  on cellulosic-paper-based substrate. (d-f) the corresponding EDX 

mapping images. (g) EDX spectra of pristine cellulosic paper and ETCS-

SC-SNRs coated cellulosic paper. (h) ATR-FT-IR spectra of pristine 

cellulosic paper, ETCS-SC-SNRs coated cellulosic paper, and pure ETCS-

SC-SNRs. (i) SEM images of the cross-section of ETCS-SC-SNRs 

decorated cellulosic paper. Reprinted with permission from[25]. 

The optimal growth conditions of VOL: 800 µL, RH: 50% ± 1%, and RT: 120 min under 

room temperature are employed in fabricating ETCS-SC-SNRs on cellulosic-paper-

based substrate. The ETCS-SC-SNRs decorated cellulosic paper is abbreviated as 

SNRs-paper in the following texts. As shown in Figure 4.2.1.a-c, SEM images show 

the surface morphology of both pristine cellulosic paper and SNRs-paper. An obvious 

improvement of surface roughness at the nanoscale level can be observed from the 

surface-engineered SNRs-paper compared to pristine cellulosic paper. It is 

demonstrated that the synthesized ETCS-SC-SNRs coating endows the fibrous texture 

of pristine cellulosic paper with a micro-nano hierarchical morphology. The 

homogeneity of the functional coating is further analyzed by acquiring SEM-EDX 

mapping images (Figure 4.2.1.d-f), from where the elements C, O, and Si are proved 

to be uniformly distributed on the paper surface, especially, the element Si is 

particularly concentrated on the ETCS-SC-SNRs.  

The increase of Si content on the surface of the SNRs-paper can be clearly observed 

from the SEM-EDX spectra (Figure 4.2.1.g). Compared to the pristine cellulosic paper, 

a new peak (Si) with the element weight percentage value of ~ 27 wt% is proof of 

successful paper surface decoration by ETCS-SC-SNRs.   

In addition, the C-H vibrations of the CH3 group in the band range of 2950 cm-1 to 2900 

cm-1 [139, 140]acquired from the FT-IR spectra (Figure 4.2.1.h) can only be observed 

from the SNRs-paper and pure ETCS-SC-SNRs2 samples, which further verifies the 

ETCS-SC-SNRs are successfully loaded on the surface of pristine cellulosic paper. 

The geometrical parameters of the decorated ETCS-SC-SNRs are characterized by 

performing the cross-sectional SEM images (Figure 4.2.1.i), from where the average 

 
1 ETCS-SC-SNRs is used according to a unified naming standard in this thesis. PSNR is the abbreviation 

of polysilsesquioxane nanorods used in our published paper, which is the same with silicone nanorods 

(SNRs) used in this thesis. 
2 Pure ETCS-SC-SNRs samples were obtained by scraping the surface of the SNRs-coated glass slide, 

as mentioned in section 3.1.2. 



56   4. Results and Discussion 

coating layer thickness, 7.0 µm ± 1.3 µm, and the average diameter of the single ETCS-

SC-SNR, 489 nm ± 71 nm, are obtained separately. In the meantime, the average weight 

percentage of the grafted ETCS-SC-SNRs, 19.8 wt% ± 1.1 wt%, is determined by 

weighting the cellulosic paper before and after decoration with ETCS-SC-SNRs.  

 

Figure 4.2.2: Picture showing (a) water droplets (10 µL) spherically sitting 

on the SNRs-paper surface and (b) the cellulosic paper wetted by water. The 

used water was dyed with Rhodamine B. Reprinted with permission 

from[25]. 

 

Figure 4.2.3: Robust superhydrophobicity of the SNRs-paper. (a) Water jet 

bounces on the surface of SNRs-paper and the mirror-like reflection 

observed from the SNRs-paper when it is immersed in water. (b) 
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Environmental durability tests of SNRs-paper in the environments of: UV 

illumination, 90% RH, and extreme temperatures (-196 ℃ in liquid N2 and 

200 ℃ in lab oven). Insert is the θWCA measurement after test. (c) Effect of 

corrosion time in HCl (0.1 M) and NaOH (0.1 M) on water-resistance of 

SNRs-paper. (d) θWCA of SNRs-paper after 24 h immersion in different 

organic solvents. Plot of θWCA as a function of (e) linear abrasion and (f) 

bending cycles. Inserts are the schemes of the corresponding tests. 

Reprinted with permission from[25]. 

4.2.2 Robust superhydrophobicity of the SNRs-paper 

As shown in Figure 4.2.2, the surface of the SNRs-paper presents excellent water 

resistance with a high θWCA of 162o ± 2o while the pristine cellulosic paper is hydrophilic 

with a low θWCA of ~ 30o and can be easily wetted by water droplets. The water jet 

bouncing test (Figure 4.2.3.a) as well as the mirror-like reflection observed when the 

SNRs-paper is immersed in water, demonstrate the robust superhydrophobicity of the 

SNRs-paper. Especially, the surface of the SNRs-paper remains un-wetting after being 

taken out from the water, further indicating the existence of the trapped air-layer[112] 

at the solid-liquid interface, namely, the contact area between the SNRs-paper surface 

and water. The high surface roughness resulting from the micro-nano hierarchical 

structure after decorating by ETCS-SC-SNRs and the inherent low-surface-energy 

property of the ETCS-based silicone materials may collectively contribute to the 

excellent water-resistance property of the SNRs-paper surface[141, 142]. 

Chemical, mechanical, and extreme environmental durability of the functional coatings 

are considered significant properties in practical applications. Therefore, the as-

prepared SNRs-papers were tested in various conditions, and their water-repellent 

ability was examined at a certain time interval by measuring the surface θWCA, as shown 

in Figure 4.2.3.b-f. In the environmental durability tests, the SNRs-paper samples were 

separately placed in some extreme environments, for example, UV illumination with 

the wavelength of 350 nm, extreme moister environment with RH over 90%, low 

temperature in the liquid N2, and high temperature in the lab oven (~ 200 ℃). After 

being exposed to the above environments for 12 h, no obvious change in θWCA can be 

detected (Figure 4.2.3.b), indicating the excellent environmental durability of the 

engineered SNRs-paper.  
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In addition, SNRs-paper shows excellent performance in chemical durability tests. For 

example, the θWCA measured from the SNRs-paper samples that have been separately 

immersed in strong acidic (HCl, 0.1 M) and basic (NaOH, 0.1 M) aqueous solutions for 

90 min are still more than 150o in spite of a slight decrease (Figure 4.2.3.c). Moreover, 

the prepared SNRs-paper samples are able to maintain superhydrophobicity with θWCA 

even more than 160o after being treated in various polar and nonpolar organic solvents, 

including acetone, EtOH, DMF, toluene, and chloroform for 24 h as shown in Figure 

4.2.3.d. SEM images presented in Figure 4.2.4 exhibit the surface texture of the SNRs-

paper after treatment in several harsh chemical conditions. Surprisingly, the 

morphology of the ETCS-SC-SNRs coating layer remains unchanged after treatment in 

corrosive HCl and NaOH liquids, although some collapses are observed after being 

exposed to organic solvents, which can be explained by the capillary force induced by 

the N2-flow drying1 process[143, 144]. The excellent durability of the ETCS-SC-SNRs 

layer towards chemical perturbations can be ascribed to their inert low-surface-energy 

chemical compositions and the cross-linked structures[1, 24].  

 

Figure 4.2.4: SEM images of the SNRs-paper surface after treatment with 

(a) HCl, (b) NaOH, (c) DMF, and (d) toluene. Reprinted with permission 

 
1 A better drying method that can maintain the surface topology unaffected is necessary for further studies. 

This will be discussed in section 4.4. 
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from[25]. 

 

Figure 4.2.5: (a-b) SEM images and (c) corresponding EDX mapping 

image of the SNRs-paper surface after 20 cycles of linear abrasion. 

Reprinted with permission from[25]. 

Linear abrasion and cyclic bending tests were employed to evaluate the mechanical 

durability and flexibility of the SNRs-paper. As shown in Figure 4.2.3.e-f, SNRs-paper 

remains superhydrophobic after 20 cycles of linear abrasion and 500 cycles of bending 

test, respectively. Especially after the bending test, even a constant θWCA (> 160o) is 

maintained. Their excellent, durable water-repellent property resulted from the 

remaining residual ETCS-SC-SNRs layer after mechanical damage, as shown in Figure 

4.2.5, which is preserved through the protection from inherent micro-cellulose fibers of 

the cellulosic paper[15].  

 

Figure 4.2.6: Superhydrophobic treatment of A4-paper by (a) wet-chemical 

method and (b) ETCS-SC-SNRs coating. Reprinted with permission 

from[25]. 
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Figure 4.2.7: Water-repellent property of the (a) SNRs-A4-paper and (b) 

pristine A4-paper. Reprinted with permission from[25].  

4.2.3 Scale-up fabrication 

In order to extend practical applications of the SNRs-paper, the scale-up coatings were 

performed using commercial A4-paper (297 mm x 210 mm) in a bigger custom-built 

reaction chamber (12 L). Corresponding synthetic parameters, more VOL (2000 µL) 

and longer RT (360 min) were applied to fit with the new reaction environment. 

Similarly, the appearance of the cellulosic A4-paper remains the same after decoration 

with ETCS-SC-SNRs. As a comparison, the surface of A4-paper after 

superhydrophobic treatment by conventional wet-chemical method1  is wrinkled and 

curled after solvent evaporation because of the reduced adhesion and the stretching of 

the cellulose fibers after soaking in EtOH (Figure 4.2.6). Moreover, as shown in Figure 

4.2.7, the obtained SNRs-A4-paper shows excellent water resistance toward the water 

jet, whereas the pristine A4-paper is easily wetted.  

4.2.4 Printability and writability of the SNRs-paper 

Engineered SNRs-A4-paper can be directly utilized in commercial inkjet printer 

(Expression Premium XP-6100 color inkjet printer with Claria Premium Ink) because 

their appearance and integrity are well maintained after being armored with ETCS-SC-

SNRs. Excellent printability of the SNRs-A4-paper is doubtless as almost no difference 

can be visually perceived from both SNRs-A4-paper and pristine-A4-paper after being 

printed with the same content (Figure 4.2.8.a-b). Notably, printed SNRs-A4-paper is 

still able to re-bounce water jet2 and exhibits waterproof functionality from the areas 

both covered and non-covered by oily ink (Figure 4.2.9). Similar results can also be 

observed from the handwritten SNRs-paper (Figure 4.2.8.c). An ink diffusion test was 

therefore conducted to evaluate the protective ability of the SNRs-paper to the 

handwritten content on its surface. After 12 h exposure to water, the content written 

with customed-made water-soluble ink3  was perfectly preserved by the engineered 

SNRs-A4-paper, whereas the ink on untreated cellulosic paper was thoroughly 

 
1 Hydrophobic SiO2 nanoparticles dispersed in EtOH with a concentration of 0.1 g∙ml-1. 
2 Muddy water in Figure 4.2.8: 10 g of soil dispersed in 200 mL of water. 
3 200 mg of Rhodamine B dissolved in 10 mL of ethanol. 
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dissolved in water 1  (Figure 4.2.8.d-e). Moreover, measured θWCA (Figure 4.2.8.f) 

further demonstrates that the as-prepared SNRs-paper possesses excellent water-

resistance, printability, and writability. 

 

Figure 4.2.8: Pictures showing water jet bounces off (a) SNRs-A4-paper 

and (b) pristine-A4-paer after being printed with the same content. (c) 

Writability of the SNRs-paper and its superhydrophobic performance after 

writing. (d-e) Comparison of water-resistance of handwriting on SNRs-

paper and pristine cellulosic paper. (f) Measured θWCA of SNRs-paper after 

printing and handwriting. (g) Integrity check of the printed SNRs-paper and 

pristine cellulosic paper after being immersed in water. Comparison of (h) 

tensile tests and (i) calculated maximum tensile stress and strain of the 

 
1 The process is completed in a few seconds due to the quick infiltration of water. 
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SNRs-paper and pristine cellulosic paper before and after water-exposure 

treatment (symbol -W is used to represent the water-exposure treatment). 

Reprinted with permission from[25]. 

 

Figure 4.2.9: Pictures showing water droplets (10 µL) spherically contact 

with the printed SNRs-A4-paper. Reprinted with permission from[25]. 

The oleophilic and hydrophobic ETCS-SC-SNRs decorated on cellulosic papers play a 

significant role in simultaneously keeping the surface superhydrophobic and having 

excellent printability and writability. The capillary wetting and the air cushion formed 

when contact with ink and water, respectively, are resulted from the geometrical micro-

nano structures together with the inherent oleophilicity of the surface-exposed ethyl 

groups. As shown in Figure 4.2.10, a droplet of ink used in the printer was placed on 

the surface of the SNRs-paper, and a rapid absorption can occur in a very short time 

with the final measurement of contact angle very close to 0.  

 

Figure 4.2.10: Rapid absorption and complete wetting of the ink on SNRs-

paper surface. Reprinted with permission from[25]. 

 

Figure 4.2.11: SEM images of PSNR-paper after (a) handwriting and (b) 
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printing. Reprinted with permission from[25]. 

Collapse and entanglement of the ETCS-SC-SNRs observed from SEM images after 

respective handwriting and printing (Figure 4.2.11) are ascribed to the capillary effect 

induced during the drying process of the ink, but their retention leads to a new 

roughness at the microscale, which may contribute to the sustained excellent water-

repellency and integrity of the printed and handwritten SNRs-papers.  

As shown in Figure 4.2.8.g, after immersion in water for the same time, the printed 

pristine cellulosic paper is fully wetted and easily damaged because of its hydrophilic 

nature, whereas the SNRs-paper that is printed with the same content as the pristine 

cellulosic paper remains dry and exhibits strong resistance against tearing force. To 

further evaluate the mechanical properties of the papers that have either or not been 

treated by water, tensile measurements (introduced in section 3.6.2) were therefore 

conducted (Figure 4.2.8.h-i). Before contacting with water, a comparable result with 

tensile strength of ~ 9.0 MPa and strain of ~ 4.5% is seen from SNRs-paper compared 

to pristine paper, which illustrates that the decoration of ETCS-SC-SNRs coating has 

no influence on the mechanical properties. However, after being treated with water, a 

huge decrease in both tensile strength and strain can be observed from pristine cellulosic 

paper samples, whereas the SNRs-paper still maintains almost the same tensile 

measurement results, indicating the enhancement of water-resistance and integrity of 

the surface-engineered cellulosic papers even after printing.  

4.2.5 Applying ETCS-SC-SNRs on preprinted cellulosic-paper-based 

substrate 

To further improve the applicability of the surface-engineered cellulosic paper in the 

real world, an additional synthesis strategy, synthesizing the ETCS-SC-SNRs coatings 

on cellulosic paper that has been preprinted with some contents, was developed. 

Compared to some conventional methods, from which the preprinted contents based on 

cellulosic paper may be irreversibly damaged after hydrophobic treatment, such as wet-

chemical method (Figure 4.2.12), or the readability might be unacceptably affected 

because of the created micro-nano surface rough structures, the method of synthesizing 

SNRs on preprinted paper (SNRs-p-paper) shows excellent performance in maintaining 

the appearance and readability of the original materials (Figure 4.2.13.a-b).  
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Figure 4.2.12: Preprinted cellulosic paper treated with wet-chemical 

method showing deformation and wrinkling of the paper and damage of the 

printed content due to ink diffusion. Reprinted with permission from[25]. 

 

Figure 4.2.13: Preprinted cellulosic paper (a) before and (b) after decorated 

with ETCS-SC-SNRs coating. Muddy water jet on (c) untreated preprinted 

cellulosic paper and (d) SNRs-p-paper. (e) Measurement of θWCA and tensile 
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strength for the preprinted cellulosic paper before and after hydrophobic 

treatment with ETCS-SC-SNRs (Symbol -W is used to represent the water-

exposure treatment). (f) Long-term durability of the SNRs-p-paper under 

ambient conditions with insert is θWCA measurement at 100 days. (g) Self-

cleaning ability of the SNRs-p-paper after long-term storage (100 days) 

under ambient conditions. Biological test of the (h) SNRs-p-paper and (i) 

untreated preprinted cellulosic paper. Reprinted with permission from[25]. 

Image in (c and d) is used with permission from University of Zurich[145]. 

© 2010 UZH Ursula Meisser.  

The engineered micro-nano surface roughness, as well as the inherent low-surface-

energy[146] of the alky-based silicone materials, collectively result in the excellent 

water-resistance and self-cleaning ability of the ETCS-SC-SNRs modified cellulosic 

paper prints. As shown in Figure 4.2.13.c-e, SNRs-p-paper can hardly be contaminated 

by muddy water jets and shows a high θWCA of ~ 160o that can be maintained even after 

being exposed to water for a very long time. On the contrary, untreated prints with 

measured θWCA of ~ 120o can immediately become superhydrophilic after exposure to 

water.     

Tensile measurement was performed again to evaluate the mechanical properties of 

SNRs-p-paper. Similar conclusions as the SNRs-paper can be drawn that the coated 

ETCS-SC-SNRs on the surface of preprinted cellulosic papers does not compromise 

their mechanical properties because a comparable tensile strength can be observed from 

SNRs-p-paper compared to untreated cellulosic paper samples. Detaching of the 

cellulose fibers caused by water infiltration is effectively prevented because of the 

excellent waterproof functionality of SNRs-p-paper. Therefore, the modified cellulosic 

paper prints exhibit enhanced integrity and strength against water exposure.  

In order to investigate the longevity of SNRs-p-paper under normal environment, a 

sample is stored at ambient lab conditions, and its surface θWCA is measured periodically. 

Surprisingly, even after 100 days of exposure, the SNRs-p-paper still shows 

superhydrophobic properties with a quite stable θWCA of ~ 160o (Figure 4.2.13.f). 

Meanwhile, its self-cleaning ability is also well preserved, as shown in Figure 4.2.13.g, 

a rolling-off water droplet (10 µL) can easily take away dirt and dust contaminations 

from the sample surface.  
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4.2.6 Antimicrobial functionality 

The biological test was conducted to prove that the ETCS-SC-SNRs modified substrate 

surface has excellent antimicrobial functionality. Owing to the intrinsic 

superhydrophobicity of the SNRs-paper surface, necessary growth conditions for 

microorganisms, namely, moisture and nutrients, can hardly be created and maintained. 

Moreover, the adhesion of bacteria on modified paper surfaces is significantly reduced 

because of less contact area resulting from the hierarchically structured surface[147]. 

Therefore, after 24 h exposure of SNRs-paper and pristine cellulosic paper to bacterial 

species under optimal growing conditions, no visible microbial growth can be detected 

from the modified sample, whereas a large number of bacterial colonies are clearly 

observed from the perimeter and surface of the untreated cellulosic paper (Figure 

4.2.13.h-i).  

 

 

Figure 4.2.14: (a) Water jet bounces off the letter envelope armored with 

ETCS-SC-SNRs, indicating good waterproof functionality. (b) Water sticks 

to and penetrates a commonly used letter envelope. Reprinted with 

permission from[25]. 
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Figure 4.2.15:  Water jet bounces off the package box decorated with 

ETCS-SC-SNRs. 

4.2.7 Other cellulosic-paper-based substrates 

Replicating ETCS-SC-SNRs coatings on other cellulosic-paper-based substrates such 

as letter envelops, papers, printings, and packaging materials to provide surface 

protection for outdoor use is of practical interest. Some special treatments, e.g., oxygen 

plasma, might be required before doing coatings on different paper-based items. As 

shown in Figure 4.2.14 to Figure 4.2.15, the modified envelopes and packaging boxes 

exhibit well-waterproof functionality. Future applications on more common-used 

paper-based items in various scenarios can be expected as the chemical, mechanical, 

and environmental durability, excellent water-resistance, self-cleaning ability, and 

antimicrobial functionality are potentially able to mitigate aging and decomposition 

processes and extend the service life of cellulosic-paper-based materials. 
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4.3 Synthesis and applications of the bamboo-shaped SC-

SNRs 

Some parts of this chapter have been published: Kangwei Chen, Shanqiu Liu, Yuen‐

Yee Lau & Stefan Seeger, One-Step Synthesis of Dynamically Shaped Stiff Nanorods 

Using Soft Silicone Materials to Control Water Repulsion and Collection. Small, 2022, 

18 (40), 2203820. © 2022 The Authors. Small published by Wiley-VCH GmbH. 

As mentioned in previous chapters, surface roughness, more specifically, geometric 

parameters of the surface structure, are considered one of the key factors in deciding 

the physicochemical properties of the solid surface[35, 37]. However, limited to the 

inevitable vulnerability and irregularity of the majority of silicone-based nanomaterials 

produced by conventional methods, it is still challenging to synthesize morphology-

controlled nanostructures on demand and expand their applications to a wider range of 

fields. In this chapter, a dynamic Droplet Assisted Growth and Shaping (d-DAGS) 

strategy is developed based on our group’s previous studies, and the growth mechanism, 

physicochemical properties, and potential applications of the newly synthesized 

bamboo-shaped SC-SNRs are systematically investigated. 

4.3.1 d-DAGS mechanism 
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Figure 4.3.1: Schematic illustration of the d-DAGS mechanism. (a) 

Condensed water droplet on substrate surface after pretreatment-S3. (b) 

Hydrolysis and condensation reactions triggered after injecting ETCS 

precursor. (c) Absorption of soluble species by condensed water droplet and 

the start of the deposition process of insoluble silicone species. (d) Goblet-

shape of the SNRs after reactions-S7. (e) Growth of the second segment. (f) 

Final morphology of the bamboo-shaped SNRs. Reprinted with permission 

from[23]. 

Based on the DAGS method that has been introduced in Chapter 2, the d-DAGS 

mechanism is developed to achieve morphologically controllable synthesis of silicone-

based nanostructures. Precise and dynamic control over reaction parameters is 

significant for the entire growth process. Therefore, to better understand the growth 

mechanism, a deep investigation focusing on each single growth step was conducted 

with the help of various electronic microscopies.  

The schematic illustration is presented in Figure 4.3.1. Micro- and nano-water droplets 

are able to condense on the activated glass substrate surface after 1 h equilibrium by 

moisture N2 gas flow at a certain RH (60% used for bamboo-shaped SNRs growth) 

inside the custom-built reaction chamber because of the chemical or topographic 

heterogeneities of the substrate (Figure 4.3.1.a) [104, 105, 148]. Liquid precursor 

ETCS (400 µL) is then slowly injected into the chemical holder dish through the septum 

in the middle of the reactor lid, and it is supposed to volatilize immediately to react with 

water in the gas phase. Soluble reactants and intermediate products are rapidly attracted 

and dissolved into tiny water droplets. The entire growth process is based on the self-

catalytic hydrolysis and deposition reactions[22] as the by-product HCl released during 

the reactions can be worked as a catalyst due to their high solubility and rapid 

accumulation in the aqueous phase. As illustrated in Figure 4.3.1.b, soluble 

intermediate species such as silanol and siloxanol that are continuously produced from 

the hydrolysis reactions (Eq. 4.3.1) are further dissolved into the condensed water 

droplets, leading to the generation of the insoluble polysiloxane and the activity 

reduction of the water droplet (Figure 4.3.1.c).  
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The diameter of the synthesized 1D silicone material is obviously getting smaller along 

the growth direction (bottom to top) due to the volume of water droplets sitting at the 

top cavity being gradually consumed during the deposition and growing process, which 

indicates the assistance and shaping functionality of the droplet (water) in DAGS 

mechanism. Although the water droplet at the top can be theoretically replenished from 

the gas phase because of the thermodynamic equilibration[22], the effect is not 

significant due to the continuous hydrolysis and condensation reactions and the 

considerable decrease of RH surrounding the samples. A bent-growth tendency can be 

expected if the growth process continues, which will result in the formation of 

conventional SNFs with a slightly bigger base diameter. The hydrolysis and 

condensation reactions will eventually cease until the water droplets are not able to 

dissolve more soluble silanol and siloxanol species for further depositions. Therefore, 

an appropriate control over reaction time is important in forming silicone 

nanostructures on demand. 

In order to keep SNRs growing upright, a dynamic adjustment over reaction conditions 

is developed. After 10 min of hydrolysis and condensation reactions inside the closed 

reaction chamber, both inlet and outlet gas valves were opened for the second purging 

process by moisture N2 gas (RH: 60%). A short re-purging time (10 min) is used to 

avoid bend-growing of the structure. During this time, most of the volatilized unreacted 

ETCS residues are basically removed from the reaction chamber, and the RH inside the 

reaction environment returns to the initial level and enables to accelerate the 

replenishment of the water droplet according to the thermodynamic equilibration. 

Meanwhile, because of the continuous hydrolysis and condensation reactions, the 

deposition of polysiloxane is ongoing with increasing the volume of the water droplet 

sitting at the top cavity, resulting in the diameter increase of the deposited silicone 

nanostructures (Figure 4.3.1.d). A goblet-shaped silicone nanostructure is therefore 

obtained for this reason (Figure 4.3.2). Meanwhile, the “tip-growth” model of the 
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DAGS method can be proved, which illustrates that the water droplet is sitting on the 

top cavity rather than the bottom of the nanostructure during the whole growing process 

due to the precipitation of the polysiloxane and weak interactions between solid surface 

and water droplet[149].   

With the injection of the second round of precursor, more reactants are provided for the 

continuous hydrolysis and condensation reactions. A similar growth process with the 

base segment can be observed from the second segment after 10 min reaction, i.e., a 

sharpening growth tendency caused by the consummation of the volume of water 

droplet (Figure 4.3.1.e). The shape, more specifically, the width of the synthesized 

SNRs, is determined by the diameter of the water droplet staying at the top cavity.  

 

Figure 4.3.2: SEM images of a ‘goblet-shape’ structure of SNRs after re-

purging with N2 gas (RH 70%) for 10 min. Reprinted with permission 

from[23]. 

An obvious interface line shown after the second injection of precursor and the 

formation of the “bamboo-knot” indicates the recovery of the activity of the water 

droplet after replenishments and also represents the new round deposition of the newly 

synthesized polysiloxane. Additionally, a clear conical cavity on the top segment of the 

formed SNRs can be observed from the SEM and TEM images (Figure 4.3.3), which 

illustrates that the deposition process, namely, accumulation of polysiloxane, is from 

the liquid-air interface towards water droplet center (Figure 4.3.1.e).  
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Finally, the specially designed single-component bamboo-shaped SNRs with the 

specific number of segments are synthesized by applying the repetitive dynamic 

regulation strategy to tune the growth conditions on demand accompanied by the 

periodic purging and injection of precursors (Figure 4.3.1.f). Notably, it can be 

concluded that the shape (volume) of the condensed water droplet plays a decisive role 

in synthesizing the morphology-controlled silicone nanostructures via the d-DAGS 

method. 

 

Figure 4.3.3: (a) SEM images of the cross section of ETCS volcanoes, and 

the magnified image. (b) TEM images of 2-seg-ETCS-SC-SNRs and the 

magnified image of its tip. Reprinted with permission from[23]. 

As discussed in section 4.1, synthetic parameters such as RH, RT, precursors, substrates, 

and temperature[26] collectively affect the morphology of the synthesized silicone 

nanostructures at micro- and nanoscale when the synthesis is performed in a gas-phase 

system. The functionalities of each single synthetic parameter have been summarized 

in section 4.1.4. Optimal reaction conditions of RH 60%, RT 10 min, and VOL 400 µL 

are eventually employed in fabricating the single segment of bamboo-shaped SNRs 

after comprehensive considerations regarding topographic characteristics, reaction 



4. Results and Discussion  73 

efficiency, and surface physicochemical properties. 

 

Figure 4.3.4: SEM images of the bamboo-shaped SNRs with segment 

number of 1 – 6. (a-f) 45o and (a’-f’) 90o of tilt angle. Adapted with 

permission from[23]. 

4.3.2 Characterizations of the bamboo-shaped SNRs 

The uniform arrangement and bamboo shape of the SNRs synthesized via the d-DAGS 

method are verified by SEM. As shown in Figure 4.3.4, an obvious feature of the 

bamboo-shaped SNRs is that they are able to keep upright compared to conventional 

filaments, nanowires, fibers, etc. Meanwhile, the “bamboo-knot” (Figure 4.3.4.b’-b’’) 

can be clearly observed (diameter increase, for example, from 500 nm to 810 nm, is 

caused by the replenishment of water droplets during the re-purging process), which 

illustrates the controllability of the segment number of the synthesized bamboo-shaped 

SNRs as well as the adjustability of the height of the structure, namely, the thickness or 
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roughness of the surface coating. Every single segment can be clearly distinguished 

from the SEM images with the diameter varying from ~ 300 nm to ~ 800 nm at the half-

height position (Figure 4.3.5). The average height is calculated (Figure 4.3.6) to be 2.7 

µm ± 0.2 µm to 34.6 µm ± 1.0 µm for segments from 1 to 6 as shown in Figure 4.3.5. 

 

Figure 4.3.5: Average height of the bamboo-shaped SNRs with different 

number of segments. Insert is showing the diameter measurement at the half 

height position of the segment. Adapted with permission from[23]. 
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Figure 4.3.6: SEM images of the morphology of bamboo-shaped SNRs. Tilt 

angle of 45o (a, d, g), 90o (b, e, h), and top view (c, f, i) for 1-seg-ETCS-SC-

SNRs (a-c), 3-seg-ETCS-SC-SNRs (d-f), and 6-seg-ETCS-SC-SNRs (g-i), 

respectively. Reprinted with permission from[23]. 

Figure 4.3.6 shows the bamboo-shaped SNRs with segment numbers of 1, 3, and 6 

from different angles, 45o, 90o (side view), and top view. It is clear that the morphology 

of all these structures (surface coatings) is extremely regular and uniform. Different 

numbers of segments are perfectly arranged. STEM-EDX mapping is performed for 

elemental analysis. As shown in Figure 4.3.7, the basic elements, including C, Si, and 

O, are detected to be uniformly distributed on the segment.     

 

Figure 4.3.7: TEM and corresponding STEM-EDX images of the top 

segment of 6-seg-ETCS-SC-SNRs. Adapted with permission from[23]. 

4.3.3 Ultra-long bamboo-shaped SNRs 

Ultra-long bamboo-shaped SNRs can be theoretically synthesized via the d-DAGS 

method to have unlimited length because of the controllability of the segment number. 

As shown in Figure 4.3.8, 12-seg-ETCS-SC-SNRs with an average height of ~ 67 µm 

(aspect ratio ~ 106) and 18-seg-ETCS-SC-SNRs with an average height of ~ 111 µm 

(aspect ratio ~ 176) are fabricated through several repeating cycles (R11 and R17) of 
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injections and reactions (Figure 4.3.5). Despite some collapses and messy branches 

observed, most ultra-long SNRs can still maintain bamboo-shaped and highly-regular 

and uniform structure. It is demonstrated that the d-DAGS method possesses the ability 

to grow much longer straight bamboo-shaped SNRs even though soft silicone materials 

are used.  

 

Figure 4.3.8: SEM images of ultra-long ETCS-SNRs. (a) 12-seg-ETCS-

SNRs taken at a tilt angle of 90o; (b), (c), (d) 18-seg-ETCS-SNRs taken at a 

tilt angle of 45o and 90o, respectively. Reprinted with permission from[23]. 

Therefore, according to the height of the synthesized bamboo-shaped SC-SNRs, all 

samples can be roughly classified as: 

• Short bamboo-shaped group (h < 10 µm): 1-seg-ETCS-SC-SNRs and 2-seg-

ETCS-SC-SNRs; 

• Medium bamboo-shaped group (10 µm < h < 20 µm): 3-seg-ETCS-SC-SNRs 

and 4-seg-ETCS-SC-SNRs; 

• Long bamboo-shaped group (20 µm < h): 5-seg-ETCS-SC-SNRs and 6-seg-
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ETCS-SC-SNRs; 

• Ultra-long bamboo-shaped group: 12-seg-ETCS-SC-SNRs and 18-seg-

ETCS-SC-SNRs. 

4.3.4 Robust superhydrophobicity 

The surface of glass substrates, after being coated with the bamboo-shaped SNRs, 

presents different anti-wetting behaviors because of the different segment numbers. As 

shown in Figure 4.3.9, θWCA varies from ~ 128o to be bigger than 150o, and an obvious 

tendency can be observed that with increasing the segment numbers in bamboo-shaped 

structures, θWCA progressively increases until the perfect static water contact angle (~ 

180o) is reached with the ultra-long bamboo-shaped group. Moreover, the θWSA 

decreases gradually from ~ 10o (2-seg-ETCS-SC-SNRs) to be smaller than 1o (long and 

ultra-long bamboo-shaped groups). The enhanced hydrophobicity is related to the 

increase of thickness of the surface coating, in other words, the roughness of the solid 

surface because the geometrical parameters play an important role in surface wetting 

behavior by affecting the adhesive force of the surface structures[35]. 

 

Figure 4.3.9: θWCA of the bamboo-shaped SNRs with different number of 

segments. Adapted with permission from[23]. 

In this case, the diameter of all the samples is considered constant (~ 630 nm) as the 

RH (60%) is fixed during the synthesis process. The bamboo-shaped SNRs with more 

segments are higher, and their aspect ratios are therefore bigger, for example, aspect 

ratios of ~ 4 and ~ 176 can be obtained from 1-seg-ETCS-SC-SNRs and 18-seg-ETCS-
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SC-SNRs, respectively. The adhesive force of the bamboo-shaped SNRs with more 

amount of segments is vastly reduced, leading to the formation of a substantial energy 

barrier to prevent water droplets from wetting a deeper position[37]. As explained in 

Cassie’s equation: 

𝑐𝑜𝑠𝛳𝑊𝐶𝐴
𝐶 = 𝑟𝑓𝑓𝑐𝑜𝑠𝛳𝑒 + 𝑓 − 1               (4.3.1) 

where 𝛳𝑊𝐶𝐴 
𝐶 is the apparent contact of the Cassie model, 𝑟𝑓 is the ratio of the actual area 

to the projected area in the liquid-solid contact, 𝑓 is the area fraction of the solid-liquid 

contact, and 𝛳𝑒is the equilibrium contact angle of the liquid droplet on a flat surface. 

In the Cassie-Baxter state, more air pockets are trapped in the space between a solid 

surface and the water droplet because of the higher structure, the air fraction is therefore 

increased as well as the solid fraction on the horizontal projected plane of the solid-

liquid contact is reduced. Therefore, an excellent superhydrophobic solid surface is 

produced. 

To further verify the superhydrophobicity of the bamboo-shaped SNRs decorated 

samples, the wetting state transitions were investigated under both static and dynamic 

conditions, respectively. 

Wetting state transitions under static wetting conditions 

 

Figure 4.3.10: A static water droplet (10 μL) placed on the 6-seg-ETCS-

SC-SNRs coated glass slide gradually shrank with time owing to 

evaporation. Adapted with permission from[23]. 

The θWCA of 173.5o is measured when a water droplet (10 µL) is placed on the glass 

substrate decorated with 6-seg-ETCS-SC-SNRs. The slow-shrinking process caused by 

evaporation under lab ambient temperature was recorded, as shown in Figure 4.3.10. 

Three sequential evaporation stages can be observed with decreasing volume of the 

water droplet[150, 151].  

• In the first stage (from 0 min to 15 min), the so-called constant contact line 
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mode, the contact line between the water droplet and solid surface, is almost 

constant with a very small change ~ 0.5%, whereas the θWCA quickly decreases 

to ~ 154.2o. 

• In the second stage (from 15 min to 39 min), the so-called constant contact angle 

mode, an almost constant average value of θWCA (~ 155.1o)1  is maintained 

during the time while the contact line is changed ~ 14%. 

• In the third stage (from 39 min to 66 min), the so-called the mixed mode, the 

decrease of both contact angle and contact line occurs simultaneously. 

Notably, the water droplet can maintain its spherical shape for more than 45 min and 

its superhydrophobicity for 39 min. In the late evaporation stage (~ 60 min), the 

transitions from the Cassie-Baxter state to the Wenzel state occur, resulting in a small 

θWCA of ~ 99.3o. Additionally, the glass slide sample coated with 6-seg-ETCS-SC-SNRs 

also presents anti-wetting properties against other aqueous solutions such as rhodamine, 

methylene blue, milk, and cola (Figure 4.3.11).  

 

Figure 4.3.11: Aqueous droplets (10 µL) of water, rhodamine, methylene 

blue, milk, and cola on the surface of 6-seg-ETCS-SC-SNRs modified 

sample. Adapted with permission from[23]. 

Wetting state transitions under dynamic wetting conditions 

Water-impacting test, so-called “dynamic” wetting conditions, is conducted to evaluate 

the anti-wetting ability of the surface coating. As mentioned in section 3.6.8, all glass 

samples coated with n-seg-bamboo-shaped SNRs (n = 1 – 6, 12, 18) from different 

height groups were examined. A free-falling water droplet (10 µL) released from the 

 
1 155o is considered the receding angle of the Cassie-Baxter state. 
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height of 1.5 cm above the solid surface is tracked by a high-speed camera, and the 

time-resolved pictures showing the water droplet at its highest re-bounced position in 

the first five bounces are presented in Figure 4.3.12. 

 

Figure 4.3.12: Time-resolved pictures showing a water droplet (10 µL) 

bounces on n-seg-ETCS-SC-SNRs (n= 1 - 6, 12, 18) coated glass substrates. 

We = 9. Adapted with permission from[23]. 

It is clear that the water droplet cannot re-bounce on the sample surface decorated with 

1-seg-SNRs because of its weak anti-wetting ability (low θWCA, as shown in Figure 

4.3.9). For the other superhydrophobic samples, several bounces are observed, and a 

higher rebounding distance can be expected from the samples coated with more 

segments of SNRs, which means that the height of the silicone structures or the 

thickness of the coatings is bigger. As shown in Table 4.3.1, the rebounding heights of 

the samples in their first bounce are summarized, and the subsequent bounces follow 
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the same trend.  

Table 4.3.1: Rebounding heights of the samples in their first bounce. 

No. of Segments 1 2 3 4 5 6 12 18 

Height (µm) 0 2.5 2.4 2.6 2.6 3.0 4.0 4.1 

 

Table 4.3.2: Bounce periods of the samples. 

No. of Segments 1 2 3 4 5 6 12 18 

period 1 (ms) - 58 58 60 58 62 65 64 

period 2 (ms) - 46 56 44 52 52 60 61 

period 3 (ms) - 42 48 44 44 46 50 47 

 

 40-45  45-50  50-55  55-60  60-65  65-70 

 

It is observed that the higher rebounding distance is related to the longer bounce period. 

As summarized in Table 4.3.2, longer-time bounce periods are concentrated in the long 

and ultra-long bamboo-shaped groups. After analyzing the bounce height and period of 

these samples, a conclusion is obtained that the samples decorated with bamboo-shaped 

SNRs that have more segments are able to withstand the bigger kinetic energy of the 

falling water droplet and convert it into elastic potential energy. This can be further 

understood as the trapped air layer compressed under the water droplet impact, gaining 

a repelling pressure to reduce adhesion, avoid penetration, and protect the 

superhydrophobicity of the coated substrates[91]. The wetting state transition from 

Cassie-Baxter state to Wenzel state cannot occur under this dynamic condition, 

indicating the robust dynamic water-repelling ability of the bamboo-shaped SNRs, 

especially the ones with more segments. 

4.3.5 Transparency of the bamboo-shaped SNRs coatings 

A frosted texture can be observed from the samples coated with bamboo-shaped SNRs 

(Figure 4.3.11). As shown in Figure 4.3.13, the transmittance of the glass substrates 

before and after modifications1 with respective SNFs and SNRs with different numbers 

 
1 All samples are only coated by one side. 
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of segments was compared in the visible range of 300 – 800 nm. Approximate 90% of 

the transmittance can be seen from the bare glass, whereas the value drops to ~ 80% 

and ~ 50% for the samples coated with SNFs (Figure 4.3.14) and 1-seg-ETCS-SC-

SNRs, respectively. For the samples coated with more than 2 segments of bamboo-

shaped SNRs, around 30% of transmittance is observed with slight differences. In 

summary, the bamboo-shaped SNRs coatings have the potential to be used as 

waterproof protective shells in some practical scenarios. Future studies about their 

optical properties are of great significance for developing their applications in a wider 

range of fields. 

 

Figure 4.3.13: Transmittance of bare glass slide, SNFs, and n-seg-ETCS-

SNRs (n = 1– 6, 12, 18) coated glass slides for wavelength between 300 – 

800 nm. Adapted with permission from[23]. 

 

Figure 4.3.14: SEM images of the SNFs samples used as comparisons in 

this thesis. Reprinted with permission from[23].  
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4.3.6 Enhanced chemical, environmental, and mechanical durability 

Chemical and environmental Durability 

6-seg-ETCS-SC-SNRs coated sample is selected in the following tests. As shown in 

Figure 4.3.15.a, the θWCA of the sample is periodically measured and plotted as a 

function of immersion time in various corrosive solutions. It clearly shows that the polar 

and nonpolar organic solvents, including toluene, DMF, and EtOH, have ignorable 

effects on the surface wetting properties, whereas the corrosion effect of the HCl and 

NaOH solutions is relatively strong at pH values of 1 and 13. The samples lose their 

superhydrophobicity after 12 h immersion in such strong acidic and basic solutions.  

 

Figure 4.3.15: (a) Plot of θWCA as a function of corrosion time in HCl (0.1 

M), NaOH (0.1 M), toluene, DMF, and ethanol. (b) Environmental 

durability tests of the sample. Adapted with permission from[23]. 

However, SEM images (Figure 4.3.16) indicate that the morphology of the samples is 

almost fully maintained after 144 h of immersion in different solutions, except some 

collapses occurred at the top segment because of the capillary force (adhesion) induced 

by surface tension during the drying process1. In addition, the FT-IR spectra (Figure 

4.3.17) of the samples before and after doing the chemical durability test are recorded, 

showing no obvious chemical changes resulting from the chemical corrosion. Moreover, 

Figure 4.3.15.b shows that the samples are hardly affected by some extreme 

environments, such as UV light (350 nm) and temperatures ranging from −196 ℃ to 

200 ℃ for 24 h. It is demonstrated that the bamboo-shaped SNRs coated samples have 

 
1 Samples were removed from solutions and dried by freeze-drying machine before doing static WCA 

measurements. 
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excellent chemical and environmental durability. 

 

Figure 4.3.16: SEM images of the samples after chemical corrosion (144 h) 

from (a) HCl (0.1 M), (b) NaOH (0.1 M), (c) Toluene, and (d) Ethanol, insert 

is the magnified images. Reprinted with permission from[23]. 

 

Figure 4.3.17: FT-IR spectra of the sample before and after chemical 

corrosions (144 h) from HCl (0.1 M), NaOH (0.1 M), toluene, ethanol and 

DMF, respectively. Reprinted with permission from[23]. 
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Mechanical durability 

The geometrical parameters of the superhydrophobic materials are very important in 

deciding their mechanical stability, which is considered to be mutually exclusive with 

the surface hydrophobicity because of the vulnerability of nanostructures to abrasion. 

Therefore, the geometrical parameters are highly concerned with designing, fabricating, 

and applying the surface rough micro and nanostructures[2]. As mentioned above, 

conventional SNFs with θWCA of 162.1o ± 1.7o and θWSA of 8.0o ± 1o (Figure 4.3.14) 

are used as comparison or reference control throughout this thesis. As shown in Figure 

4.3.18, after 10 times of linear abrasion under load of pressure of 0.5 kPa, 1.5 kPa, and 

2.5 kPa separately, the anti-wetting property of the SNFs sample is significantly 

influenced, showing a big decrease in θWCA and unmeasurable θWSA (> 90o) especially 

after the tests with 1.5 kPa and 2.5 kPa loading pressures. In contrast, the sample 

decorated with 6-seg-ETCS-SC-SNRs is able to maintain its high θWCA (> 160o) and its 

small θWSA (< 5o) even with a slight increase. Additionally, the pictures and SEM images 

(Figure 4.3.19) demonstrate that some obvious scratches and damages show up on the 

SNFs sample after linear abrasion tests even under very small pressure (0.5 kPa), 

indicating the weak wear-resistance of the conventional SNFs structures. On the 

contrary, even a high loading pressure (2.5 kPa) has an ignorable effect on the 6-seg-

ETCS-SC-SNRs coatings. Their hierarchical structure and morphology are well 

maintained, although some small scratches and collapses can be observed from the 

magnified SEM images (Figure 4.3.20).  

 

Figure 4.3.18: θWCA (left y-axis) and θWSA (right y-axis) of samples after 10 

linear abrasion times under different load of pressure. Adapted with 

permission from[23]. 
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Figure 4.3.19: Scheme of the linear abrasion test (top-left) and pictures 

(scale bar: 50 mm) and the corresponding SEM images of glass substrates 

coated with 6-seg-ETCS-SC-SNRs (i - iv) and SNFs (1 - 4), respectively. 

Adapted with permission from[23]. 

 

Figure 4.3.20: SEM images of (a-b) 6-seg-ETCS-SC-SNRs and (c-d) SNFs 

structures after mechanical linear abrasion test, insert is the magnified 

image of the rubbed SNRs, white arrows indicate the scratches shown on 

the surface. Reprinted with permission from[23]. 
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4.3.7 Buoyancy promotion and self-cleaning  

Buoyancy promotion 

The main support for the floating stuff is the surface tension, which is determined by 

the material surface energy[152]. Therefore, decreasing the substrate surface energy to 

reduce the molecular attraction between water and the solid surface is considered a 

promising way to increase the load-bearing capacity of the floating glass substrate. As 

schematically illustrated in Figure 4.3.21, the maximum bearing weight of different 

samples is measured and converted into the buoyancy and buoyancy promotion (in % 

regarding bare glass) separately. An obvious increase tendency of both buoyancy and 

buoyancy promotion is observed with increasing the number of SNRs segments. As 

explained in section 4.3.4, a higher structure (more segments) is able to provide more 

space in the solid-liquid interface to trap more air plastrons in the cavities, thereby 

reducing the touch possibilities of water surface and substrate and further maximizing 

the use of water surface tension to promote the load-bearing capacity of the floating 

substrates. Therefore, the bamboo-shaped SNRs can be used as “armor” on devices 

such as floating platforms and deep-water detector to promote buoyancy, save energy, 

and protect the material surface in contact with water. 

 

Figure 4.3.21: (a) scheme of buoyancy measurement and (b) the difference 

at the solid-liquid-vapor interface of a floating bare glass slide (top) and 

bamboo-shaped SNRs coated glass slide (bottom). (c) measurements of 

buoyancy (left y-axis) and buoyancy promotion as a percentage (right y-

axis) of different samples. Bare glass is used as the reference. Adapted with 

permission from[23]. 
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Self-cleaning 

 

Figure 4.3.22: Self-cleaning test with (a) chalk particles (dry mixture of 

sand and dust) on sample surface and (b) sand and dust emulsion jet. 

Samples coated with 6-seg-ETCS-SC-SNRs were used. Adapted with 

permission from[23]. 

Self-cleaning tests on the samples modified by 6-seg-ETCS-SC-SNRs were performed 

to evaluate the ability of bamboo-shaped SNRs coatings to reduce general and bacterial 

contaminations (discussed in section 4.2.6)[5]. As presented in Figure 4.3.22.a, the dry 

mixture of small particles, for example, sand and dust, are easily taken away by rolling-

off water droplets, leaving a clean and unaffected sample surface. In addition, the 

sample surface can remain uncontaminated even after being flushed by the emulsion jet 

of chalk particles (Figure 4.3.22.b), further indicating the excellent antifouling 

functionality of the coated samples.  

4.3.8 Water-harvesting 

Because of the rapid population growth, over-consumption, environmental pollution, 

and global climate change, the incessant water scarcity problem needs to be solved 

urgently[38-40, 153]. Harvesting water from fog or atmospheric humidity is considered 

a promising solution to it. Many materials used in water-harvesting applications either 

have unique structures or have special wettability-patterned surfaces, owing to the 

inspirations from natural cases, for example, spider silk[154-156], cactus[157], and 

desert beetle[158, 159]. As one of the most important practical applications of 

superhydrophobic/philic materials, the water-harvesting functionality, which has been 

rarely reported from other silicone-based micro and nanostructures, was evaluated on 
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the obtained bamboo-shaped SNRs coated samples with segment numbers of 1, 3, and 

6. Bare glass slide and SNFs modified sample were used as comparison products.  

 

Figure 4.3.23: Water-harvesting test on different samples (size: 26 x 26 

mm): (a) bare glass, (b) SNFs, (c) 1-seg-ETCS-SC-SNRs, (d) 3-seg-ETCS-

SC-SNRs, and (e) 6-seg-ETCS-SC-SNRs. The dotted line separates the 

images captured in the early and middle stage of the process. Adapted with 

permission from[23]. 

The whole process of water-harvesting, including condensation, growth, and shedding, 

is presented in Figure 4.3.23 using the first collected water droplet as an example, 

namely, the early stage. The middle stages1 of the respective measurements are also 

shown and circled by the dotted line. Tiny water droplets are able to quickly condense 

on the solid surface once water vapor is ejected from the nozzle of the ultrasonic 

humidifier, and then coalesce to be bigger droplets and keep growing by merging with 

 
1 As introduced in section 3.6.6, 30 min is the minimal time used in the water-harvesting measurement. 

Therefore, the middle stage is around 15 min.  
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neighboring small water droplets, eventually resulting in the formation of large water 

droplets. The large water droplet cannot stay on the surface with increasing its 

size/weight1. Once the critical size is reached, the large water droplet rolls off and takes 

all the water droplets on its rolling path away. A new round of water-harvesting process 

is therefore triggered due to the fresh solid surface being exposed to the condensation 

of other tiny water droplets. The processes of water droplet coalescence, growth, and 

transport have been marked in Figure 4.3.23 by dashed arrows. 

 

Figure 4.3.24: (a) Number of harvested water droplets as a function of time, 

three results were collected for each sample, i.e., bare glass ( ), SNFs 

(  ), 1-seg-ETCS-SC-SNRs (  ), 3-seg-ETCS-SC-SNRs (  ), 

and 6-seg-ETCS-SC-SNRs (  ). (b) Average droplet mass of the 

different samples. Adapted with permission from[23]. 

Each single water droplet was collected and analyzed to gain more information about 

the water collection efficiency of the solid surface. As shown in Figure 4.3.24.a, the 

harvested water droplet number as a function of collecting time is investigated based 

on three measurements of each sample. For the samples coated with 6-seg-ETCS-SC-

SNRs, SNFs, 3-seg-ETCS-SC-SNRs, and 1-seg-ETCS-SC-SNRs, the average number 

of harvested water droplets are 203, 79, 31, and 31, respectively, and the average 

collecting time for the first water droplet are 29.66s, 42.25s, 81.67s, and 83.98s, 

respectively, whereas only 24 droplets and a longer collecting time 133.62s are obtained 

from the bare glass sample. The average droplet mass is shown in Figure 4.3.24.b, it is 

obvious that the bare glass sample, 1-seg-ETCS-SC-SNRs, and 3-seg-ETCS-SC-SNRs 

modified samples have similar average droplet mass, which is much bigger than the 

 
1 They can stay on the surface only if the balance between gravity and adhesive force is kept. 
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values from the samples that coated with SNFs, and 6-seg-ETCS-SC-SNRs. The above 

results demonstrate that the shorter time used in the nucleation → growth → removal 

process is positively correlating to the bigger number of harvested water droplets. The 

bigger adhesive force between the solid surface and water droplets can result in a bigger 

average size of water droplets collected during the process. This can also be explained 

by Figure 4.3.23, the hydrophilic bare glass sample exhibits a higher affinity for water, 

whereas for the samples decorated with 1-seg-ETCS-SC-SNRs and 3-seg-ETCS-SC-

SNRs, due to the coating structures are linear and short (2.7 µm ± 0.2 µm and 15.5 µm 

± 0.4 µm, respectively), tiny water droplets can easily penetrate the coating structures 

and wet the substrate surface, the samples can therefore lose their 

hydrophobic/superhydrophobic properties, and eventually show the similar water-

harvesting performance with bare glass sample.  

Samples coated with SNFs and 6-seg-ETCS-SC-SNRs behave similarly in the water 

condensation process. Even though the SNFs structures are able to prohibit penetration 

of tiny water droplets, the high adhesive force promotes the threshold for water droplets 

to roll off the sample surface, eventually leading to a relatively larger average mass and 

less amount of harvested water droplets.  

Additionally, the space/distance between adjacent bamboo-shaped SNRs may also 

affect the water-harvesting efficiency by influencing the tiny water droplets penetration 

process. For example, the sample coated with 6-seg-ETCS-SC-SNRs has relatively 

small value of 2.82 µm ± 0.98 µm when compared to 3-seg-ETCS-SC-SNRs and 1-

seg-ETCS-SC-SNRs samples (3.49 µm ± 0.74 µm and 2.31 µm ± 0.74 µm respectively), 

notably, the distance values between two adjacent SNRs are randomly measured from 

the top view SEM images (Figure 4.3.6). Even though the 1-seg-ETCS-SC-SNRs 

sample has the smallest distance value between two adjacent SNRs, it is still not as 

good as the 6-seg-ETCS-SC-SNRs sample in water-harvesting application because the 

height of the structures (thickness of the coating) is also an important parameter. 6-seg-

ETCS-SC-SNRs sample presents smaller θWSA, namely, the smaller adhesive force 

between water droplets and solid surface, resulting in a better ability to maintain the 

non-wetting state and discharge very small water droplets during the water-harvesting 

process.  
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Figure 4.3.25: WCR of different samples. Adapted with permission 

from[23]. 

The WCR, which represents the average weight of water collected in a particular area 

over a fixed period, is normally used to evaluate the water-harvesting efficiency of the 

materials. As shown in Figure 4.3.25, the maximum WCR achieved from the tested 

samples is 32.3 ± 0.6 mg∙cm-2∙min-1 for 6-seg-ETCS-SCSNRs, which is around 2.11, 

1.49, 1.78, and 1.76 times bigger than the samples of bare glass, SNFs, 1-seg-ETCS-

SC-SNRs, and 3-seg-ETCS-SC-SNRs, respectively. This is a very high value even 

compared with other related studies, as shown in Table 4.3.3. It is demonstrated that 

the superhydrophobic surface featured with specially designed bamboo-shaped SNRs, 

owing to their excellent performance in fast vapor deposition, high-speed growth, and 

the quick removal of droplets[160], is very useful in the field of water-harvesting to 

solve water scarcity problems realistically. 
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Table 4.3.3: Literature comparisons. Adapted with permission from[23].  

 
1 Distance between the sample surface and outlet of the fog flow. 
2 WCR is not used as a criterion for comparing the water-harvesting capabilities of different materials 

due to the reported water-collection experiments are conducted under different conditions. 

Substrate Structure/Method Wettability Distance1 

(mm) 

Tem. 

(oC) 

RH 

(%) 

Fog 

Flow/velocity 

(mL·min-1) 

WCR2 

(mg·cm-

2·min-1) 

Refe

renc

e 

glass bamboo-shaped 6-

seg-ETCS-SNRs; 

d-DAGS method 

superhydroph

obic 

50 20.0 ± 

0.2 

~ 90 4.7 32.3 ± 

0.6 

this 

work 

glass Silicone nanofiber 

made from 

methyltrialkoxysila

ne; cooler used on 

sample 

Perfectly 

hydrophobic 

- 20 - 35 60 - 90 Humidity 

chamber 

0.5 – 5.3 [4] 

glass Laser-induced 

backward transfer 

superhydroph

ilic/superhydr

ophobic 

patterned 

50 20 ± 1 80 ± 5 3 15.68 [159] 

Poly(meth

ylmethacr

ylate) 

(PMMA) 

micro-nano 

hierarchical 

PMMA surface; 

Plasma deposition 

superhydroph

obic 

- 20 100 0.42 19.5 [161] 

Copper 

foils 

nano-needles and 

micro-flowers 

covered surface; 

alkaline oxidation 

etching and low 

surface energy 

treatment 

hydrophilic/s

uperhydropho

bic patterned 

70 25 80 15 cm·s-1 5.5 ± 0.2 [162] 

Titanium 

sheets 

Hierarchical 

Micro/Nanostructur

es; Femtosecond 

Laser and 

Hydrothermal 

hydrophobic 

layer with 

hydrophilic 

sites 

100 25 28 5.2 9.06 [153] 

Copper 

sheets 

P25 TiO2 

nanoparticles and 

candle soot mixed 

with 

polydimethylsiloxa

ne; spray-coating 

superhydroph

ilic/superhydr

ophobic 

patterned 

70 25 80 15 cm·s-1 14.9 ± 

0.2 

[163] 

Copper 

mesh 

Liquid 

modification 

Hydrophobic/

hydrophilic 

patterns and 

Janus 

asymmetric 

wettability 

20 18 90 4.2 36.7 [164] 

silicon 

wafers 

Arrays/Plasma 

etching, machine-

drilled with regular 

square array 

hydrophilic−h

ydrophobic 

patterned 

surface 

- - - 11000 (N2) ~ 28 

(maximu

m) 

[165] 

silicon 

wafers 

micropatterned 

surfaces/ dewetting 

thin polymer films 

(spin coating) 

hydrophilic 

bumps on a 

hydrophobic 

background 

- 0 80 – 85 9800 ~ 5.7 [166] 
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4.4 Synthesis and functionalization of the MCH silicone 

nanostructures  

Some parts of this chapter have been submitted for publication: Heterogeneous Silicone 

Nanorods with Region-Specific Functionality, and some parts of this chapter are 

involved in the manuscript under preparation: Mushroom-Shaped Silicone 

Nanostructure as a Functional Coating in Anti-Adhesive Application. 

The d-DAGS method paves the way to design and synthesize versatile silicone micro 

and nanostructures with unique shapes and chemical compositions. Previous chapters 

have systematically investigated the synthetic parameters, shape-controllable growth, 

and practical applications of different silicone-based structures, including SNFs, short 

SNRs, and bamboo-shaped SNRs. Even though the obtained products have exhibited 

enhanced physicochemical properties in the subjects of surface and material sciences, 

they are still limited in realistic applications in a wide range of fields due to the lack of 

the feature to be simply and controllably modified on demand. Therefore, in this chapter, 

based on the d-DAGS mechanism, a novel type of MCH silicone nanostructures is 

designed and synthesized to achieve tunable region-selective functionalization. Several 

methods are employed to verify the success of the functionalization and the region-

selective distribution. Moreover, surface and interface wetting property has been 

investigated and, visually revealed by using confocal microscopy. A novel hypothesis 

with respect to the CVD method is developed to explain the formation of unique 

mushroom-shape (SMHs) when the DCMVS precursor is introduced. The potential 

anti-adhesive application of this new type of functional coating is subsequently studied. 

4.4.1 Synthesis of the MCH structures 

As explained by the d-DAGS mechanism, each single segment of the bamboo-shaped 

SNRs is independent[23]. During the growth process, both unreacted precursors and 

intermediates that have not been absorbed by the condensed water droplet located at the 

top of formed structures are ideally assumed to be completely swept out of the reaction 

chamber because of the re-purging of N2 gas flow. Notably, the volume of the reaction 

chamber is 6 L, whereas the flow rate of N2 gas is ~ 2.5 L∙min-1, and the minimum re-

purging time is 5 min. Therefore, the precursor used in the subsequent injections can be 

either the same or different from the first-time injected precursor, for example, as 
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mentioned in section 4.3, the use of the same precursor ETCS in synthesizing each 

single silicone segment results in the formation of highly regular and shape-controllable 

bamboo-shaped SNRs. However, the ETCS-SC-SNRs can only be modified by some 

conventional methods, such as UV[21, 167], oxygen plasma[168, 169], and water 

plasma[77], without any selectivity. The term selectivity indicates that the fabricated 

micro and nanostructures are homogenous in chemical compositions, so they cannot be 

precisely and partially tuned via chemical methods. Further regulating the chemical 

property of the silicone structures by introducing new precursors to adapt them in more 

complex application scenarios is therefore developed and discussed in this section. 

ETCS-VTCS MCH structures 

VTCS is the first-time used in synthesizing the new type of MCH structures because it 

has many similar physical and chemical properties with ETCS, such as MW (161.48 

g∙mol-1 to 163.50 g∙mol-1), vapor density (5.61 to 5.60, relative to air), and chemical 

structures (both are tri-chloro-functional-silane). Synthetic parameters for the normal 

VTCS-based SNRs have been analyzed in section 4.1.2, demonstrating that a flexible 

adjustment to the reaction conditions (as mentioned in section 3.4.1 and 4.1.2, 

conditions of RT (5 min - 10 min), VOL (250 µL - 300 µL), and RH (50% - 55%) are 

used in fabricating VTCS-based SNRs) is required during the synthesis of different 

types of VTCS-based MCH structures.  

The detailed growth process is presented in Figure 4.4.1, all MCH structures presented 

in this thesis are started with the same base ETCS segment. After re-purging the reaction 

chamber for a certain time with appropriate RH and re-injecting a certain amount of 

precursor for a certain RT, both 2-seg-ETCS-SC-SNRs and 2-seg-EV-MCH-SNRs are 

synthesized according to different precursors used in the second injection (Figure 3.3.2: 

S7 – S5). 3-seg structures are obtained by repeating one more time re-purging and re-

injection operation (R2) under specific conditions based on the 2-seg structures. 

According to the order/arrangement of the independent ETCS/VTCS segments, 3-seg-

EEV-MCH-SNRs, and 3-seg-EVE-MCH-SNRs are eventually synthesized. 
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Figure 4.4.1: Schematic illustration of the synthesis of the bamboo-shaped 

MCH structures including EV-MCH-SNRs, EEV-MCH-SNRs, and EVE-

MCH-SNRs. 

ETCS-DCMVS MCH structure (SMHs) 

The new type of mushroom-shaped (SMHs) structure is obtained by introducing the 

precursor DCMVS (MW: 141.07 g∙mol-1) on the ETCS base segment. DCMVS is a 

kind of VTCS-containing chlorosilane whose one chlorine is replaced by the methyl 

group. Compared to the tri-chloro-functional-silanes (ETCS and VTCS), which are 

commonly used in synthesizing the structures such as filaments, rods, and bamboo-

shaped rods, the di-chloro-functional-silane DCMVS is the first time used as a 

precursor in fabricating silicone micro and nanostructures via d-DAGS method (Figure 

4.4.2).  

 

Figure 4.4.2: Schematic illustration of the synthesis of the MCH-SMHs. 

The growing process of the DCMVS segment is obviously different from the normal 
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structures, including filaments and rods, because the cavity on the top of the normal 

structures (location of the condensed water droplet) is very clear after the reaction and 

deposition process ceased (Figure 4.3.3), especially after the structure being re-purged 

(Figure 4.3.2). However, as shown in the yellow box in Figure 4.4.3.a, it is obvious 

that the cavity on the top is quickly closed after the injection of DCMVS precursor (RT 

~ 1 min).  

 

Figure 4.4.3: SEM image of SMHs showing that (a) the closed cavity after 

injection of DCMVS for RT of 1 min and (b) chemical etching with NaOH 

for 7 days on normal MCH-SMHs sample (RT: 16h). 

In addition, the SEM image of the MCH-SMHs sample after being chemically etched 

with NaOH for 7 days (Figure 4.4.3.b) shows that the DCMVS layer is partially 

removed from the structure because of the etching-caused damage[12], indicating that 

the solid sphere on the top is synthesized layer-by-layer.  

 

Figure 4.4.4: Schematic illustration of (a) deposition process of the 

ETCS/VTCS-based silicone structures and (b) possible deposition process 

of the DCVMS-based silicone structure. Arrows indicate the growing 

direction of the formed polysiloxane. 
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Some explanations to growth process 

Therefore, A hypothesis concerning the CVD method is developed to explain the 

formation of the top-sphere segment. 

First of all, to our knowledge, the chemical structures of the formed silsesquioxanes, 

which are subspecies of polysiloxanes, with tri-chloro-functional-silanes (ETCS and 

VTCS) as monomers are possible to be from random disordered structures to the 

extended ladder-like structures and to the ordered cage-like structures as mentioned in 

Chapter 2[55]. All of these structures, [CH3CH2SiOx(OH)3-2x]n, [CH2CHSiOx(OH)3-2x]n, 

and the mixed copolymer structure, [(CH3CH2SiOx(OH)3-2x)k(CH2CHSiOy(OH)3-2y)l]m, 

where 0 < x < 3/2, 0 < y < 3/2, are able to expend in 3D space because of their tri-chloro 

feature (3x siloxane bonds). Even though the molecular weights of the formed 

silsesquioxanes can hardly be determined due to their 3D nature[55], it can be derived 

that large molecules deposit and accumulate at the solid-liquid interface (deposited 

structure-water interface), further resulting in the “tip-growth” of the silicone structure 

with an inverted triangular conical cavity at the top[23] as illustrated in Figure 4.4.4.a.  

On the contrary, di-chloro-functional-silane DCMVS can only be applied in linear 

polymerization, [CH3CH2(CH3)SiOx(OH)2-2x]n, where 0 < x < 1, and the chemical 

structure of the final product is therefore constrained. As shown in Figure 4.4.4.b, 

relatively light molecular weights of the final products because of the inherent 

connection of two functional groups (methyl and vinyl) on silicon atom, and the lack 

of 3D spatial structures collectively lead to the situation that the condensation of 

intermediates (silanol and siloxanol species) and the deposition of polysiloxanes firstly 

occur inside the condensed water droplet to fill the entire droplet, and the top-sphere-

segment continues to be expanded layer by layer via continuous deposition of 

polysiloxanes that formed in surrounding suspended tiny water droplets. The whole 

process is self-organized.  

4.4.2 Microscopic characterizations of the MCH structures 

SEM images of the synthesized MCH-SNRs are shown in Figure 4.4.5.a indicate their 

highly uniform and well-arranged bamboo-shaped structures. The features of the 

bamboo-shaped MCH-SNRs include that they are able to keep upright, each single 

segment can be distinguished, and the “bamboo-knot” caused by the replenishment of 
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water droplets in the re-purging process can be clearly observed. These features indicate 

the controllability of the segment number as well as the type of segments.  

 

Figure 4.4.5: (a) SEM images of the bamboo-shaped MCH-SNRs. (b) 

STEM-EDX images of the EV-MCH-SNRs. (c) SEM images of SMHs with 

tilt angle of (i) 45o and (ii) 90o. (d) STEM-EDX images of the SMHs sample. 

Manually colored areas (segments) indicate the corresponding precursors 

applied with blue: ETCS, pink: VTCS, and yellow: DCMVS. Unlabeled 

scale bar, 1 µm. 

STEM-EDX images shown in Figure 4.4.5.b indicate the distribution of the constituent 

elements of the EV-MCH-SNRs sample. Due to the chemical compositions of the 

precursors applied (ETCS: C2H5Cl3Si; VTCS: C2H3Cl3Si), it is obvious that the main 

elements C, Si, and O are uniformly distributed among the structures. Distinguishment 

between ETCS and VTCS-based segments can hardly be achieved through this method. 

SEM images of SMHs, as shown in Figure 4.4.5.c in the respective tilt angles of 45o 
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and 90o demonstrate their distinct mushroom-shaped structure consisting of a spherical 

top segment and a normal short base SNRs. Corresponding STEM-EDX images 

(Figure 4.4.5.d) show similar results with the bamboo-shaped structures, DCMVS 

(C3H6Cl2Si) based segment is also hardly recognized because of the uniform 

distribution of the C, Si, and O elements on the whole structure. 

4.4.3 Geometrical parameters 

 

Figure 4.4.6: (a) Scheme image illustrating the measurement of height and 

diameter of the structures. (b) Average height and (c) Histogram of the 

diameter distribution with normal distribution curve, mean value, and S.D. 

and for EVE-MCH-SNRs, EEV-MCH-SNRs, and SMHs samples.  

Geometrical parameters of the as-prepared MCH structures were measured as 

illustrated in Figure 4.4.6.a. Heights of the structures are obtained from the SEM 

images taken at the tilt angle of 90o, average values are shown in Figure 4.4.6.b. It is 

obvious that the structures are getting higher with the increasing number of segments 

except for the SMHs sample, which has a unique growth pattern: expansive growth 

rather than upward growth (DCMVS-based segment).  
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Due to the special morphologies of the MCH structures, i.e., bamboo-shaped and 

mushroom-shaped, their diameters are measured specific to each single segment, 

namely, the diameter of each segment at their half-height position (Figure 4.4.6.a). At 

least 100 measurements were conducted. The results were presented as the histogram 

of the diameter distributions (Figure 4.4.6.c), which perfectly match the dynamic 

adjustments of the reaction conditions during the synthesis process: 

• For E1E2V3-MCH-SNRs, the decreasing diameter sizes from the bottom to up 

segments are observed, which result from the change of RH values, from 60% 

(E1) to 55% (E2) to 50% (V3), during the purging and re-purging process. The 

replenishment of the water droplet located at the top cavity is controlled in this 

way, and the growth of the correspondent segment (diameter) is, therefore, 

affected by the volume of the water droplet. 

• For E1V2E3-MCH-SNRs, even though the RH is maintained constant for the 

whole synthesis process, dynamic adjustments on the RT and the re-purging 

time have also influenced the replenishment of water droplet, resulting in the 

smaller diameter of the VTCS segment than the base/top ETCS segment. 

SMHs samples are slightly different from the bamboo-shaped MCH samples in 

geometrical characterization because all SMHs samples were synthesized in an 

independent reaction chamber to avoid undesirable contaminations by other different 

types of precursors. A significant difference in diameter size can be observed between 

the DCMVS segment and the ETCS segment (Figure 4.4.6.c), which is caused by the 

unique growth pattern when using the DCMVS precursor, as explained above. In the 

meantime, the mushroom-shape of the ETCS-SCMVS MCH structures is verified by 

this measurement. 

4.4.4 Preliminary proof of the MCH property 

In order to prove the MCH property of the as-prepared samples, FT-IR spectroscopy is 

applied. Surface coatings of the selected samples, including ETCS-SC-SNRs, VTCS-

SC-SNRs, and EV-MCH-SNRs, were scratched off the glass substrates before the test 

to ensure a high-quality spectrum.  
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Figure 4.4.7: FT-IR spectrum of the ETCS-SC-SNRs, VTCS-SC-SNRs, 

and EV-MCH-SNRs samples.  

As shown in Figure 4.4.7, the respective peaks of C-H bend and stretch at ca. 1460 cm-

1 and ca. 2960 cm-1[170] are shown only in ETCS-SC-SNRs and EV-MCH-SNRs 

samples, whereas the peak of C=C stretch at around ca. 1600 cm-1[171] can only be 

observed from the VTCS-SC-SNRs and EV-MCH-SNRs samples. The results 

demonstrate that the EV-MCH-SNRs sample has characteristics from the ETCS-SC-

SNRs and VTCS-SC-SNRs samples, respectively, which is able to preliminarily verify 

the MCH property of the newly synthesized structures using two different precursors.  

4.4.5 The RSF mechanism 

As mentioned in Chapter 2, the functional groups are able to rotate toward the polymer 

surface due to the flexible siloxane backbones (Si-O-Si)[172]. Compared to the inert 

alkyl groups such as methyl and ethyl groups, the vinyl group, which is reactive, 

provides the opportunity to be functionalized via photoinitiated radical-based thiol-ene 

click reaction, leading to the modifications of the chemical properties at the surface and 

interface of the materials[110, 114, 138, 173]. 
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Figure 4.4.8: Scheme of the chemical modifications on EV-MCH-SNRs (as 

an example) via thiol-ene click reactions with reactants of cysteamine 

(NH2@) and 1,4-butanedithiol (SH@), respectively. 

As illustrated in Figure 4.4.8, the exposed vinyl groups on the surface of the VTCS-

based segment are reacting with different thiol derivatives such as cysteamine and 1,4-

butanedithiol with the help of a kind of cleavage photoinitiator, DMPA, under the UV 

condition with λ of 250 nm. Notably, DMPA plays an important role in producing highly 

reactive thiyl free radical (RS∙)[117], which enables to attack vinyl groups, thereby 

loading terminal groups such as -NH2 and -SH to the specific areas on-demand.  

Because of the controllable growing sequence of the individual segment of bamboo-

shaped nanostructures, the position of the modifiable VTCS segment can be customized, 

e.g., top segment: EEV-MCH-SNRs and middle segment: EVE-MCH-SNRs. The 

chemical functionalization can be selectively applied to the specific regions composed 

of VTCS-based structures on the bamboo-shaped MCH-SNRs, resulting in the tunable 

modification of the silicone surface properties at the micro and nanoscale. Therefore, 

this is defined as the region-selective functionalization.   

The chemical functionalization on MCH-SNRs samples via thiol-ene click reactions 

with reactants of cysteamine and 1,4-butanedithiol are named NH2@ and SH@, 

respectively. The MCH-SNRs samples modified by 1,4-butanedithiol offer side 

evidence that some other thiol derivatives can also be used in region-selective 

functionalization in the future to meet the various needs of different fields.   

4.4.6 Proof of the RSF and the MCH property 

Different techniques were applied to prove the successful functionalization of the 

specific region (VTCS segment) of the MCH-SNRs. Indeed, the proof of the RSF can 

also verify the MCH property of the as-prepared samples, so-called mutual 

corroboration. 
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FT-IR spectra 

 

Figure 4.4.9: FT-IR spectrum of the ETCS-SC-SNRs, VTCS-SC-SNRs, 

EV-MCH-SNRs, ‘NH2@ETCS-SC-SNRs’, NH2@VTCS-SC-SNRs, and 

NH2@EV-MCH-SNRs in the wavelength range of 1650 to 1500 cm-1. 

FT-IR spectrums of the samples before and after the RSF have been collected and 

shown in Figure 4.4.9. No significant difference can be detected from the ETCS-based 

samples as the exposed inert ethyl groups cannot participate in the reactions with 

cysteamine. Therefore, quotation marks are used to indicate that the NH2 groups cannot 

be really added to the ‘NH2@ETCS-SC-SNRs’ sample. However, for the samples that 

consist of the VTCS-based segment, VTCS-SC-SNRs, and EV-MCH-SNRs, sharp -

C=C stretching peak[171] at around 1600 cm-1 (highlighted by yellow marks) presents 

in both samples before chemical modifications. After the thiol-ene click reactions, the 

broad -N-H bending band[174] of primary amine in the range of ~ 1540 to 1610 cm-1 

(highlighted by green marks), which is corresponding to NH2 deformation mode[174], 

can be observed on both NH2@VTCS-SC-SNRs and NH2@EV-MCH-SNRs samples. 

These results collectively demonstrate that the RSF can only be applied in the VTCS-

based-segment-including MCH-SNRs, and the ETCS-based segment cannot be 

chemically functionalized because of the lack of the reactive sites. The MCH property 

of the EV-MCH-SNRs sample is also proved. 
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Ninhydrin tests 

A quick and simple test, the ninhydrin test, is also applied to verify the covalent 

connection of the introduced functional groups and the MCH structures. As shown in 

Figure 4.4.10, after the reaction between the ninhydrin molecule and the primary amin 

group, a blue-purple complex is formed, and the color change result can be obtained. 

 

Figure 4.4.10: Scheme of the reaction between ninhydrin molecule and the 

primary amino group. 

For comparison, the samples ETCS-SC-SNRs, VTCS-SC-SNRs, and EV-MCH-SNRs 

are placed into the same reactor and functionalized by cysteamine for 30 min. Rinsing 

of the samples after the RSF is important to ensure that no solute residuals adhere to 

the sample surfaces. Therefore, ethanol/water (v/v at 7:3) and followed by ultrapure 

water are used in the sample-cleaning process for at least 5 min. Samples are then dried 

via the freeze-drying method to avoid the collapse of the nanostructures caused by the 

capillary force that is formed during the solvent evaporation process (Figure 4.4.11).  

 

Figure 4.4.11: (a) SEM images of the original (1) EV-SC-SNRs and after 

drying by (2) N2-gun and (3) freeze-dryer. SEM images of EEV-MCH-

SNRs dried by (b) freeze-dryer and (c) N2-gun. 
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The liquids used in the first and last cleaning rounds of the samples are tested with 

ninhydrin regents first. As shown in Figure 4.4.12, after adding ninhydrin regents, the 

first round used liquid changed the color, whereas the last round used liquid remained 

as clear and transparent as it was initially. The results demonstrate that all the 

cysteamine residues on the sample surface are entirely washed off. The remaining -NH2 

groups that caused the color change on the sample surfaces are covalent-bonded to the 

MCH-SNRs, not the removable chemical residues. 

 

Figure 4.4.12: Collected liquid from the cleaning process (a) before and (b) 

after adding ninhydrin regent. 

 

Figure 4.4.13: Ninhydrin test with (a) NH2@ETCS-SC-SNRs, 

NH2@VTCS-SC-SNRs, ‘NH2@EV-MCH-SNRs’ samples, (b) 
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NH2@EEV-MCH-SNRs sample after the RSF by cysteamine for 1, 3, 

7, 10, and 20 min, and (c) several pieces of NH2@EVE-MCH-SNRs 

sample after the RSF by cysteamine for 30 min. 

Eventually, the samples were separately placed into three Petri dishes and tested with 

the ninhydrin regents as described in section 3.6.7. The color change (purple) can be 

obviously observed from the NH2@VTCS-SC-SNRs and NH2@EV-MCH-SNRs 

samples, as shown in Figure 4.4.13.a, whereas the ‘NH2@ETCS-SC-SNRs’ sample 

remains its initial color.  

Notably, for the EEV-MCH-SNRs samples that have been functionalized by cysteamine 

under different reaction times (Figure 4.4.13.b), from 1 min to 20 min, the difference 

in color change can hardly be visually distinguished. Conversely, several pieces from 

the sample (EVE-MCH-SNRs) that are modified for 30 min (Figure 4.4.13.c) may 

respond slightly differently in ninhydrin tests. Therefore, the ninhydrin test can only be 

used to quickly and simply confirm the occurrence of the thiol-ene click reactions.  

The results are consistent with the FT-IR test that the RSF only occurred on the VTCS-

based-segment-included SNRs, such as VTCS-SC-SNRs, EV-MCH-SNRs, EEV-

MCH-SNRs, and EVE-MCH-SNRs samples.  

TEM confirmation 

To further prove the region-selectivity of the chemical functionalization on MCH-SNRs, 

TEM and STEM-EDX techniques are used to visually reveal the areas in which the 

RSF can occur. The characteristic element, sulfur (“S”), is used as the representative of 

the successful RSF (from the bond -R-S-R-), and its distribution is able to indicate the 

areas that have been functionalized. From Figure 4.4.14, it is clear that the S element 

is mainly concentrated on the VTCS segment, some sporadic weak signals observed 

from the ETCS-based segments might result from the random deposition of small 

VTCS-based siloxane species on the side surface of the existed ETCS rods during the 

hydrolysis and condensation reactions in the gas phase as explained by the d-DAGS 

mechanism (section 4.3.1)[23].  

In addition, the RSF was also successfully applied to the SMHs samples, as shown in 

TEM and STEM-EDX images (Figure 4.4.14.e).  
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Figure 4.4.14: TEM and the corresponding STEM-EDX images of (a) 

NH2@EEV-MCH-SNRs, (b) NH2@EVE-MCH-SNRs, (c) NH2@EV-

MCH-SNRs, and (d) SH@EEV-MCH-SNRs samples. Unlabeled scale bar, 

1 µm. 
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All in all, the above three different methods lead to the following conclusions: 

• The RSF can be successfully conducted only on the VTCS segment from 

different types of MCH samples.  

• ETCS segment cannot be functionalized because of its inert chemical properties. 

A small number of weak signals detected from the ETCS segment surface are 

from the random deposition of the VTCS-based polysiloxanes in the gas phase. 

• The MCH property of the bamboo-shaped nanostructures synthesized via the d-

DAGS method with two different precursors is proved. Depending on the 

position of the modifiable regions, which bear the reactive sites on the surface, 

different parts of the MCH structures can be selectively functionalized. 

4.4.7 Surface wetting properties and the RSP theory 

Because the MCH-SNRs are behaving as a kind of functional coating on the solid 

surface, some surface properties, for example, the hydrophobicity of the obtained 

samples, are evaluated. As shown in Figure 4.4.15, the samples that have 2 or 3 

segments are superhydrophobic with a low θWSA (< 10o), whereas the ETCS-SNRs 

sample is just hydrophobic due to its less rough property, which is consistent with the 

conclusions derived in section 4.3.4 that the hydrophobicity of the bamboo-shaped 

structure is dependent on their height, more specifically, the number of segment[23].  

 

Figure 4.4.15: θWCA and θWSA of the as-prepared samples. 

However, the RSF treatment on MCH-SNRs is able to modify the surface chemistry 

and the surface wetting properties of the samples because the added functional groups, 
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such as -NH2 and -SH, are polar and can make the sample surface more hydrophilic. 

We proposed that the accumulation of the terminal groups is dependent on the number 

of reactive sites on the modifiable region and the reaction time. On the one hand, it is 

difficult to calculate the exact number of reactive sites on the surface of the bamboo-

shaped MCH nanostructures. On the other hand, because the number of reactive sites, 

namely, the exposure of the vinyl groups, is decided from the geometrical parameters 

of the VTCS-based segment, we may assume it is constant in an individual MCH-SNRs 

sample due to the homogeneity of the bamboo-shaped morphology. Therefore, the 

reaction time is considered a perfect variable when investing the effects of the RSF on 

surface wetting behaviors.  

Some literatures have reported that similar thiol-ene click reactions can be completed 

in a few seconds or minutes[110, 114], the loading of -NH2 groups is therefore evaluated 

by measuring the θWCA of the NH2@EV-MCH-SNRs, NH2@EEV-MCH-SNRs, and 

NH2@EVE-MCH-SNRs samples for the reaction time of 3, 5, 10, 20, 30, 60, and 90 

min, respectively.  

 

Figure 4.4.16: (a) Plot of θWCA of NH2@EV-MCH-SNRs, NH2@EEV-

MCH-SNRs, and NH2@EVE-MCH-SNRs samples after being 

functionalized for a specific reaction time. (b) θWCA of SH@EEV-MCH-

SNRs and SH@EVE-MCH-SNRs samples after being functionalized by 

1,4-butanedithiol. 

NH2@EV-MCH-SNRs and NH2@EEV-MCH-SNRs samples perform similarly in the 

first 20 min of the RSF, where a significant decrease of θWCA from ~ 160o to ~ 140o can 

be observed from Figure 4.4.16.a. Notably, both samples lose their 

superhydrophobicity after ~ 3 to 5 min chemical modifications, indicating the 
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unignorable effects on surface anti-wetting properties caused by the loading of terminal 

functional groups. However, from 30 min to 90 min reactions, a relatively steady θWCA 

is maintained by the NH2@EEV-MCH-SNRs sample, whereas the θWCA of the 

NH2@EV-MCH-SNRs sample shows a slow downward trend. Even though the 

maximum value of the loaded amino groups can hardly be estimated, their accumulation 

process over reaction time is reflected in the θWCA measurements.  

On the contrary, the NH2@EVE-MCH-SNRs sample is able to maintain 

superhydrophobic (~ 160o) for 90 min (Figure 4.4.16.a). The same results are derived 

from the reactions with 1, 4-butanedithiol for 30 min as well (Figure 4.4.16.b). 

Compared to the decrease of θWCA as seen from the SH@EEV-MCH-SNRs sample, 

θWCA of the SH@EVE-MCH-SNRs sample stays at ~ 160o. As the success of the RSF 

on EVE-MCH-SNRs samples has been proved from previous tests (section 4.4.6), a 

new theory, so-called region-selective protection (RSP), is therefore proposed to 

explain this phenomenon:  

❖ When the modifiable VTCS-based segment located between two or more inert 

ETCS-based segments on MCH-SNRs, namely, (m)E-V-(n)E-MCH-SNRs, 

where m and n ≥ 1, the loaded terminal functional groups after the RSF can be 

selectively protected by the ETCS-based segments through physically blocking 

their contact with water or other solvents. 

To further evaluate the surface wetting behaviors of the MCH-SNRs samples, 

especially the RSP mechanism, both self-cleaning properties and the ability of water 

droplets bouncing off the substrate surface of the NH2@EEV-MCH-SNRs and 

NH2@EVE-MCH-SNRs samples are characterized.  

 

Figure 4.4.17: (a) Images of water droplet (10 µL) staying on the 

NH2@EEV-MCH-SNRs sample (RT: 5 min) surface at a tilt angle of 90o 
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and 180o, respectively. (b) Snapshot of water droplet (10 µL) bouncing 

(maximum position) on the NH2@EEV-MCH-SNRs (RT: 5 min), 

NH2@EVE-MCH-SNRs (RT: 5 min), and NH2@EVE-MCH-SNRs (RT: 90 

min) samples. We = 9. (c) Self-cleaning test of NH2@EEV-MCH-SNRs (RT: 

5 min), NH2@EVE-MCH-SNRs (RT: 5 min), and NH2@EVE-MCH-SNRs 

(RT: 90 min) samples at a tilt angle of 5o. 

As shown in Figure 4.4.17.a, the pinning effect of a water droplet on the surface of 

NH2@EEV-MCH-SNRs sample that is functionalized with cysteamine for 5 min can 

be ascribed to the increased adhesion force between the modified substrate surface 

bearing exposed amino groups and the water droplet. Meanwhile, only a small amount 

of the groups is added due to the short reaction time, which results in the 

superhydrophobic property of the sample being maintained. Therefore, the transition of 

the surface wetting mode from the lotus effect[175] to the rose petal effect[176] is 

achieved in a controlled situation, which is important in further functional surface 

coating design[177]. Similarly, the free-falling water droplet (10 µL) released 1.5 cm 

above the sample can hardly bounce on the NH2@EEV-MCH-SNRs sample (RT: 5 min) 

but is able to re-bounce on the NH2@EVE-MCH-SNRs samples for respective 3 and 4 

times even the sample is functionalized with cysteamine for 90 min (Figure 4.4.17.b). 

Self-cleaning tests with the above samples exhibit the same results, as shown in Figure 

4.4.17.c, the rolling-off water droplet can only take the dirt away from the NH2@EVE-

MCH-SNRs samples, but pins on the NH2@EEV-MCH-SNRs sample at the tilt angle 

of 5o. 

In summary, the surface anti-wetting properties of the EVE-MCH-SNRs samples after 

the RSF are maintained/protected due to the RSP theory, but of the EV-MCH-SNRs and 

EEV-MCH-SNRs samples, their surface chemical properties are modified by the 

connected terminal functional groups, and their superhydrophobic property and the 

self-cleaning ability are therefore significantly changed due to the direct exposure of 

the added groups at the surface solid-liquid interfaces. 

4.4.8 Visualization of water penetration status 

To better understand the surface wetting properties of the MCH samples before and 

after the RSF, confocal microscopy was the first time employed in detecting the water 

droplet penetration status. Meanwhile, in addition to the conventional wetting modes, 
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we studied the newly developed and widely discussed wetting mode, the 

intermediate/partial/mixed wetting sates[131, 178], in a more intuitive way with the 

help of the Atto 633-COOH fluorescent dye molecules. The dye-containing water 

droplet enables to emit fluorescent signals from the interface of the solid-liquid-vapor 

when it is sitting on the surface of the sample[179] due to the coffee-ring effect[180], 

from which a layer of small dye molecules concentrated around the triple-line resulted 

from the evaporation of water droplet. Therefore, the penetration depths of the water 

droplet can be easily captured and analyzed instead of studying the fluorescently 

labeled micro- and nanostructures after long-time staining. The scheme of the sample 

surface, structure surface, and solid-liquid-vapor interfaces is shown in Figure 4.4.18. 

 

Figure 4.4.18: Scheme illustration of the water droplet on the 

superhydrophobic surface of the bamboo-shaped SNRs coated substrate. 
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Figure 4.4.19: (a) Images of water droplet (10 µL) and Atto 633-COOH 

fluorescent dye-containing water droplet (10 µL) sitting on the NH2@EVE-

MCH-SNRs sample. (b-c) Plot of θCA as a function of time of 10 µL pure 

water droplet and dye-containing water droplet on the sample surfaces, and 

length ratio of the contact line measured at 15 and 1 min solid-liquid 

interaction (reference line: y = x), of the EV-MCH-SNRs, EEV-MCH-SNRs, 

and EVE-MCH-SNRs samples before and after the RSF (30 min) with 

cysteamine. Insert in (c) is the illustration of the water droplet shrinking 

process. All measurements were conducted in lab conditions (~ 23 ℃, 50% 

RH). 

The influences of replacing pure water droplet with dye-containing water droplet on the 

sample surface wetting properties and the confocal microscopy imaging process are 

first investigated (Figure 4.4.19.a). In order to reduce the undesirable effects resulting 

from the water droplet evaporation, all measurements, as well as the imaging process, 

are completed within 15 min as that is considered the constant contact line mode[150, 

151], indicating that the penetration depth of the water droplet dominates the different 

wetting performances. Compared with the pure water droplet, the dye-containing water 

droplet performs similarly in contact with different MCH samples, as demonstrated by 

the proportional decrease in θCA measurements (Figure 4.4.19.b) as well as the nearly 

constant solid-liquid contact line (Figure 4.4.19.c).  

Even though the effects (evaporation) of using the dye-containing water droplet in 

confocal microscopy imaging process might be negligible, a small decrease of the θCA 

(~ 3% - 10%) can be observed (at 1 min solid-liquid interaction) from the EV-MCH-

SNRs, NH2@EV-MCH-SNRs, EEV-MCH-SNRs, and NH2@EEV-MCH-SNRs 

samples, whereas the θCA change from the EVE-MCH-SNRs sample is close to 0. The 

RSP theory can be used to explain this phenomenon, as the dye molecules in the water 

droplet have almost no effect on the ethyl-group-based superhydrophobic surfaces[179]. 

Nevertheless, the ~ 5% decrease detected from the NH2@EVE-MCH-SNRs sample 

demonstrates the possible contact between the water droplet and the loaded -NH2 

groups, which may have resulted from the imperfect uniformity of the EVE-MCH-

SNRs structures, especially after the RSF, some undesirable collapses and bending of 

the structures may exist. 

Notably, as reported from the literature[179], different types of dye molecules, for 
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example, different molecular weights and different functional groups involved, may 

have different impacts on the imaging process, more dye molecules will be investigated 

in the future, hopefully, to improve the resolution of solid-liquid and liquid-vapor 

interfaces. Eventually, the Atto 633-COOH fluorescent dye-containing water droplet is 

used in acquiring the confocal microscopy images.  

General settings and parameters of the confocal microscopy have been summarized in 

section 3.6.14, some system and display settings applied in acquiring the 2D and 3D 

images presented in this thesis are shown in Table 4.4.1. 

Table 4.4.1: System & display settings used for acquiring the 2D and 3D 

confocal microscopy images. 

Samples 

Confocal Settings  

(Pinhole: 95.5 µm, z-step: 0.16 µm) 
Display Settings 

Channel 

Resolution 

Laser 

Intensity 

(%) 

Gain PMT 

(631-644 

nm) 

Gain HyD 

(645-720 

nm) 

Fluorescence Channel Reflectance Channel 

Min Max γ Min Max γ 

EEV-MCH-SNRs 12-bit 

 (0-4095) 
0.8 800 10 

0 59 1 1299 4091 1 

NH2@EEV-MCH-SNRs 107 839 1.5 523 4091 1.5 

EVE-MCH-SNRs 12-bit 

 (0-4095) 
0.8 800 10 

0 27 1 1007 4091 1 

NH2@EVE-MCH-SNRs 0 27 1 2759 4091 0.8 

EV-MCH-SNRs 12-bit 

 (0-4095) 

Flu. 0.7 

Ref. 0.2 
611.8 10 

5 64 1 60 328 1 

NH2@EV-MCH-SNRs 0 57 1 36 344 1 

MCH-SMHs 8-bit 

 (0-255) 
0.8 683.6 10 

0 27 1.5 36 255 1.5 

NH2@MCH-SMHs 17 157 1.5 14 255 1.5 

EV-SNRs (no droplet) 
12-bit 

 (0-4095) 
Ref. 0.2 611.8 10 - - - 356 3091 1 

 

As the reflectance signals (green) are originating from the solid-vapor and liquid-vapor 

interfaces, they can be used to indicate the profile of the structures, especially their 

bottom positions (substrate), as shown in Figure 4.4.20. Meanwhile, the unwetted area 

can also be represented by the reflectance signals. 
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Figure 4.4.20: Confocal microscopy images of the EV-MCH-SNRs sample 

without water droplet on top, including (a) X-Y slicers and X-Z, Y-Z cross-

sectional images and (b) 3D z-stack images. 

The bottom of the structure can be easily identified because no reflectance signals can 

be detected from the substrate.  

 

Figure 4.4.21: 2D and 3D images acquired from the confocal microscopy 

with dye-containing water droplet sitting on the (a, c, e, g) EV-MCH-SNRs, 

EEV-MCH-SNRs, EVE-MCH-SNRs, and MCH-SMHs samples (b, d, f, h) 

NH2@EV-MCH-SNRs, NH2@EEV-MCH-SNRs, NH2@EVE-MCH-SNRs, 

and NH2@MCH-SMHs samples. Traces of reflectance and fluorescent 

signals detected between wetted (magenta) and unwetted (green) areas are 

circled in the pictures. 
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As shown in Figure 4.4.21, fluorescent signals (magenta) originating from the small 

dye molecules in the water droplet is used to represent the wetted area, i.e., water 

penetration depth. Through comparing the magenta area of the respective MCH 

samples before (a, c, e, and g) and after (b, d, f, and h) the RSF, a general conclusion is 

derived that the dye-containing water droplet can infiltrate deeper to the -NH2 groups 

modified samples except for the NH2@EVE-MCH-SNRs sample.  

In specific to each sample, the following results are obtained: 

First of all, traces of the reflectance signals (as circled in figure a, b, d, and h) are 

detected from the wetted area, indicating the presence of the plastrons that are trapped 

between the solid and liquid phases during the water penetrating process. On the 

contrary, traces of the fluorescent signals (as circled in figures c and f) detected from 

the unwetted area may demonstrate that the ununiformity of the solid-liquid-vapor 

contact area[131], namely, dye molecules/ tiny dye-containing water droplets may have 

infiltrated the voids of the MCH structures.  

Secondly, EV-MCH-SNRs and NH2@EV-MCH-SNRs samples exhibit similar anti-

wetting properties. During the imaging process (15 min), with the respective decrease 

of θCA from ~ 150o
 to ~ 143o (Figure 4.4.21.a) and ~ 123o

 to ~ 111o (Figure 4.4.21.b), 

both samples are deeply wetted by the dye-containing water droplets, especially the 

NH2@EV-MCH-SNRs sample, a slight deeper water penetration level can be observed 

from the images.  

Thirdly, EEV-MCH-SNRs and NH2@EEV-MCH-SNRs samples are much higher than 

the EV-MCH-SNRs and NH2@EV-MCH-SNRs samples (Figure 4.4.6.b), thereby 

exhibiting stronger water-repelling ability. EEV-MCH-SNRs sample enables to 

maintain its high θCA (~ 157o at 1 min to ~ 150o at 15 min) during the imaging process. 

By considering the detected fluorescent signals below the water penetration edge, an 

intermediate wetting mode might be used to explain its wetting behaviour (Figure 

4.4.21.c, Figure 4.4.22.a). Similarly, as shown in Figure 4.4.21.d and Figure 4.4.22.b, 

the functionalized NH2@EEV-MCH-SNRs sample is losing its robust anti-wetting 

property as the loaded -NH2 groups are located at the top segment, from where they are 

directly exposed to the water droplet. The increased surface energy, as well as the 

affinity to water droplets, are able to lower the θCA of the sample. However, due to the 

special position of the modified VTCS-based segment of the sample, two ETCS-based 
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segments below the top segment are able to prevent further penetration of the dye-

containing water droplets, a bigger θCA than the NH2@EV-MCH-SNRs sample is 

therefore obtained. The wetting state transition process (water penetration) and the 

intermediate wetting mode are visually revealed. 

 

Figure 4.4.22: Schematic illustrations of the possible wetting mode of (a) EEV-

MCH-SNRs and (b) NH2@EEV-MCH-SNRs samples. 

Fourthly, EVE-MCH-SNRs and NH2@EVE-MCH-SNRs samples are able to maintain 

their unwetted state with very high θCA (> 160o) for the whole measuring process 

(Figure 4.4.21.e-f). The weak fluorescent signals can only be observed from the very 

top of the structures, as circled in the 3D view (Figure 4.4.21.e). Traces of feeble 

fluorescent signals observed from the base area in 3D images (Figure 4.4.21.f) are 

consistent with the previous conclusion of the θCA measurement that the the possible 

contact between the water droplet and the loaded -NH2 groups may occur in some areas 

where relatively large voids exist between adjacent EVE-SNRs structures. All in all, it 

can be concluded that the EVE-MCH-SNRs and NH2@EVE-MCH-SNRs samples are 

in the Cassie-Baxter state (Figure 4.4.23.a-b), which is also consistent with their 

measured high θCA (superhydrophobic). The advantage of the RSP mechanism is 

evident again in that specific molecules (functional groups) can be hidden and protected 

inside the superhydrophobic surface structures.  

 

Figure 4.4.23: Schematic illustrations of the possible wetting mode of (a) EVE-

MCH-SNRs and (b) NH2@EVE-MCH-SNRs samples. 

Additionally, the wetting properties of the MCH-SMHs samples before and after the 

RSF are also investigated, as shown in Figure 4.4.21.g-h. Similar to the EEV-MCH-



4. Results and Discussion  119 

SNRs and NH2@EEV-MCH-SNRs samples, the unmodified MCH-SMHs sample can 

hardly be fully wetted by the dye-containing water droplet because its θWCA is ~ 150o, 

whereas the NH2@MCH-SMHs sample shows high affinity to the water droplet. Unlike 

the other samples, reflectance signals are obvious in the wetted area, which is because 

of the special mushroom-shaped morphology of the MCH-SMHs, plastrons can be 

easily formed underneath the sphere mushroom head.  

4.4.9 Anti-adhesive application (MCH-SMHs) 

 

Figure 4.4.24: Adhesive loop tack strength test of different samples. Insert 

is the picture showing that a weight (15 g) is placed on the contact area for 

at least 1 min to make sure the tight attach.   

MCH-SMHs structures are a kind of promising surface functional coating because of 

their robust anti-adhesive ability. For comparison, a reference sample1, a bare glass2, a 

bamboo-shaped EEV-MCH-SNRs coated sample, and the MCH-SMHs coated sample 

were used in the adhesive loop tack strength test following the instructions in section 

3.6.2. At least five measurements were conducted for each sample, and the average 

results are summarized in Figure 4.4.24. The reference sample illustrates the strongest 

adhesion of the tape used in this test to the samples, with an average maximum adhesion 

force of 8.65 ± 0.16 N. The bare glass sample and the sample coated with the bamboo-

 
1 A glass slide ~ 1.0 mm thick to prevent brokerage. 
2 The substrate used in synthesizing MCH-SMHs structures. 
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shaped EEV-MCH-SNRs performed similarly in the tests as the thin glass slides are 

usually used broken. An average maximum adhesion force of 3.80 ± 0.32 N is obtained 

from five measurements with the bare glass, even though the samples also broke apart, 

indicating that it is probably the maximum tensile capacity of the glass substrate used 

in synthesizing the MCH structures. Surprisingly, it is observed that the MCH-SMHs 

coated sample shows very strong anti-adhesive ability toward the tape with the 

measured average maximum adhesion force of 0.35 ± 0.02 N.  

 

Figure 4.4.25: Scheme illustration of the contact area of different samples. 

Considering the special morphology of the MCH-SMHs, a possible explanation for 

their almost zero adhesive force to sticky tape is proposed, as shown in Figure 4.4.25, 

an important factor, the contact area (surface interaction) between coating structures 

and the tape, is probably playing the critical role in deciding the anti-adhesive ability 

of the samples. A huge decrease in the surface interaction of the MCH-SMHs structures 

and the tape is achieved because of the unique round-top-segment shape of the 

structures. Moreover, the chemical properties of the DCMVS-based segment may also 

contribute to their robust anti-adhesive ability, which needs to be investigated in future 

studies. 
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Summary and Outlook 

Designing and engineering functional coating structures at the nanometer scale on solid 

surfaces and interfaces with unique physicochemical and mechanical properties are 

becoming increasingly crucial in surface and material sciences as the demand for high-

performance multifunctional products from the real world have grown in recent years. 

1D silicone-based nanostructures, commonly referred to SNFs, have been investigated 

and developed since their discovery in the early 2000s because of their many benefits, 

for example, the cheap precursors, facile and efficient reactions with water, 

applicability to various substrates, and their inherent oxidative stability, chemical 

inertness, and dielectric and thermal properties. In order to gain a deeper understanding 

of the mechanism of growing morphological-controlled silicone-based home- and 

heterogeneous nanostructures on different types of solid substrates, and obtain the 

design freedom in tailoring the functional structures with desired physicochemical 

properties and performance characteristics, from synthesis methods to chemical 

functionalization and practical applications have been systematically investigated in 

this work. 

A Summary Figure is provided below to intuitively exhibit synthesis methods and 

silicone-based nanostructures reported in this thesis. Moreover, an outlook method of 

producing hierarchal structures that will be studied in the future is also presented. 

In the first part of this work, systematic investigations of the effects of the synthesis 

conditions on the morphology and surface properties of the single-component-based 

silicone nanostructures were conducted. Benefiting from the DAGS mechanism (a kind 

of CVD method) studied in our group for many years, all the silicone-based 

nanostructures could be efficiently produced in the gas phase at room temperature (~ 

23.0 ℃). Different combinations of the growing parameters, including RH, RT, VOL, 

and types of substrates, have been systematically investigated in a series of testing 

experiments.   
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Summary Figure: (a-d) Methods used in synthesizing different home- and 

heterogenous silicone-based micro- and nanostructures. (e) Outlook of a 

novel two-step method that can be used in fabricating the hierarchal home- 

and heterogenous silicone-based micro- and nanostructures.   
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Even though all parameters are collectively affecting the final results, the critical role 

each factor played in the polysiloxanes shaping process can be identified as follows: (i) 

Diameter of the base segment, in case of multi-segment structures are involved, is 

dominated by the RH value applied in the pre-treatment steps. With increasing the RH 

value, a more extensive water droplet can be condensed on the surface of the substrate; 

thereby, the structures with corresponding diameters are produced. From filaments (low 

RH value) to rods to big volcanoes and rings (high RH value), the required shape of the 

formed structures can be customized by regulating the initial RH value. (ii) RT plays a 

significant role in deciding the height of the synthesized structures as the growth of the 

silicone-based nanostructures follows the “tip-growth” mode. (iii) VOL contributes to 

the ratio between different reactants, namely, water and silanes, which is less critical in 

controlling the final morphology as the volume of the water droplet located at the top 

cavity of the structure is mainly decided by the RH value. However, VOL can also be 

adjusted to improve the reaction efficiency and produce a perfect micro- and 

nanostructure. (iv) Depending on the types of substrates, different surface activation 

methods might be used. As presented in this work, the optimal growth conditions of 

VOL: 800 µL, RH: 50% ± 1%, and RT: 120 min under room temperature are preferred 

in fabricating ETCS-SC-SNRs on cellulosic-paper-based substrate. Understanding each 

factor’s role guides synthesizing the silicone-based nanostructures with the desired 

shape, but flexible adjustments on these factors in different structural needs are also 

essential. 

In the second part of this thesis, following up on the growing instructions investigated 

in the first project, practical applications based on the typical ETCS-SC-SNRs 

structures were explored by replacing the lab frequently-used glass substrate with the 

cellulosic-paper-based substrate. Different from the conventional SNFs, the 

homogeneous ETCS-SC-SNRs are the first time, successfully synthesized on the 

cellulosic-paper-based substrate, which endows the fibrous texture of the pristine 

cellulosic paper with a micro-nano hierarchical morphology. Robust 

superhydrophobicity is achieved on the SNRs-paper surface with θWCA of 162o ± 2o. 

Due to their inert low-surface-energy chemical compositions and the cross-linked 

structures, the engineered paper exhibited excellent durability towards chemical and 

extreme environmental perturbations and mechanical damages. In addition, scale-up 

fabrications extended this coating strategy to A4 -paper, more practical applications are 
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therefore investigated. For example, the engineered SNRs-A4-paper can be directly 

utilized in commercial inkjet printers or handwritten with customed-made water-

soluble ink without negatively affecting their appearance, integrity, and anti-wetting 

properties. Similarly, the ETCS-SC-SNRs coatings, as a protective layer, can also be 

fabricated on cellulosic paper that has been preprinted or written with some contents. 

The modified cellulosic paper prints, SNRs-p-paper, presented excellent waterproof 

functionality and enhanced strength against water exposure. 

Notably, the ETCS-SC-SNRs modified substrate surface shows excellent antimicrobial 

functionality. Because of the intrinsic superhydrophobicity of the ETCS-SC-SNRs 

coatings, necessary growth conditions for microorganisms, namely, moisture and 

nutrients, can hardly be created and maintained around the sample surfaces. In addition, 

after specific surface treatment, the ETCS-SC-SNRs coatings had successfully 

replicated on other cellulosic-paper-based substrates, such as letter envelops, papers, 

printings, and packaging materials, to provide surface protection for their outdoor use.  

In the third part of this thesis, the in-situ fabrication of bamboo-shaped SNRs based on 

the d-DAGS mechanism was developed. This newly developed d-DAGS strategy 

enables controlling and adjusting the geometric properties of each single segment 

during its growth process, thereby creating a series of bamboo-shaped SNRs with 

segment numbers 1 to 6 and ultra-long structures with segment numbers 12 and 18. The 

growth mechanism, physicochemical properties, and potential applications of the newly 

synthesized bamboo-shaped SC-SNRs were systematically investigated. The “tip-

growth” model of the d-DAGS method was proved, illustrating the decisive role of the 

shape of the water droplet located at the inverted triangular conical cavity at the 

segment top during the growth/deposition process of the polysiloxanes.  

The as-prepared bamboo-shaped SC-SNRs samples presented robust and stable 

superhydrophobicity under static and dynamic conditions. It was demonstrated that the 

higher structures have better anti-wetting properties, particularly for the ultra-long 

structures with the perfect average θWCA to be nearly 180o as well as the θWSA to be 

lower than 1o. Additionally, the bamboo-shaped SC-SNRs showed great potential for 

applications in complex environments due to their enhanced chemical and mechanical 

durability and self-cleaning properties compared to conventional SNFs. The 6-seg-

ETCS-SNRs presented excellent performance in water harvesting applications with a 
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maximum WCR of 32.3 ± 0.6 mg∙cm-2∙min-1. As a material that relies on 

superhydrophobic structural design for efficient water collection, it exhibits more 

robust application prospects than existing surface designs based on wettability patterns. 

However, the synthesized silicone-based nanostructures are normally limited in real 

applications due to the lack of simple and controllable modification options on the level 

of a single nanostructure. 

In the final part of this thesis, based on the d-DAGS method, the newly proposed 

synthesis and functionalization strategies lifted the conventional silicone nanostructures 

to a more advanced level with the following features: (i) The MCH nanostructures, 

including MCH-SNRs and MCH-SMHs, with desired region-specific properties and 

controllable morphologies had been dynamically synthesized via the one-step in situ 

method (d-DAGS). Small units, with or without modifiable regions, could be arranged 

in a specific order on-demand to form heterogeneous bamboo-shaped and mushroom-

shaped morphologies. The co-existence of the inert and reactive components enables 

the as-prepared superhydrophobic products to be modified directly and selectively. (ii) 

The RSF had been successfully performed on the level of a single nanostructure. 

Various thiol derivatives (functional groups) were loaded on the selectable specific 

region of the MCH-SNRs and MCH-SMHs samples via photoinitiated radical-based 

thiol-ene click reactions. (iii) Based on the studies of the surface-wetting behaviors of 

the MCH-SNRs with and without the RSF, a new theory, so-called RSP, was developed, 

which illustrates that the ETCS-based segments can selectively protect the loaded 

terminal functional groups after the RSF through physically blocking their contact with 

water or other solvents when the VTCS-based segment is located between two or more 

inert ETCS-based segments. (iv) The water penetration status was visually revealed 

using confocal microscopy, and the existence of the intermediate wetting state was 

therefore verified. (v) MCH-SMHs structures were proved to be a promising surface 

functional coating because of their robust anti-adhesive ability. 

In conclusion, the results presented in this thesis demonstrated that the d-DAGS method 

is facile, efficient, and low-cost, which enables the customization of multifunctional 

silicone coatings at the nanoscale on-demand, paving the way for designing and 

synthesizing versatile silicone micro and nanostructures with unique shapes and 

chemical compositions. The RSF strategy will lead to the development of novel 
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versatile MCH silicone materials and will shed new light on silicone materials to be 

applied in the fields like biology, diagnosis, catalysis, and functional surface coating. 

With the conclusions in material science and nanotechnology, replicating the presented 

methods on different types of functional silanes and other materials will be an exciting 

field for future research. 
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