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Abstract (English) 

 

The reduction of the energy consumption is currently one of the most critical global challenges, which 

applies to an extensive number of fields. Heating, ventilation, and air conditioning (HVAC) systems 

account for up to 20% of the global energy consumed by developed countries.1,2 Several HVAC 

systems rely on condensation heat exchangers, which harness the liquid-vapor phase change for the 

thermal transfer. Considering the air conditioning (AC) systems, the challenge posed by the systemic 

cooling poverty underscores the necessity of exploring new approaches with respect to conventional 

AC systems.3 An alternative and/or complementary solution is offered by thermochromic smart 

windows, which exhibit a passive modulation of the solar irradiation without requiring active energy 

inputs for activation.  

In addition to HVAC systems, the shortage of drinkable water poses an additional challenge affecting 

the global energy consumption. According to the FAO reports, nearly one-sixth of the worldôs entire 

population are daily plagued from severe water scarcity.4 Among the various approaches, from solar-

driven desalination plants5,6 to distillation systems for contaminated water7, a promising solution is 

offered by the vapor collection from humid air. As emerges from these reports, even slight 

improvements in the efficiency of heat exchangers, water collectors, and smart windows could have 

a powerful impact on reducing the massive global energy consumption. The optimization of the latter 

three applications has been the focus of this doctoral research.  

Several oxide coatings were prepared following a chemical solution deposition (CSD) method, which 

will be introduced in Chapter 1. In the first experimental part (Chapter 2), the functional properties 

of hybrid silica (SiO2) coatings were tuned and exploited to control the efficiency of heat exchangers 

and moisture collectors. In the second part (Chapters 3-6), vanadium dioxide (VO2) thin films were 

employed for the fabrication of thermochromic smart windows. The temperature-dependent nature of 

the optical and electrical properties of VO2 provides a passive means to modulate the solar irradiation 

without relying on active energy inputs. The numerous parameters influencing the CSD method were 

optimized in Chapter 4, from which homogeneous and thermochromic VO2 thin films were obtained. 

Concerning the latter material, a currently unsolved challenge involves the reduction of the 

crystallization temperature below 400ÁC. In Chapter 5, an unconventional nanosecond pulsed laser 

annealing method was exploited to remarkably reduce the crystallization temperature of VO2 thin 
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films. Additional challenges regarding VO2-based smart windows pertain to two essential features 

that must be ensured for real-world application, namely the transmission of visible light and the 

resistance against weatherability. Both challenges were addressed in Chapter 6, though the 

combination of VO2 with titanium dioxide (TiO2) and hybrid SiO2 coatings in bilayer configurations. 

In the final Chapter 7, the efficiency of VO2 thin films towards H2 gas detection was considered. The 

latter is becoming increasingly important in the field of decarbonization and implementation of low-

impact renewable energy.8 Different morphologies and degrees of crystallinity were considered by 

tuning the laser-annealing and conventional furnace-annealing parameters, and the latter impact on 

the H2 gas sensing efficiency was investigated. 
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Sommario (Italiano) 

 

La riduzione del consumo energetico ¯ attualmente una delle sfide globali pi½ critiche e coinvolge 

un'ampia gamma di settori. I sistemi di riscaldamento, ventilazione e condizionamento dell'aria 

(HVAC) sono responsabili fino al 20% dell'energia globale consumata dai paesi sviluppati.1,2 Diversi 

sistemi HVAC si basano su scambiatori di calore a condensazione, che sfruttano il cambiamento di 

fase liquido-vapore per il trasferimento termico. Considerando i sistemi di condizionamento dell'aria 

(AC), la sfida posta dalla povert¨ sistemica legata ai sistemi di raffreddamento (ñsystemic cooling 

povertyò) evidenzia la necessit¨ di trovare nuovi percorsi rispetto ai sistemi AC convenzionali.3 Una 

soluzione alternativa e/o sinergica ¯ offerta dalle finestre intelligenti termocromiche, che mostrano 

una modulazione passiva dell'irraggiamento solare senza la necessit¨ di input attivi di energia per la 

loro attivazione. 

Oltre ai sistemi HVAC, la carenza di acqua potabile ¯ unôulteriore sfida che influisce sul consumo 

energetico globale. Dai rapporti della FAO, quasi un sesto dell'intera popolazione mondiale ¯ 

quotidianamente afflitto da gravi carenze d'acqua.4 Tra i vari approcci, dalla desalinizzazione solare5,6 

alle centrali a distillazione per l'acqua contaminata7, una soluzione promettente ¯ offerta dalla raccolta 

del vapore dall'aria umida. Come emerge da questi rapporti, anche lievi miglioramenti nell'efficienza 

degli scambiatori di calore, dei raccoglitori d'acqua e delle finestre intelligenti potrebbero avere un 

forte impatto sulla riduzione del massiccio consumo energetico globale.  

L'ottimizzazione di queste tre applicazioni ¯ stata l'obiettivo di questa ricerca di dottorato. Diversi 

rivestimenti a base di ossidi sono stati preparati seguendo un metodo di deposizione da soluzione 

chimica (CSD), che verr¨ introdotto nel Capitolo 1. Nella prima parte sperimentale (Capitolo 2), le 

propriet¨ funzionali dei rivestimenti ibridi di silice (SiO2) sono state ottimizzate e utilizzate per 

controllare l'efficienza degli scambiatori di calore e dei raccoglitori di umidit¨. Nella seconda parte 

(Capitoli 3-6), sottili film di diossido di vanadio (VO2) sono stati impiegati per la fabbricazione di 

finestre intelligenti termocromiche. La dipendenza dalla temperatura delle propriet¨ ottiche ed 

elettriche del materiale VO2 offre una soluzione passiva per modulare l'irraggiamento solare senza 

fare affidamento su input attivi di energia. I numerosi parametri che influenzano il metodo CSD sono 

stati ottimizzati nel Capitolo 4, da cui sono stati ottenuti film sottili omogenei e termocromici di VO2. 

Riguardo a quest'ultimo materiale, una sfida attualmente irrisolta riguarda la riduzione della 

temperatura di cristallizzazione al di sotto dei 400ÁC. Nel Capitolo 5, ¯ stato sfruttato un metodo non 
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convenzionale di trattamento laser, basato su impulsi con durata di 22 nanosecondi, per ridurre 

notevolmente la temperatura di cristallizzazione dei film sottili di VO2. Riguardanti alle finestre 

intelligenti basate su VO2, due ulteriori sfide affrontate sono legate a due caratteristiche chiave che 

devono essere garantite per un'applicazione reale delle stesse, ovvero la trasmissione della luce 

visibile e la resistenza alle condizioni atmosferiche. Entrambe le sfide sono state affrontate nel 

Capitolo 6, combinando i film di VO2 con il biossido di titanio (TiO2) e rivestimenti ibridi di SiO2 in 

formando dei bilayer.  

Nel capitolo finale (Capitolo 7), ¯ stata presa in considerazione l'efficienza dei film sottili di VO2 

verso il rilevamento di idrogeno (H2). Diverse morfologie e gradi di cristallinit¨ sono stati considerati, 

ottimizzando i parametri del trattamento laser e di quello convenzionale, ed ¯ stato studiato il loro 

impatto sull'efficienza del rilevamento di idrogeno.  
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1.1  Introduction 

Inorganic and organic coatings or thin films are widely employed in most of our technologies and 

permeate our everyday life, from antireflection displays and micro/nano electronic devices to 

protection barriers against corrosion or abrasion.1ï6 Several techniques have been developed to allow 

their synthesis and deposition, each possessing advantages and disadvantages. Generally, the methods 

are divided into two main categories, vapor phase deposition and solution-based deposition: 

¶ Vapor phase deposition includes techniques such as evaporation, molecular beam epitaxy, 

sputtering, physical and chemical vapor deposition, pulsed laser deposition; 

¶ Solution-based deposition includes electrochemical deposition, chemical solution deposition, 

self-assembled monolayers, and sol-gel. 

In this work, most of the thin films or coatings were obtained by exploiting the advantages of the sol 

gel process, which offers a great synthesis versatility along with the possibility to profoundly tune the 

chemical composition of the material. The method is based on simple and straightforward procedures, 

it does not require the use of expensive vacuum-based equipment and it is scalable at industrial level. 

Usually, amorphous glass-based oxides are obtained from rapid cooling of melted materials, which 

prevents the crystallization from happening by instead favoring the thermodynamically more stable 

phase. The sol-gel process offers an alternative path based on a ñbottom-upò approach: the final 

amorphous material is obtained by gradually connecting molecular building blocks, such as SiO4 

tetrahedra or TiO6 octahedra, via irreversible reactions. 

According to Schubert7, a sol is intended as a stable suspension of colloidal particles within a liquid 

medium, with dimensions ~1-1000 nm. The particles can either be amorphous or crystalline, based 

on building blocks that can be porous, dense, or polymeric. The sol particles interact and agglomerate 

via attractive Van der Waals forces and tend to minimize the system surface energy. The sol stability 

is key during sol-gel, therefore repulsive forces must be introduced to prevent undesired sol 

agglomeration, exploiting organic additives to create steric or electrostatic barriers. A gel is a solid, 

porous, and continuous network, developed over three-dimensions which holds within it a percolating 

liquid phase. In most cases, gelation is reached via covalent bonds between the sol particles, whereas 

a reversible gel is formed when Van der Waals forces or hydrogen bonds are involved. According to 

the final goal and application, the gel can be tuned to evolve into aerogels, xerogels, dense ceramic 

bulks or thin films.8 

The sol-gel process can be principally divided into two categories: aqueous, or hydrolytic, and 

nonaqueous. This work has been focused on three types of materials, vanadium dioxide (VO2), 

titanium dioxide (TiO2) and silicon dioxide (SiO2). The formation of silica coatings from silicon 



4 

 

alkoxides represents one of the most widely studied sol-gel process, which is based on hydrolytic 

reactions. Regarding the formation of vanadium or titanium oxides, several reactions mechanisms 

could occur, even concurrently, depending on the type of precursor used and on the synthesis 

conditions, therefore a panoramic of the most fitting ones will be presented. The principal categories 

which the sol-gel process include, along with the key parameters affecting them, will be presented in 

the following sections. 

As defined by Niederberger and Pinna9, not all the examples included in sol-gel chemistry are based 

on the mere transformation of a molecular precursor first into sol and then into a gel. They generalized 

the sol-gel definition to ñany process in which the transformation of a molecular precursor into the 

final oxidic compound involves chemical condensation reactions in liquid phase under mild 

conditionsò. 

 

1.2  Aqueous sol-gel 

The aqueous sol-gel chapter will be discussed in two separate sections: the first part will be devoted 

to silicon alkoxides precursors, whereas the second section will be devoted to metal oxide precursors. 

 

1.2.1 Silica from Silicon alkoxides 

According to the definition by Brinker and Scherer8, during aqueous sol-gel a starting precursor 

solution is turned into an inorganic solid via inorganic polymerization reactions induced by water.8 

Silica-based sol-gel materials can be principally obtained from two precursor types, silicates and 

silicon alkoxides. In the latter case, which is relevant to this work, the initial Si(OR)4 precursor is 

hydrolyzed by water during the first step, leading to the formation of silanol groups (Si-OH), which 

are then condensed to form siloxane bonds (Si-O-Si). 

The hydrolysis reaction is schematized as represented in Eq. (1.1): 

Si(OR)4 + H2O ź (OR)3SiïOH + RïOH 

 

(1.1) 

Whereas condensation reactions can proceed either by alcohol elimination (Eq. (1.2)) or by water 

elimination (Eq. (1.3)): 

Si(OR)4 + (OR)3SiïOH ź (OR)3SiïOïSi(OR)3 + RïOH (1.2) 

(OR)3SiïOH + HOïSi(OR)3ź (OR)3SiïOïSi(OR)3 + H2O 

 

(1.3) 
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Hydrolysis and condensation reactions compete during the sol-gel process of alkoxides. Their kinetic 

is influenced by multiple parameters, among which the most relevant are: 

a. Precursor type, 

b. Acid or basic catalysis, 

c. Alkoxide/water ratio, 

d. Solvent type, 

e. Temperature, 

f. Concentration. 

 

1.2.1.1 Precursor  

Steric hindrance influences the hydrolysis of alkoxides, i.e., a higher branching or higher chain length 

determines a reduction in hydrolysis rate. For example, Si(OMe)4 undergoes a faster hydrolysis 

respect to Si(OEt)4 and Si(O
nPr)4, and the latter is faster than Si(O

iPr)4.
8 

 

1.2.1.2 Catalyst (pH) 

The pH of the solution, i.e., the acidity or basicity induced by the catalyst, has a different effect on 

hydrolysis and condensation. The lowest reaction rate is found at pH=7 for hydrolysis and at pH=4.5 

(which is the PZC for silica) for condensation. At pH<5 the hydrolysis is faster, with condensation 

being the rate determining step, whereas at pH>5 the Si-O-Si bonds are immediately formed from the 

hydrolyzed parts, which are consumed due to the more rapid condensation.8 

 

 

(1.4) 

 

 
 

(1.5) 

Considering the silica reactions as an example, during acid catalyzed sol-gel, the oxygen atom in 

either ſSiïOR, ſSiïOH or ſSiïO- is quickly protonated (Eq. (1.4)). This determines a reduction in 

electron density in the Si center, which increases its electrophilicity and susceptibility towards water 

or silanol attack (Eq. (1.5)), during hydrolysis (X=R, Y=H) or condensation (X=R or H, Y=Siſ), 

respectively. 
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(1.6) 

 

Under basic catalyzed sol-gel, deprotonation of H2O or ſSiïOH leads to the formation of OH- and 

ſSiïO- (Eq. (1.6)). The central silicon atom undergoes a nucleophilic attack by either OH- 

(hydrolysis, X=R, Y=H) or ſSiïO- (condensation, X=R or H, Y=Siſ) with a SN2 mechanism.
7 

Transition or intermediate states are stabilized or destabilized in function of the reagents that are 

present in the reacting solution, that are responsible of inductive effects. The electron density near 

the central Si increases as Eq. (1.7): 

ſSiïOïSiſ  <  ſSiïOH  <  ſSiïOR  <  ſSiïR- (1.7) 

 

Under acid catalysis, hydrolysis and condensation reactions increase in reaction rate with the same 

order of the electron density, because the positively charged transition state is better stabilized by a 

higher electron density on the silicon atom. Under basic catalysis, the reaction rate increases with the 

inverse of the order in Eq. (1.7), because the negatively charged transition state needs to be stabilized.7 

While hydrolysis and condensation reactions are developed, the central Si increases the 

electrophilicity due to the higher -OH and -OSi- bonded to it. This determines favored reactions at 

the central Si atoms under acidic conditions, leading to chain-like network formation. Basic 

conditions are favored at terminal Si, which possess only one Si-O-Si bond, leading to a higher 

branching and ramifications of the network. Moreover, Si(OR)4 have a slower reaction kinetics 

respect to alkoxysilanes which are organically substituted RôSi(OR)3 if under acidic condition, 

whereas the opposite happens under basic conditions.7 

 

1.2.1.3 Alkoxo group/water ratio and solvent 

If tetraalkoxysilanes (Si(OR)4) are used as precursors, two equivalents of water are required for their 

full conversion into SiO2. Generally, if the water amount is increased, the formation of Si-OH groups 

over condensed Si-O-Si is favored, with the complete hydrolysis reached with four equivalents of 

water.  

The solvent properties, such as viscosity, polarity, protic behavior, volatility, and dipole moment can 

play a major role upon stabilizing the liquid system or balancing/boosting the reactions. As depicted 
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in Eq. (1.1-1.3), solvent is rarely an inert component, since is participates in both hydrolysis and 

condensation reactions as a product. 

 

1.2.2 Metal oxides 

With respect to silicon, a semimetal, metals display a higher Lewis acidity (i.e., are more 

electropositive) and are more reactive towards a nucleophilic attack. Additionally, while in the case 

of silicon the coordination number coincides with its valence (4), metals and transition metals are 

more stable with a coordination number higher than their valence. The higher coordination number 

is obtained by coordination with any Lewis base nucleophile component.7 

The higher coordination number of transition metals has consequences on how they arrange within 

the forming sol-gel network. For example, SiO2 and TiO2 polymorphs share the same valence of 4. 

While Si is a 4-coordinate, forming tetrahedral SiO4 components, Ti is a 6-coordinate, forming 

octahedral TiO6 blocks when in rutile form, which is the most stable. To form a stoichiometric SiO2 

material, each oxygen bridges 2 Si atoms, with the tetrahedra sharing corners with the neighboring 

blocks. In the case of TiO2, since 2 O are present in the formula, each O atom must coordinate 3 Ti 

atoms to satisfy the 6-fold coordination requirement (TiO6/3), leading to edge-sharing octahedra 

connected with the corners of an adjacent string. The SiO2 structural arrangement has a higher degree 

of freedom respect to the TiO2 one. This results in an amorphous structure in the former case, and a 

semi- or microcrystalline gels in the latter.7 

Widely used precursors for metal oxides (MOs) include inorganic metal salts, such as chlorides, 

nitrates, or sulfates, and metal-organic compounds, among which the alkoxide family has been 

extensively investigated.9 Starting from these precursors, a homogeneous solution is formed. A direct 

dissolution of an inorganic salt can be performed if water is employed as the main solvent; if metal-

organic precursors are used, organic solvents miscible with water can be chosen instead. As described 

for silica materials, the hydrolysis reaction is generally schematized as represented in Eq. (1.8): 

M(OR)n + H2O ź M(OR)n-1ïOH + RïOH 

 

(1.8) 

Whereas condensation reactions can proceed either by alcohol elimination (Eq. (1.9)) or by water 

elimination (Eq. (1.10)): 

M(OR)n + M(OR)n-1ïOH ź (OR)n-1MïOïM(OR)n-1 + RïOH (1.9) 

M(OR)n-1ïOH + HOïM(OR)n-1 ź (OR)n-1MïOïM(OR)n-1 + H2O 

 

(1.10) 
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As for the silicon alkoxide process, the kinetics of these reactions are greatly affected by several 

factors, including water/precursor ratio; steric hindrance of the organic group R; type, polarity, and 

volatility of the solvent; acid or basic catalysis; temperature.8 Key factors that influence the chemical 

and physical properties are:  

a. the difference in electronegativity between the metal atom and oxygen, which influences the 

degree of ionic character of the M-O bond; 

b. the electronic density of the organic group R, which can modify the polarity of the M-O bond 

by donation or extraction of electrons through the interaction with the oxygen atom; 

c. the possible expansion of the metal coordination sphere, which can lead to the formation of 

oligomers with the adjacent alkoxide through dative bonds with donor atoms.10  

 

1.2.2.1 Precursor reactivity 

As described earlier, metal alkoxides are stronger Lewis acids respect to their silicon counterparts, 

which determines an extreme reactivity towards hydrolysis due to the higher metal sensitivity towards 

a nucleophilic attack.7 Silicon alkoxides require the addition of catalysts to increase the reaction rates 

of hydrolysis and condensation, that would otherwise be excessively slow. In the case of metal 

alkoxides the problem lies at the opposite side: to properly control the evolution and formation of the 

wet gel, avoiding precipitates, the requirement is to reduce the high reaction rate of hydrolysis. For 

example, Si(OR)4 displays a ~10
5 slower hydrolysis rate respect to the corresponding Ti(OR)4 

counterpart, with R being the same. 

The chemical reactivity of metal alkoxides varies according to the different type of metal center7:  

Si(OiPr)4  <<  Sn(O
iPr)4, Ti(O

iPr)4  <  Zr(O
iPr)4  <  Ce(O

iPr)4 

 

(1.11) 

Strategies to reduce the reactivity of transition metal alkoxides will be discussed in the following 

paragraph 1.2.3. 

 

1.2.2.2 Oligomerization 

The oligomerization of metal alkoxides originates from the general tendency of metals to maximize 

their coordination number, which in turn raises with increasing size of the metal atom. While Si(OR)4 

precursors display a monomeric structure, a bridging ligand can coordinate 2 or 3 metal atoms with 

metal alkoxides precursors. The degree of oligomerization is also influenced by the complexity of the 

organic ligand, the solvent type, and the solute concentration. The higher the ramification or spatial 
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obstruction of the alkoxy group, the lower the degree of oligomerization. As a general trend, the 

molecular complexity tends to increase if the metal size increases and if the steric hindrance of the 

alkoxy group decreases.10  

 

1.2.2.3 Viscosity and volatility 

The viscosity of the solution is affected by the concentration and steric hindrance of the precursors, 

the type of solvent, and the volatility of all reagents. An increase in oligomerization generally leads 

to a lower precursor volatility, which influences the homogeneity and viscosity of the solution. In sol-

gel, alcohols are widely used solvents and their behavior is hardly inert, since even in the most 

straightforward case they are formed as reaction products during hydrolysis and condensation. 

 

1.2.2.4 Solvent 

The alcoholic solvent can be chosen to match the reaction product of the starting alkoxide or can be 

chosen to be different due to volatility or polarity goals. For example, the hydrolysis of zirconium 

alkoxides (Zr(OnPr)4) was compared in n-propanol and in cyclohexane. While in the former the 

hydrolysis was fast and led to precipitates, in the second it led to a gel. Different intermediate 

complexes were formed: in the first case, the parent alcohol ROH was preferentially coordinated, 

while in cyclohexane OR-bridged oligomers were formed. The ROH can be easier released respect 

to the OR- bridge.7 In either way, exploiting a preferential coordination of the parent/different alcohol 

instead of adjacent alkoxides, zirconium alkoxides can concurrently increase their coordination 

number and reduce the molecular complexity.10  

In the case of a different solvent respect to the parent one, alcoholysis can play a role by changing the 

reaction equilibrium (Eq. (1.12)): 

M(OR)n + xRôOH ź (OR)n-1MïOïM(ORô)x + xRïOH (1.12) 

 

In line with the previous considerations, alcoholysis is influenced by steric hindrance effects, strength 

of the metal-oxygen bond, volatility of the alcohol product. 

 

1.2.3 Strategies to reduce reactivity of transition metal alkoxides 

The aqueous sol-gel process offers great advantages when precursors like silicon alkoxides are 

employed, which allow to effectively control the reactivity of the hydrolysis and condensation 

reactions. However, when transition metal alkoxides are concerned, the aqueous pathway constitutes 
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a challenge to be performed, due to the extremely high reactivity of these precursors towards water. 

Strategies developed to solve this problem, allowing for the use metal alkoxides with an aqueous 

approach, include9: 

a. Introduction of organic additives which act as chelating agents, effectively slowing the 

reactivity of the metal alkoxide. These chelating agents include carboxylic acids, ɓ-diketones 

and functional alcohols; 

b. Employment of chemical/physical processes to slowly release H2O within the system, to 

induce a more controlled hydrolysis kinetic by locally controlling the H2O amount. 

Chelated complexes possess a higher stability respect to their starting alkoxide, so m multidentate 

ligands (Y) can substitute n monodentate ligands (X) as depicted in Eq. (1.13): 

MïXn + mY ź MïYm + nX (1.13) 

 

Thermodynamically, bidentate ligands were confirmed to hold a higher K respect to their 

monodentate version. The thermodynamic equilibrium is influenced by the donor atom and by how 

the chelating agent coordinates around the metal ion, in terms of size and geometry.10 

 

1.2.3.1 Titania from Titanium alkoxides and ɓ-diketones 

Titanium alkoxides are more reactive towards a nucleophilic attack respect to silicon alkoxides, due 

to their capability of increasing the coordination number to a highly stable six-fold geometry. To 

reduce their rapid reactivity and thus control the hydrolysis, ɓ-diketones have been used as chelating 

agents. The latter show an enol-keto tautomerism (Eq. (1.14)): 

 

 

(1.14) 

 

By chelating the transition metal exploiting the reactivity of the ïOH group, the enol form is 

stabilized. In the case of acetylacetone (Hacac), the resulting chelated complexed (Eq. (1.15)) are 

considered stable against hydrolysis. 

 

 

(1.15) 
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Upon chelation of the metal ion, acetylacetone undergoes a molecular structural change, which leads 

to the closure of the ring. The elevated complex stability against hydrolysis is attributed to the 

redistribution of the electronic charges within the six-member ring configuration.10 

Ti(OPri)4 + Hacac ź Ti(OPri)3(acac) + Pr
iOH (1.16) 

 

Even if the hydrolysis is far less rapid when compared to the original transition metal alkoxides, 

chelation with Hacac does not totally impede the interaction of the complex with water. In the case 

of titanium isopropoxide, the chelation with Hacac was proven to increase the coordination number 

of Ti to six (Eq. (1.16)). When exposed to water, the -OR groups are preferentially removed, 

subsequently followed by acac ligand removal. This was demonstrated by the partial charge 

distribution. Acac ligands possess a high negative charge (ŭacac = - 0.65) when bound to Ti centers. 

During hydrolysis, the ROH species are positively charged (ŭROH = + 0.17) and therefore easier to be 

removed respect to Hacac (ŭHacac = - 0.46).
11 

 

1.2.4 Inorganic-organic hybrids 

The classic ceramic route involves elevated process temperatures, which do not allow for the 

introduction of organic components into the inorganic matrix. The latter allows for beneficial effects 

to the final sol-gel product, due to the introduction of specific functionalities such as hydrophobicity 

or to the increase in materialôs flexibility. Applied examples will be presented in Chapter 2 (SiO2 

coatings for vapor condensation) and Chapter 6 (protective SiO2 coatings for VO2-based smart 

windows). 

Hybrid organic-inorganic materials are classified into two categories: 

a. Class I hybrids: organic molecules are incorporated into the overall inorganic gels without 

chemical bonds; 

b. Class II hybrids: covalent bonds are employed to chemically link the organic molecules to the 

gel. 

In class I, the organic components are dissolved within the precursor solution, to induce a matrix 

formation around them which leads to a weak interaction between the inorganic matrix and the 

trapped organic materials. 

In class II, functional or non-functional organic precursors are covalently bonded to the developing 

oxide network. In hybrid SiO2 gels, this is usually reached by mixing conventional silicon alkoxides 

(Si(OR)4) with organotrialkoxysilanes (RôSi(OR)3), which include Si-C bonds. The latter are not 



12 

 

sensitive towards hydrolysis, therefore they are not expelled as reaction products, allowing the 

organic functionalities to be maintained within the gel network.7 

 

Figure 1.1. Tetraethylorthosilicate (TEOS), methyltriethoxysilane (MTES), octyltriethoxysilane (OTES). 

Examples of organotrialkoxysilanes which were employed in this work are reported in Figure 1.1. 

 

1.2.5 Gelation  

Generally, thermodynamics favors the crystalline state over the amorphous one, which in turn is 

favored when the structural building blocks have a high number of possible configurations to arrange 

among themselves, i.e., a high degree of freedom, as for silica amorphous gels.7 

The gelation path can follow multiple alternatives, which lead to totally different structural 

configurations. In function of the system properties (pH, solvent, concentration, temperature, é), the 

nanoparticles (NPs) formed in the early stages of sol-gel can either continue to grow or begin to 

aggregate. In the latter case, the agglomerated compounds can form a 3D network (wet gel) or remain 

stable and suspended in the solution. The particles could be polymeric or dense, amorphous or 

crystalline, in the case of non-silicate materials.  

Gelation is reached when the 3D solid, continuous and percolating network is formed, which pores 

contain liquid along with unbound oligomers and monomers. When thin films are considered, instead 

of monoliths, gelation happens during the final phase of the deposition step, after a major solvent 

evaporation. 

 

1.2.6 Aging, drying and annealing 

After the gelation phase, the elevated increase in viscosity induces the structure to retain its shape. 

During the following step, defined as ñagingò, the development of chemical reactions does not stop. 

The initial flexibility of the gel is progressively reduced by the reaction between adjacent M-OH and 

M-OR unreacted groups, which increase the gel stiffness inducing structural modifications within the 

network.  
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During the drying step, which usually follows the aging one, densification and elimination of the 

residual solvent in the pores is induced by a temperature increase or pressure decrease. The rising 

stresses can be caused by two phenomena: solvent shrinkage and film contraction, when 

films/coatings are considered. During drying, menisci are formed at the interface between the 

shrinking liquid and the gas due to the progressive solvent decrease. This induces capillary pressure 

gradients due to the non-uniform curvature of different pores, which in turn determines tensile stress 

on the film. The solvent removal leads to a progressive increase in stiffness and volume decrease, 

since superficial -OH groups come in contact and form condensed bonds with other unreacted pairs.  

The progressive liquid reduction induces a volume contraction in the coating. The contraction of the 

latter is not free in every direction: due to the substrate-coating interfacial contact, the latter is 

constrained by the contraction capacity of the former. The difference in coefficients of thermal 

expansion (Ŭ) creates compressive or tensile stress on the film, depending on whether the coefficient 

Ŭfilm is respectively lower or higher than Ŭsubstrate. When the stiffness overcomes the network 

deformability induced by the surface tension, gel cracking may occur. During the final drying stages, 

the remining liquid within the gel ends the percolation state and is isolated inside the residual pores. 

The residual liquid removal can be achieved through gas diffusion.7,8 

Finally, an annealing step is performed if organic removal or crystallization is required. According to 

the different requirements, the atmosphere can be oxidizing, inert or reducing.  

 

1.3  Nonaqueous sol-gel 

Under some circumstances, aqueous sol-gel (ASG) lacks feasibility due to: 

i. the extremely high reactivity of transition metal alkoxides towards hydrolysis; 

ii. the elevated number of reaction parameters to control; 

iii. most of the as-synthesized materials are amorphous and would require a post-deposition 

thermal treatment to be gain a crystalline structure. 

If an aqueous route is desired or required, possible solutions can be the slow release of water in the 

system and the use of chelating ligands to reduce the reactivity of the precursors. However, due to 

the high reactivity of some precursors, these options do not always guarantee an effective result. 

Nonaqueous sol gel (NASG) has been developed as a successful alternative when the presence of 

water must be avoided in the system.  
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According to Niederberger and Pinna9, NASG is based on the precursor transformation in organic 

solvents, under the exclusion of water. The oxygen for the metal-oxide formation is either supplied 

by the solvent or by the organic precursors. The definition of nonaqueous, rather than nonhydrolytic, 

guarantees a higher precision, since in some cases hydrated precursor could be used and/or water 

could be generated by in situ reactions. 

 

1.3.1  Precursors and principal NASG routes 

The number of possible precursors in NASG is higher respect to the aqueous route: while the latter is 

based on metal salts and metal alkoxides, the former includes other metal-organic and organometallic 

compounds, such as metal acetates, acetylacetonates, halides, carboxylates. Metal-organic 

compounds display a heteroatom, mostly oxygen, in between the metal and the organic ligand, 

whereas organometallic compounds are based on direct bonding between carbon and metal. The latter 

transformation to a metal oxide can mainly be related to a thermal decomposition, which may or may 

not be considered a nonaqueous sol gel.9 

As for the aqueous route, the formation of the fundamental M-O-M units during NASG can be 

summarized into seven principal paths9: 

i. Alkyl halide elimination: based on the condensation between a metal halide (ſMïCl) and a 

metal alkoxide (ſMïOR), which leads to an alkyl halide (RïCl) product formation deriving 

from the condensation (Eq. (1.17)):  

ſMïCl + ROïMſ Ÿ ſMïOïMſ + RïCl (1.17) 

 

ii. Ether elimination: based on the reaction of two metal alkoxides (Eq. (1.18)): 

ſMïOR + ROïMſ Ÿ ſMïOïMſ + ROR (1.18) 

 

iii. Metal carboxylate precursor, during which the condensation of carboxylate groups could be 

performed via: 

a. Ester elimination: reaction between a metal carboxylate and a metal alkoxide (Eq. 

(1.19)): 

ſMïOïC(=O)Rô + ROïMſ Ÿ ſMïOïMſ + ROïC(=O)Rô (1.19) 

 

b. Amide elimination: reaction between an amine and a metal carboxylate. 

iv. C-C coupling of benzylic alcohols and alkoxide molecules, in which the C-C bonds derive 

from two alkoxy groups. 
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v. Aldol or ketimine condensation: based on the reaction among two carbonyl groups, employing 

a ketone as the solvent. The oxygen source derives from the release of H2O as a reaction 

product. Solvolysis could happen prior to aldol/ketimine condensation, as in the case of 

acetylacetonates. 

vi. Oxidation of metal nanoparticles. 

vii. Thermal decomposition. 

 

1.3.2 Solvent or surfactant-assisted routes 

The nonaqueous sol gel method offers the possibility to tune and control the metal-oxide formation 

via two routes: the surfactant-controlled and the solvent-controlled route. 

 

1.3.2.1 Surfactant-controlled route 

During surfactant-controlled route, the formation of the metal-oxide from the initial precursor is 

performed by exploiting the action of stabilizing ligands, under temperatures of 250-350ÁC. This 

route allows for a meticulous control of the crystal size and a good control of the crystal shape, leading 

to a narrow size distribution along with a reduced agglomeration tendency and a well-balanced 

redispersibility.9 

Some of the most important processes based on a surfactant-control will be briefly reviewed, based 

on the work by Niederberger and Pinna9: 

i. Hot-injection: first developed by Murray and Bawendi12, room-temperature precursor 

solution is rapidly injected into a hot solvent, under the presence of surfactants. An initial fast 

nucleation is induced by the supersaturation resulting from the rapid injection. Further 

nucleation is the prevented, due to temperature reduction deriving from the cold precursor 

addition and to the decrease in precursor concentration deriving from the nucleation itself. 

Growth is controlled by a gradual raise in temperature. Surfactants are used to stabilize the 

nanoparticles in solution due to the presence of reversible capping layer. Through nonsolvent 

addition, the precipitation of the nanocrystals can be induced, with a subsequent redispersion 

in mostly apolar organic solvents. Semiconductor nanocrystals II-IV, IV-VI and III-V are 

suitable to be prepared with this method, as well as metals and metal oxides.12ï14 Metal oxide 

sols or amorphous particulates could be used as alternative ways for the rapid injection, 

respect to the conventional molecular precursors. For example, aqueous sol-gel was used to 

initially prepare the MO sol, during which acetylacetone allowed to control the 
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polymerization of the inorganic oxide. The sol was injected into tetradecane at 160ÁC, 

containing an amine. The amine surfactant plays two competing roles: it can exchange the 

acac ligands and promote M-O-M condensation from M-OH on the surface of the particles, 

as well as acting as a steric stabilization agent.15 

 

ii. Heating-up: the starting solution is prepared at room temperature, followed by a raise in 

temperature to induce the crystallization in solution. Differently from the hot-injection, the 

heating-up route does not involve supersaturation conditions and is easier to be performed. 

 

iii. Solvothermal: closed vessels are employed to perform reactions at temperatures above the 

solvent boiling point. Temperature and pressure are key parameters to control the reactions, 

besides the reagents and the solvent involved. Advantages are the greener approach, sustained 

by the use of common laboratory solvents and by mild reaction temperatures with a reduced 

energy consumption. The former could however limit the synthesis of nanoparticles, due to 

the generally low boiling point. 

 

iv. Microwave: it offers an efficient source of homogeneous solution heating. The energy 

employed (2.45 GHz, corresponding to a photon energy of 0.0016 eV) is too low to cause 

bond breaking or even Brownian motion, therefore chemical reactions cannot be induced. 

The heat is generated by oscillations of the applied field, which lead to a continuous re-

alignment of the dipoles/ions involved generating friction of molecules and dielectric losses. 

This technique is applicable with compatible solvents, which possess strong dielectric 

properties and can be polarized by electric fields, such as ethanol, isopropanol or 

dimetylsulfoxide (DMSO). Metal acetates or acetylacetonates are suitable precursors.16 

 

v. Seed-mediated growth: mostly employed for metal nanoparticles, but it can be used for metal 

oxide nanoparticles as well. Preformed nanocrystals are introduced as nucleation seeds within 

the solution, on which monomers can preferentially nucleate, following a heterogeneous 

nucleation and preventing a homogeneous nucleation. 

 

vi. Self-assembled nanoparticles: the shape, size and structural organization of the nanoparticles 

is controlled by the presence of surfactants. These amphiphilic molecules arrange the 

nanoparticles into 1D or 2D morphologies, in which the inorganic matrix is connected by the 

organic component. 



17 

 

 

vii. Heterostructures/multicomponent nanoparticles: hybrid nanocrystals can be prepared via this 

route, composed by two or more materials which are different in terms of composition, 

connected at the interface by a fixed inorganic component. Several subunits can be connected, 

each with a specific optical, magnetic, electronic, or catalytic property. Core-shell materials 

are a well-known example. 

 

viii. Nonaqueous with water traces: as mentioned in Paragraph 1.2.3, the high reactivity of 

transition metals during aqueous sol gel can be solved by either employed chelating agents 

or by slowly controlling the water addition in the system. Water vapor was also successfully 

used to induce a controlled hydrolysis.14,17,18 This route is set at the edge between aqueous 

and nonaqueous sol-gel. 

 

1.3.2.2 Solvent-controlled route 

Besides the surfactant-controlled route, coordinating organic solvents can be used as an alternative 

route to control the formation and growth of metal oxide nanoparticles. The solvent-controlled route 

offers a higher simplicity of the synthesis, the lower process temperatures (~50-200ÁC), and the 

higher purity of the products. The simplicity derives from the starting reaction solution, usually 

consisting of the mere MO precursor and a commonly used organic solvent. The higher purity derives 

from the removal of surfactants or other additives from the solution, which in turn reduces the 

nanoparticleôs toxicity and surface accessibility for sensing or catalysis. 

The organic solvent acts as an oxygen source and/or as a capping agent, either participating as a 

reaction reagent in the first case or as a growth limiting agent in the second case. Suitable precursor 

compounds are metal halides, acetates, acetylacetonates and alkoxides. Suitable solvents can either 

contain oxygen (alcohols, ketones and aldehydes) or not (amines, acetonitriles, toluene). 

A possible disadvantage deriving from this route is the complexity of the final solution mixture, which 

can comprise unreacted organic components from the initial precursor, excess of organic solvent, 

unexpected products deriving from the reaction of the organic parts. Regarding the experimental set-

up, oil baths with stirrer and eventually reflux columns are employed if the reaction temperature is 

well below the solvent boiling point. If the molecular precursor conversion into MO requires 

temperatures close or above the solvent boiling point, autoclave is usually preferred. Microwave 

heating can also be employed for a homogeneous solution heating. 
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Some of the most important processes based on a solvent-control will be briefly reviewed, based on 

the work by Niederberger and Pinna9: 

i. Metal halides and alcohols: a simple beaker in an oil bath can be used to convert metal halides, 

mostly chlorides, in MO nanoparticles. Common precursors are FeCl3, VOCl3, WCl6, TiCl4. 

TiO2 nanoparticles were obtained by the reaction of TiCl4 with ethanol
19 or benzyl alcohol 

(C6H5-CH2-OH)
20. Semiconducting VO1.52(OH)0.77 single crystal nanorods were created from 

the reaction between VOCl3 and benzyl alcohol.
20 

 

ii. Metal alkoxides/acetates/acetylacetonates and alcohols: a disadvantage of the metal halide 

route is the presence of halide impurities in the final product. Metal alkoxides, acetates, or 

acetylacetonates can instead offer a halide-free path. The reaction of metal salts with polyols, 

i.e., solvents containing multiple -OH groups, has been extensively employed. The 

solvothermal reaction between metal acetylacetonates and benzyl alcohol is another popular 

route. In most of the reactions, the addition of a certain H2O amount is required for the 

precursor evolution into MO. This complicates the definition of a boundary between aqueous 

and nonaqueous sol gel. An alternative to water addition is the use of hydrated precursors: for 

example, ZnO was obtained from the reaction between zinc acetate dihydrate and 

diethyleneglycol at 100-120ÁC. On the other hand, the use of a dehydrated precursor along 

with an anhydrous solvent did not lead to the metal oxide formation.22 

 

Example I ï zinc acetylacetonate hydrate reaction with 1- or 2-butanol: Ambrozic et al.23 

studied the formation mechanism of ZnO nanoparticles, by refluxing a solution of Zn(acac)2 

hydrate in 1- or 2-butanol at 130-120ÁC. From the NMR results, they proposed a single-

pathway alcoholysis reaction, resulting in the cleavage of the C-C bond of the acetylacetonate 

ligand with consequent formation of butyl acetate or isobutyl acetate products (Figure 1.2). 

An initial dissociation of the Zn-O bond by alcohol nor water did not occur since they refluxed 

acetylacetone in both solvents and the latter was not active towards alcoholysis. The non-

occurrence of ligand exchange, a possible competitive reaction, was also proved since the 

formation of Zn alkoxide and/or Zn hydroxide intermediates was not detected. 
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Figure 1.2. Proposed mechanism of Zn-O-Zn formation from the Zn(acac)2 hydrate precursor with 1-butanol or isobutanol.
23 

Example II ï zinc acetylacetonate: Liu et al.24 synthetized different ZnO NCs morphologies 

(dendritic branches, hexagonal pyramids, needles, or pinecones) starting from the same 

precursor, zinc acetylacetonate (Zn(acac)2), and varying solvent type, additives, and 

temperature (Figure 1.3). A surfactant-controlled heating up route was developed in the first 

part, whereas a solvent-controlled route was tested in the second part. Dendritic branched 

ZnO NCs were obtained by thermolysis of the precursor at 285-300ÁC. By reducing the 

precursor concentration, amorphous or semi-crystalline ZnO NPs would be formed instead 

of the crystalline dendritic branches. Amorphous NPs would be formed by reducing the 

temperature to 250ÁC. They highlighted the critical role of both precursor concentration and 

temperature, from a thermodynamic and kinetic point of view. A critical radius for a stable 

NP formation decreases if the monomer concentration or the temperature are increased. 

 

Figure 1.3. Time dependent Ostwald ripening inducing a shape evolution.
24 

iii. Metal alkoxides and aldehydes/ketones: the cations in some Cu-, Ni-, Pb-containing 

compounds are susceptible to a reduction to their corresponding metal form operated by 
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alcohols. The benzyl alcohol route is not applicable to obtain metal oxides based on these 

cations. Non-reducing solvents such as ketones or aldehydes offer an alternative as oxygen 

supplier for the MO formation.25 

 

iv. Metal acetylacetonates and amines/nitriles: the oxygen source can be represented by the 

molecular precursors, such as metal acetylacetonates. In this case, oxygen-free solvents such 

as amines or nitriles can be employed, among which benzylamine is the most frequently 

used.21 Additionally, ZnO was prepared though the solvothermal reaction of the 

corresponding metal acetylacetonate, which acted as the oxygen source, by acetonitriles at 

100ÁC.26 

 

1.4  Vanadium oxides 

The most used vanadium precursors include vanadium alkoxides, vanadium pentoxide, VOSO4, 

NH4VO3, and vanadyl/vanadium acetylacetonates. Many vanadium sources, despite being widely 

employed, are linked to high levels of toxicity, carcinogenicity, mutagenicity, damages to the 

reproductive system or the aquatic environment.27,28 This highlights the need for a safer process, in 

terms of both precursor and solvent, which will be addressed in Chapter 4. Moreover, many processes 

rely on remarkable energy consumption, which should as well be minimized by exploiting or 

combining several solutions, as will be discussed in Chapter 5. 

Different techniques can be used for the deposition of VO2 or other vanadium oxides, including 

sputtering, chemical vapor deposition (CVD), pulsed laser deposition (PLD) and chemical solution 

deposition (CSD). In the case of smart windows application, the thermochromic properties will be 

reported and expressed in terms of luminous transmittance (Tlum) and solar modulation (æTsol) (see 

Chapter 3 for further details). These two parameters are conventionally used in literature to compare 

the performance of the different thermochromic smart windows. 

A general overview of different processes and vanadium sources will be presented below. Particular 

focus will be devoted to different synthesis route involving the precursor chosen for this work 

(VO(acac)2). 
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1.4.1 Sputtering  

Sputtering involves the strike of a target materials by highly energetic ions from a plasma state, inside 

a vacuum chamber. The impact results in ion ejection from the original target, with subsequent re-

deposition onto a substrate under optimized pressure conditions, generally within the mTorr range. 

Cai et al.29 first attached 10 ɛm colorless and transparent polyimide films to a silica glass and then 

used DC magnetron sputtering to deposit VO2 films, starting from a V2O3 target. The chamber 

conditions were maintained at 7 mTorr and room temperature, with an argon and oxygen ratio of 

Ar/O2 = 35:15. Rapid thermal annealing (RTA) was used to post-anneal the films at 325ï350ÁC for 

5 min under 5 Torr. The VO2 thin films on CPI had a ~45% Tlum and ~12% æTsol, whereas the 

optimized multilayer with ITO films below and above the VO2 film had a ~40% Tlum and ~16% æTsol, 

besides offering a remarkable durability of 70 days under 60ÁC and 90% RH. 

 

1.4.2 Chemical vapor deposition (CVD) 

Chemical vapor deposition is based on the vapor phase transport of metal oxide precursors to the 

substrate, employing a gas carrier stream. Decomposition and/or reactions between the reagents 

involved is performed directly at the substrate surface, leading to the formation of the desired metal-

oxide films or coatings. Temperature, pressure, carrier gas type, post annealing steps can be properly 

tuned in function of the initial reagents and the final material. 

 

1.4.2.1 Mist / aerosol CVD (metal-organic decomposition, MOD) 

Piccirillo et al.30 investigated by AACVD (aerosol-assisted CVD) the influence of precursor, solvent, 

and flow rate on the formation of different oxides. They compared two metal-organic precursors, 

vanadium (III) acetylacetonate (V(acac)3) and vanadyl (IV) acetylacetonate (VO(acac)2). Methanol, 

ethanol, water, or different ratios between an alcohol and water were used as the solution solvent, 

whereas the nitrogen flow rate was set at 1.5 or > 3 L/min. It is important to note that VO(acac)2 is 

soluble in methanol and ethanol but is insoluble in water. The glass substrate was maintained at 450ÁC 

to induce the crystallization. Any combination of ethanol/water led to the formation of V2O3, for both 

precursors. Under a flow rate of 1.5 L/min, VO(acac)2 and ethanol led to VO2(M1), and to a mix of 

VO2 and other oxides if V(acac)3 was employed. However, if the flow rate was increased to > 3 

L/min, the combination of VO(acac)2 and ethanol did not lead to , but to instead. This evidenced that 

the gas carrier is not just a transporter but can actively change and influence the growth conditions. 
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Matamura et al.31 used the same metal-organic precursor (VO(acac)2) and compared the effect of 

water and methanol during mist-CVD, under nitrogen stream of 3 L/min and at substrate temperatures 

between 400-750ÁC. Differently from Piccirillo et al.30, they obtained V2O3 above 400ÁC when 

methanol was employed as the solvent, while VO2 was detected above 450ÁC with water as the 

solvent. The differences between the two studies highlights the extreme sensitivity of vanadium 

oxides to the experimental settings, during which even small variations can lead to the formation of 

different results.  

 

1.4.2.2 Direct liquid injection CVD 

Kumar et al.32 employed vanadium (V) oxytriisopropoxide to create VO2 or V2O5 thin films by direct 

liquid injection MOCVD. An initial liquid solution, consisting of the vanadium (V) 

oxytriisopropoxide precursor and cyclohexane solvent, was maintained under nitrogen, and then 

vaporized. The injection stream consisted of the vaporized solution and nitrogen carrier gas. The 

substrate was maintained at 200ÁC for 2 h during the deposition. The as-deposited thin films did not 

show diffraction patterns from XRD, but did show Raman shifts, revealing a nano-VO2 crystalline 

structure. Post-annealing was performed for 1 h at 600ÁC under pO2 = 1*10
-2 mbar, leading to V2O5 

from both XRD and Raman. Additional 4 h at 600ÁC under vacuum (~0.6 mbar) reduced the oxidized 

film to crystalline VO2. 

 

1.4.3 Pulsed laser deposition (PLD) 

Pulsed laser deposition involves the vapor phase deposition deriving from the ablation of a solid target 

material, which results in the vaporization of the latter and the creation of a plasma, generally under 

vacuum conditions. The vaporized material is then deposited on the substrate, which is maintained at 

optimized conditions of temperature, pressure, and oxidizing/reducing gases. 

In the work by Chen et al.33, V2O5 and Al2O3 targets were ablated by a KrF excimer laser, under a 

fluence of 2ï3 J/cm2 and 50 Hz repetition rate. The silicon or soda lime substrates were maintained 

at 600ÁC under 1.4 mTorr O2 process gas to induce the deposition of pure and Al-doped VO2 thin 

films. At the same temperature, higher oxygen partial pressure (47 mTorr) led to V2O5 formation, 

whereas vacuum induced a mixed oxide composition. Lowering the deposition temperature to 400ÁC 

or 500ÁC at 1.4 mTorr O2 led to a lower crystallinity, whereas 600ÁC induced a highly oriented (011) 

monoclinic VO2 (M1). Behera et al.34 obtained VO2 thin films by ablating a V2O5 target with a laser 

energy of 220ï240 mJ for each pulse at 5 Hz. The substrates were kept at 630ÁC inside a chamber at 



23 

 

p < 5 Ĭ 10ī8Torr, with pO2 of 1 mTorr. The as-deposited films were then annealed at 660 ÁC for 1 hour 

under pO2 of 100 mTorr. Xiang et al35. deposited VO2 thin films on Kapton substrates, ablating a VO2 

target at room temperature under Ḑ10ī6 Torr. Post annealing was performed at 390ÁC under pO2 = 70 

mTorr and gas flow of 2 sccm for 2-12 h. 

 

1.4.4 Chemical solution deposition (CSD) 

From a thermodynamic point of view, during physical vapor deposition methods the most widely 

used route is to vary the oxygen partial pressure in the growth chamber, which allows to tune the final 

vanadium oxide type at a fixed growth temperature. Contrarily, chemical solution deposition methods 

usually anneal the samples at fixed oxygen partial pressures, and the oxide type is changed in function 

of the processing temperature.36 Here, examples of different chemical solution deposition processes 

will be presented, based on various vanadium precursors. Emphasis will be devoted to VO(acac)2, 

which was employed during the experimental part of this PhD thesis. When appropriate, the effect of 

moisture will be highlighted since the benefits of the latter were also exploited in this work. 

 

1.4.4.1 Moisture-assisted aqueous sol gel from alkoxides 

In the work by Chae et al.37, vanadium triisopropoxide (VO(OC3H7)3) was mixed with isopropanol 

and acetic acid and spin coated in air on sapphire substrates, to induce hydrolysis by environmental 

moisture. Following a drying step at 250ÁC in air, the films were annealed 30 min at 410ÁC in air, 

followed by 10 min at 400-500ÁC under 32 mTorr, leading to the formation of VO2 (M1). 

 

1.4.4.2 Moisture-aided polymer-assisted deposition (PAD) from metal salts 

During polymer assisted deposition, water-soluble polymers which are bound to inorganic metal ions 

are used to favor the latter dissolution in a water solvent. The polymer-metal bond prevents hydrolytic 

reactions from happening, since water cannot reach the metal ion due to the polymer shielding. 

With other oxides, moisture was previously used to balance the possible formation of oxygen 

vacancies and avoid the reduction to V3+,38 while at the same time preventing the oxidation to V5+ 

due to the very low oxidation capability.39,40 An additional advantage is that the introduction of 

moisture is not a complicated task to perform during CSD. 

In the work by Liang et al.36, polyethyleneimine (PEI) and ethylenediaminetetraacetic acid were 

dissolved in water, along with ammonium metavanadate (NH3VO3). Since the green aspects of the 
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synthesis process were considering during work, it should be mentioned that NH3VO3 is considered 

toxic for reproductive organs and a chronic aquatic hazard. The solution was spin coated on sapphire 

and pre-annealed at 450ÁC for 1 h to remove the organic component. Annealing under reducing 

atmosphere (98.5% N2 + 1.5% H2) around ~500ÁC was balanced by a 5.5% moisture introduction, 

which allowed an expansion of the growth window temperatures from 4ÁC to 36ÁC to obtain 

stoichiometric VO2 (M1). They exploited the role of moisture to improve the VO2 (M1) crystallinity 

and reduced the hysteresis to less than 1ÁC.  

 

1.4.4.3 Metal-acetylacetonates and alcohol 

As discussed in paragraph 1.4.2.1, metal acetylacetonates can be employed for the deposition of metal 

oxides by CVD. An alternative approach is offered by CSD. 

The CSD deposition of VO2 thin films from a solution of VO(acac)2 and methanol was first proposed 

by Pan et al.41 The precursor solution was aged at room temperature for 1 week, spin coated on silicon 

and dried at 80ÁC for 20 min. The films were then annealed for 30 min at 550ÁC under nitrogen, 

which led to the formation of a detectable (011) peak at 2ⱥ~27.8Á, not visible at 500ÁC. Further 

annealing for 5 min at 600ÁC remarkably improved the intensity of the (011) peak. Each layer had a 

20-30 nm thickness and refractive index n ranging between 1.96-2.17. The average grain size was 

calculated from the Scherrer equation to be ~20-30 nm, corresponding to the thickness value. This 

highlights the thickness influence on the crystal grain size. The authors did not investigate the 

possibility of precursor oxidation induced by the preparation of the synthesis in uncontrolled 

atmosphere, i.e., in air. 

In 1997, Grybos et al.42 proposed a mechanism for the oxidation of VO(acac)2 by atmospheric oxygen 

in a methanolic solution (Eq. (1.20)): 

4V /acacτMeOH/ ς(/ᴼτ6 /OHOMeacacτHacac (1.20) 

  

When exposed to environmental air, which contains both O2 and H2O, the solution gradually turns 

from blue-green, due to the precursorôs original color, to brown, orange, and bright red at the final 

state. As visible in Figure 1.5 (a), they compared the UV-Vis absorption spectra of the precursor 

dissolved in commercial methanol (containing 0.04% v/v H2O) or in anhydrous methanol with the 

spectra of acetylacetone (Hacac) and the oxidized compound, which they propose to be 

V5+O(OH)(OMe)(acac). 
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Figure 1.4. UV-Vis spectroscopy of the different compounds. (a) at fixed time, (b) evolution over time of V4+O(OH)(OMe)(acac)- and 

V5+O(OH)(OMe)(acac).
42 

From the comparison of the spectra of the precursor in anhydrous methanol (purple line in Figure 1.4 

(a)) and in commercial methanol (red line) at time zero, the authors propose the solvolysis of the 

precursor due to the presence of H2O. This leads to release of one acetylacetonate ligand (acac) as 

acetylacetone (Hacac), while the precursor remains under a 4+ oxidation state as 

V4+O(OH)(OMe)(acac)- (Eq. (1.21)):  

V /acacMeOHς(/ᴼὠ ὕOHOMeacacHacac  Ὄ  (1.21) 

 

The presence of O2 in the alcohol solvent induces a change in oxidation state from V
4+ to V5+ (Eq. 

(1.20)), leading to the formation of V5+O(OH)(OMe)(acac). The latter is shown in the gray line in 

Figure 1.4 (a), which coincides with the green line, in turn obtained by the subtraction of the blue line 

(V5+O(OH)(OMe)(acac)+Hacac) and yellow line (Hacac). 

In Figure 1.4 (b), the authors showed the evolution over time of the solution containing the precursor 

and the commercial methanol, i.e., with both O2 and H2O. At time zero, the solution contains 

V4+O(OH)(OMe)(acac)-, therefore, according to the authors, the release of one acac ligand happens 

immediately upon mixing with the H2O containing alcohol, while the precursor is still under a V
4+ 

oxidation state. Over time, the 304 nm peak progressively decreases, consequently to an increase of 

the 272 nm peak, indicating the evolution of the solution into a coexisting mixture of 

V(4+)O(OH)(OMe)(acac)ï e V(5+)O(OH)(OMe)(acac). 

The mechanism proposed by Grybos et al. was not supported by other complementary techniques and 

did not consider the reversibility of the oxidation state of vanadium, which was experimentally seen 

during this work under certain conditions. By employing TGA analysis, Nenashev et al.43 suggested 

that ligand detachment could happen only above temperatures around 150-180ÁC. Moreover, when 



26 

 

other metal acetylacetonates were considered (Zn(acac)2), the authors of the work suggested the 

mechanism of alcoholysis by 1- or 2-butanol to be based on C-C cleavage rather than Zn-O 

cleavage.23 Therefore the exact mechanism underlying the interaction between VO(acac)2 and 

methanol, as well as the exact role of water and oxygen, has yet to be fully determined. 

Starting from the same precursor (VO(acac)2) and solvent (MeOH), Yu et al.44 studied the effect of 

solution aging at 70ÁC under reflux for 7 days on the final film properties. They correlated the color 

change of the solution to a gradual precursor oxidation, citing the previous work by Grybos et al.42, 

and they showed that acac ring opening could be detected by FTIR on the solution after several days 

of solution aging. Higher film quality, in terms of surface coverage, was obtained by 7 days of solution 

aging, as opposed to the formation of isolated particles with 1 day of solution aging. The increasing 

solution aging corresponded to a decrease in the visible transmittance but an increase in 

thermochromic efficiency (T500 nm ~ 45% and æT500 nm ~ 50% after 7 days of solution aging). 

    

Figure 1.5. TEM investigation of the synthesis based on VO(acac)2 and methanol, under the exclusion of oxygen and water.
44

 

The interaction between VO(acac)2 and methanol, under exclusion of water and oxygen, was studied 

by Jo et al.45, who employed in situ TEM investigation to evaluate the metal-insulator transition in 

function of the annealing temperature. They spin coated a 250 mM solution, ultrasonically mixed and 

aged for 25 days in a glovebox and compared morphology and selected area electron diffraction 

(SAED) patterns by annealing between 80ÁC and 550ÁC in argon (Figure 1.5). Amorphous and 

spiderweb resembling morphologies were shown at 80ÁC and 300ÁC, with no visible diffraction from 

SAED. The first diffraction patterns were seen at 400ÁC, along with a highly fragmented morphology. 

The formation of isolated small (13-35 nm) nanoparticles was first seen at 450ÁC, which then grew 

in dimension at 500ÁC (25-84 nm). At the latter temperature, the beginning of the transformation from 

nanoparticles to nanowires was seen, which was completed by annealing at 550ÁC. From the total 

particle volume evolution, the authors observed that precursor conversion progressed until 450ÁC, 

above which the total volume remained constant and the particles were subjected to atomic diffusion. 
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They observed an increase in V/O ratio with annealing temperature, from 0.2 at 80ÁC (coherent with 

the precursor, C10H14O5V) to 0.3 at 200ÁC to 0.35 at 300ÁC. At and above temperatures of 400ÁC, the 

ratio stabilized to 0.5, coherently with the formation of VO2. By comparing Raman, XRD and 

electrical resistance in function of temperature, they found a transition temperature of 75 Ñ 2ÁC. 

 

1.4.4.4 Hydrothermal 

The hydrothermal route has been widely used for the synthesis of VO2 nanocrystals of a wide range 

of morphologies (nanobelts, nanoplatelets, nanorods, nanoparticles) at mild temperature conditions, 

generally below 250ÁC. The hydrothermal method is based on heterogeneous reactions developed at 

temperatures and pressures higher than ambient ones. Generally, a sealed stainless-steel autoclave is 

filled with the starting solution and heated above the boiling point of the solvent. This generates a 

remarkable increase in pressure, which, synergistically with temperature, allows for the formation of 

well-defined crystalline nanoparticles without the need for post-annealing heat treatments. 

The hydrothermal route has mainly been exploited for the synthesis of crystalline VO2 (A) and VO2 

(B) polymorphs at mild temperature conditions, around 200-250ÁC. Similarly to VO2 (M1), VO2 (B) 

undergoes a phase transition but below 0ÁC, from 300 K to 27 K, with notable changes in the magnetic 

susceptivity.46 In agreement with the VO2 polymorphs diagram, VO2 (B) is stable at low temperature 

conditions and can be transformed to VO2 (M1) around 400-450ÁC. Detailed description of the 

different vanadium oxides and VO2 polymorphs will be provided in Chapter 3. 

VO2 (A) nanoplatelets were hydrothermally synthesized after 24 h at 220ÁC from a solution of 

VO(acac)2 in H2O,
47 whereas VO2 (B) nanobelts were obtained from VO(acac)2 in H2O with HCl.

48 

Wu et al.49 were among the few to report the hydrothermal formation of VO2 (M1) at low temperature, 

instead of (A) and (B) polymorphs. They heated at 180ÁC for 24 h a stainless steel autoclave 

containing VO(acac)2 in H2O with HCl. The similarities between these examples highlight the 

extreme precision that is required to control and obtain the desired VO2 polymorph or vanadium 

oxide.  

Another hydrothermal synthesis that successfully led to VO2 (M1) nanoparticles was reported by Xu 

et al.50, who mixed a NH4HCO3 aqueous solution with a VOSO4 aqueous solution. The precipitate, 

after centrifugation and washing, was heated in autoclave at 280ÁC for 24 h. 

Liu et al.51 employed the V2O5 precursor to synthesize VO2 (B) nanoparticles by combining the 

hydrothermal method with microwave heating. They heated at 120ÁC for 2 h a solution containing 

the V2O5 precursor in H2O, with citric acid as the reducing agent, which led to VO2 (B) formation. It 
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should be mentioned that V2O5 powder is considered highly toxic and cancerogenic. Additionally, 

they showed the possibility to transform VO2 (B) into VO2 (M1), by post-annealing in vacuum at 

560-600ÁC for 2 h. A similar route, employing the V2O5 precursor in H2O, was used to obtain VO2 

(A) or (B) nanorods: the length of the nanorods and the polymorph type were tuned by changing the 

ratio with the reducing agent (oxalic acid, quinol or 4-butylaniline), the temperature (180-230ÁC) and 

the reaction time (24-48 h).52 

Bergerud et al.53 synthetized metastable V2O3 (V
3+) NCs, that oxidize to VO2 (V

4+) over months if 

exposed to air. The proposed an aminolysis solvothermal process to happen during the reaction of 

VO(acac)2 in squalene, with the presence of oleic acid as the capping agent and oleylamine as the 

reducing agent. They refluxed and heated the solution at 310-370ÁC for 1 h, after degassing to exclude 

oxygen and water presence. Stable V2O3 was synthesized by hydrothermal method at 220ÁC, starting 

from a mixture of VO(acac)2 in H2O with N2H4 as a reducing agent.
54 VOOH was obtained after 6-

12 h, while a mixture of VOOH and V2O3 was seen after 24 h, with a complete conversion to after 

48 h. The authors proposed the reaction to proceed first with the removal of both acac ligands and the 

formation of VO2+. The latter would than react with N2H4 and OH
- to form VOOH, along with the 

release of H2O and N2. VOOH would finally lead to the formation of V2O3 and H2O. They highlighted 

that both the acac ligands and the NH4
+ inorganic ions affected the morphology, but the latter had a 

minor influence respect to the crucial role played by the former. 

 

1.5  Conclusions 

As mentioned in the introduction, most of the thin films or coatings employed in this work were 

obtained by the sol gel process. Three types of materials were considered, i.e., silicon dioxide (SiO2), 

vanadium dioxide (VO2), and titanium dioxide (TiO2). 

In Chapter 2, hybrid SiO2 coatings were exploited to control the condensation dynamics of water 

vapor, which constitutes a crucial aspect when heat exchangers are considered. The former were 

obtained starting from an acid-catalyzed synthesis based on a tetraethylortosilicate precursor 

(paragraph 1.2) The same typologies of coatings were then employed in Chapter 6, to improve the 

luminous transmittance and durability of VO2 films exploiting a bilayer configuration. 

The research work presented in Chapters 3-7 was centered on thermochromic VO2 films. V2O5 

powder was initially chosen as a reference starting point but was then substituted by VO(acac)2 

(paragraph 1.4). Finally, TiO2 films were exploited in Chapter 6 to improve the luminous 

transmittance VO2 films in a bilayer configuration. The TiO2 films were obtained via a sol-gel method 
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based on a Titanium alkoxide precursor, which reactivity was decreased with the aid of a chelating 

agent (paragraph 1.2.3.1). 
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Chapter 2  

Humid air and saturated vapor condensation 
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3.1  Introduction 

As reported in the Abstract section, heating, ventilation, and air conditioning (HVAC) systems are 

responsible for up to 20% of the global energy consumed by developed countries.1,2 Even slight 

improvements in the efficiency of the former could have a powerful impact on reducing the massive 

global energy consumption.3,4 The heat exchanged during condensation, along with the droplet 

dynamics, remarkably impact a wide range of applications, from heat exchangers to desalination 

systems5,6, from humidity collectors to anti-icing devices. Moreover, surface properties such as self-

cleaning, anti-bacterial, and corrosion-resistance are greatly influenced by the condensation 

dynamics.7,8 

The condensation heat exchange of saturated vapor or humid air is considerably influenced by the 

way the condensation is developed, namely in form of a liquid film or in form of liquid droplets. The 

preferential formation of liquid droplets (i.e., ñdropwiseò condensation), instead of a uniform film 

(ñfilmwiseò condensation), can lead to enhancement of the heat transfer coefficient (HTC) of one 

order of magnitude.9,10 Both the chemical and physical properties of the substrate affect the 

condensation mode. Among the several influencing parameters, particular importance is attributed to 

the surface wettability of the substrate. In general, a high surface wettability enhances the dropletôs 

nucleation, whereas a low surface wettability favors the dropletôs removal by decreasing the latter 

adhesion to the surface. The surface wettability is affected by the surface energy of the involved liquid 

and solid phase, gravity, external forces, environmental conditions, substrate morphology and 

eventual presence of defects.11 Concerning condensation heat exchange, the heat exchangers are 

typically based on metallic materials such as copper, aluminum, and stainless steel, which all display 

high surface energy (ɔ). The high ɔ values lead to a filmwise condensation, which severely limits the 

heat exchange due to the additional thermal resistance of the liquid layer developed on the metallic 

surface. A rapid removal of the latter is crucial for the heat exchange, to allow for a renewed 

condensation cycle due to the availability of the exposed cooling surface.12 

Several techniques have been employed over the past years to favor a dropwise condensation, which 

rely on the decrease of the substrateôs surface tension with the aid of surface functionalization and 

morphological modifications.13ï15 The control of the droplet formation and removal was obtained 

through the creation of superhydrophobic surfaces, possessing high surface roughness and/or low 

contact angle hysteresis. Before addressing some past key work, a brief overview on the different 

modes of surface wettability and on the most relevant condensation theories will be presented in 

paragraphs 2.1.1-2.1.2. 
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3.1.1 Surface wettability 

The surface wettability is described through the water contact angle (q) parameter, defined as the 

intersection between the liquid-solid interface and the liquid-vapor interface.16 The surface wettability 

is usually defined according to four possible categories, from a total wettability to a total liquid 

repulsion17: 

¶ Superhydrophilic surface: q < 10;̄ 

¶ Hydrophilic surface: 10 ̄< q ¢ 90̄; 

¶ Hydrophobic surface: 90 ̄< q ¢ 150̄; 

¶ Superhydrophobic surface: 150 ̄< q ¢ 180̄. 

The Young equation18 (Eq. 2.1) valid for an ideal solid substrate, correlates the water contact angle 

(q) with the interfacial tensions within a solid-liquid-vapor system: 

ὧέί—
‎ ‎

‎
 (2.1) 

In which ɔsv is the solid-vapor interfacial tension, ɔlv the liquid-vapor interfacial tension, and ɔsl is the 

solid-liquid interfacial tension. 

Real surfaces lack to fulfill the requirement of total smoothness and chemical homogeneity, but rather 

display surface roughness and/or defects, as well as chemical heterogeneity. The latter additional 

parameters are considered by the Wenzel and Cassie-Baxter equations, respectively. The apparent 

contact angle (qW) from the Wenzel equation19 (Eq. 2.2): 

ὧέί— Ὢὧέί— (2.2) 

Is function of the surface roughness f, which is varied within f Ó1 with increasing surface roughness. 

The Cassie-Baxter equation20 for the apparent contact angle (qCB) considers the presence of chemical 

heterogeneities (chemical species f1 and f2) and/or surface defects (Eq. 2.3): 

ὧέί— Ὢὧέί— Ὢὧέί— (2.3) 

In which q1 and q2 are the local contact angles of the chemical species f1 and f2.  
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Figure 2.1. Different wettability states of a liquid droplet on a solid surface.21 

Following the previous discussion, three different modes are commonly employed to describe how a 

liquid droplet can wet a solid surface (Figure 2.1), among which the Wenzel (Figure 2.1 (a)) and 

Cassie (Figure 2.1 (c)) state represent the edge conditions among non-ideal modes. Considering the 

former, the effect of surface roughness can either enhance the hydrophilicity or the hydrophobicity, 

in function of the contact angle. On hydrophilic surfaces, which thermodynamically favor the liquid 

diffusion, a higher surface roughness leads to an increase of the surface area, with a consequent 

increase of hydrophilicity. Hydrophobic surfaces penalize the liquid adhesion, therefore a higher 

surface roughness thermodynamically leads to a higher hydrophobicity.22 

Air fractions can be trapped within the roughness features on non-flat surfaces, which can be 

described according to the Cassie-Baxter model with the surface being the first chemical specie f1 and 

air being f2. The Cassie-Baxter equation is then modified as Eq. 2.1: 

ὧέί— Ὢ ὧέί—ρ Ὢ ὧέί— (2.1) 

In which fCB is the fraction of contact area between liquid and solid, respect to the total horizontal 

area, and q0 is the contact angle between air and liquid, which is 180Á if the microcavities are in 

sufficient proximity. In such configuration, the liquid interacts with the upper part of the surface 

protrusions, which allows the creation of superhydrophobic surfaces through the exploitation of the 

partial liquid-solid contact. 
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Figure 2.2. Schematic of (a) static and (b) dynamic contact angles.21 

The static contact angle (Figure 2.2 (a)), which describes a liquid wetting a solid while the latter is 

set to be on a horizontal position and still, fails to describe real condensation applications such as heat 

exchangers or water collectors. During the latter, the liquid often evolves on the surface and is 

subjected to several changes of volume, speed, and direction. Dynamic contacts angles (Figure 2.2 

(b)) are employed to allow for a more proper description of the wetting phenomenon. The eventual 

expansion and retraction of a liquid droplet is described through the advancing (qa) and receding (qr) 

contact angles, respectively.16 The difference between the advancing (qa) and receding (qr) contact 

angles is defined as the hysteresis of the contact angle (H, Eq. 2.2):  

Ὄ — — (2.2) 

The hysteresis of the contact angle is null (H = 0) for totally smooth and chemical homogeneous 

surfaces. A difference between qa and qr could originate from the presence of chemically 

heterogeneous surfaces, eventual defects, and surface roughness. The presence of multiple areas 

which display different chemical behavior and/or morphology can lead to a preferential pinning of 

condensed droplets on specific regions, as well as to droplets sweeping on others. The method 

employed for the estimation of the advancing and receding contact angles is reported in Appendix 

A.2.1. 

 

3.1.2 Condensation theory 

The vapor condensation relies on a phase change from a vapor phase to a liquid phase, upon which 

the condensation latent heat is exothermically released. The pressure gradient between the vapor and 

liquid phase favors the transformation of the former into the latter. Condensation can either be 

homogeneous or heterogeneous, according to the presence or absence of additional external materials. 

Heterogeneous condensation is induced when an external material, such as particles or liquid/solid 
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substrates, are characterized by a lower temperature respect to the vapor saturation temperature. 

Heterogeneous condensation is typically favored with respect to the homogeneous one, as it requires 

a lower activation energy for nucleation.23,24 

 

Figure 2.3. Influence of the subcooling degree on the heat flux, for either dropwise or filmwise condensation.25 

Heterogeneous condensation is manifested in either a filmwise or a dropwise mode. During filmwise 

condensation, vapor condenses on the subcooled surface by forming a continuous liquid film on the 

latter. The liquid layer leads to the formation of an additional thermal resistance, which negatively 

impacts on the heat exchange. Industrial heat exchangers typically consist of metallic materials, which 

hydrophilicity favor the formation of a condensed liquid film, with a consequent decrease in heat 

transfer efficiency. The formation of isolated condensed droplets during dropwise condensation 

allows for a reduced area that could increase the thermal resistance, which allows for increases in 

HTC up to one order of magnitude.9,10,23 

Dropwise condensation can be induced on metallic surfaces with the aid of functional coatings and/or 

morphological features. The additional coatings or nanostructures are required to sustain considerable 

high temperatures and long exposure times, besides displaying a solid mechanical resistance to impact 

or abrasion and low manufacturing costs.  
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3.1.3 Dropwise condensation 

For an accurate control and maximization of the heat exchanged during condensation, the spatial-

temporal evolution of the condensing droplet should be considered, along with the way the heat is 

exchanged through the droplets. 

 

3.1.3.1 Spatial-temporal evolution of dropwise condensation 

Dropwise condensation is a cyclic phenomenon over both time and space. As reported in Figure 2.4, 

nucleation of droplets is followed by growth by direct vapor condensation, as well as consecutive 

coalescence.26 The initial nucleation is developed over local minima of surface tension and, according 

to Sikarwar et al.27, the heat is transferred through the condensing droplet, while the surface among 

the isolated droplets is not involved in the heat exchange. 

 

Figure 2.4. Cyclical evolution of the vapor condensation on an inclined substrate in function of time:(i) nucleation and droplet growth, 

(ii) droplet growth to direct condensation and (iii) coalescence, (iv) droplet departure from the substrate.26 

After a critical radius is overcome, droplet removal is induced due to the removal of equilibrium 

between the capillary force, gravity, and additional forces specific of the system. The removal of the 

droplet can be developed by either sweeping or detachment, which leads to a renewed exposure of 

available condensing surface. The cyclic behavior of nucleation, growth, and removal of droplets 

positively enhances the heat exchange efficiency.28,29 

Dropwise condensation is influenced by numerous parameters, among which the density of nucleation 

sites and the minimum nucleation radius are of particular importance. The former depends on the 

thermal, physical, and chemical properties of both liquid and solid, besides on the substrate 
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morphology and on the subcooling degree. Rose24 proposed that the nucleation density (N) could be 

expressed in function of the minimum radius for droplet nucleation (rmin) according to Eq. 2.3: 

ὔ
πȟπσχ

ὶ
 ὧά Ƞ         ὶ

ὼ Ὕ

Ὕ Ὕ
 

(2.3) 

In which x represents the thermophysical parameters of the system, including surface roughness, and 

Tsat and Tw are respectively the saturation temperature and the condensing surface temperature. The 

nucleation density is therefore influenced by the subcooling degree and substrate morphology.24,30 

Another critical aspect during dropwise condensation is the distribution of droplet dimension within 

the condensing substrate. 

 

Figure 2.5. Droplet distribution according to the model of Kim et al.29 

According to the model of Kim et al.29 two different categories can be detected during the 

condensation, which are grouped respectively below and above a critical radius re. The first group (nr 

< re) describes the direct vapor condensation, whereas the second group (Nr > re) is relative to the 

growth by coalescence. From Figure 2.5, lower radius values allow for a higher nucleation density, 

which decreases with higher r. The latter behavior can be explained by the coalescence and sweeping 

phenomena, which lead to the aggregation and removal of multiple droplets. 
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3.1.3.2 Heat exchanged through single and multiple droplets 

During dropwise condensation, the cyclic removal of condensed droplets allows for a higher 

efficiency in the heat transfer.31ï33 Several models on dropwise condensation have been proposed 

over the years8,21, starting from the fundamental one by Le Fevre and Rose.31 From successive studies, 

droplets with low radius were found to be crucial to improve the efficiency, as most of the heat was 

found to be exchanged through the former with respect to bigger droplets.8,21,32,34 

Respect to previous models, Kim et al.29 addressed the evaluation of dropwise condensation of 

saturated vapor on hydrophobic surfaces with q > 90Á. As a case study, the authors considered a 

droplet with radius r, condensing on a coated substrate with q > 90Á and coating thickness ŭ. At fixed 

subcooling degree (æT) between the vapor saturation temperature and the substrate temperature, the 

thermal resistance was expressed by finite degrees æTx, the sum of which led to æT. The authors 

identified four main thermal resistances æTx, respectively to the vapor-liquid interface (æTi), to the 

heat conduction through the liquid droplet (æTdrop), to the hydrophobic coating presence (æTcoat), and 

to the dropletôs curvature (æTc). They assumed a sufficiently small droplet dimension, to allow for 

conduction to be the principal heat transport mechanism, respect to convection. The four thermal 

resistances were described as reported in Eq. 2.4-2.7: 

DὝ
ή

Ὤςpὶ ρ ὧέίq
 (2.4) 

With qd heat transfer rate through the droplet and hi interfacial heat transfer coefficient, in which hi 

depends on the vapor pressure. 

DὝ
ήq

ςὯp Ὠ
 

(2.5) 

With kc thermal conductivity through the droplet and d = 2r sin.᷊ 

DὝ
ήd

Ὧ p ὶίὭὲq
 

(2.6) 

With kcoat thermal conductivity though the coating. 

DὝ
ὶ

ὶ
DὝ (2.7) 

With rmin the minimum viable droplet radius. 

The total thermal resistance was then expressed as Eq. 2.8: 
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DὝ Ὕ Ὕ DὝ DὝ DὝ DὝ (2.8) 

and the influence of the overall parameters on the thermal flux was found to be (Eq. 2.9)29:  

ή
DὝp ὶ ρ

ὶ
ὶ

d
Ὧ ίὭὲq

ὶq
τὯίὭὲq

ρ
ςὬρ ὧέίq

 
(2.9) 

As a fundamental outcome, the dependency of the thermal flux on the droplet dimension r, contact 

angle ,᷊ and coating thickness ŭ was evidenced. The results by Kim et al.29 confirmed previous 

models by Wu et al.3333 and Neumann et al.34, who demonstrated that a higher heat flux could be 

transferred through lower dimension droplets. 

The dropwise condensation efficiency is highly influenced by the sweeping rate. The latter allows for 

the detachment of condensed droplets, which incorporate neighboring droplets during the sliding path 

along the inclined surface and induce a renewed surface exposure for nucleation.34 Dropwise 

condensation is influenced by the dropletsô dimension and distribution, as well as by the contact angle. 

Droplets with high dimension are considered inefficient from a heat exchange point of view. At fixed 

droplet radius, the heat flux was found to be higher with increasing contact angle, which supports the 

extensive research towards the creation of stable superhydrophobic surfaces.29 

Following the heat transfer through a single droplet, the overall heat transfer per unit area was 

obtained considering the distribution density of the dropletsô population.29 Considering the discussion 

of paragraph 2.1.3.1, two separate subgroups were defined in function of a limit radius re. The first 

subgroup (n(r), r < re) accounts for smaller droplets which grow under direct vapor condensation, 

whereas the second subgroup (N(r), r > re) accounts for bigger droplets, deriving from coalescence.
29 

The heat flux per unit area q was defined as (Eq. 2.10): 

ή ή ὶὲὶὨὶ ή ὶὔὶὨὶ 
(2.10) 
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Figure 2.2.6. Heat flux in function of subcooling degree, for different water contact angles.29 

The influence of condensation mode, subcooling degree, and water contact angle is reported in the 

example of Figure 2.6. Dropwise condensation clearly emerges in terms of providing a higher heat 

transfer efficiency, respect to the filmwise mode. The increasing subcooling degree has a different 

influence on q, in function of the condensation mode. During dropwise condensation, the increasing 

æT favors an increased droplet growth rate and sweeping rate but does not influence the distribution 

of droplet dimension. During filmwise mode, the increased condensation rate due to higher æT leads 

to increases in thickness of the condensed liquid layer, which in turns deteriorates the heat transfer 

efficiency. The water contact angle determines an increase in heat flux during dropwise condensation, 

since a higher  ᷊leads to a lower critical droplet radius required for the dropletôs detachment. Overall, 

 ᷊can influence both the droplet dimension distribution and the heat flux through a single droplet. 

Reaching a superhydrophobicity condition on the surface allows for a lower droplet radius for 

detachment, with the consequent presence of smaller droplets and more extended surface area 

available for condensation.29 

 

3.1.3.3 Dropwise condensation challenges 

The multiple advantages of inducing a controlled dropwise condensation, with respect to a filmwise 

mode, were highlighted in the previous paragraphs. However, the former condensation mode is 

marked by some critical issues, which must be resolved to guarantee a successful applicability for 

heat exchangers, water collectors or desalination plants.  

According to Sikarwar et al.35, the principal criticalities for dropwise condensation applicability 

concern the coating durability, the complexity of the phenomenon, the precise measurement of the 
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HTC, and the multiscale levels over which the condensation is developed. The coatings are required 

to sustain a considerable amount of heat transfer cycles, while guaranteeing a low thermal resistance. 

Ideally, they should be simultaneously characterized by high chemical, thermal and mechanical 

durability, low surface energy, and low thermal resistance. The condensation phenomenon is 

influenced by multiple interconnected parameters, which do not favor the creation of reliable heat 

transfer models. Considering the third issue, the experimental measurement of the HTC requires high 

precision degree, which is however difficult to guarantee, especially at low subcooling degrees. 

Finally, condensation involves multiple scales, from the atomic level to the macroscopic one. Several 

open questions are still under investigation, concerning under which conditions nucleation is truly 

favored, the role of surface roughness, the influence of the distribution of droplet dimensions, how 

the sweeping rate could be modified to aid for a more efficient droplet removal.8 

 

3.1.4 Surface functionalization and nanostructuring  

As emerges from the previous paragraphs, a precise control of the condensation mode allows to 

favorably increase the heat exchange. In literature, surface functionalization techniques have been 

combined with surface nano- or micro-structuring, to induce the modification of the surface energy 

of the pristine substrate.  

A key point that affects the optimization process is that the different steps of dropwise condensation 

often require chemical and/or morphological modifications that are in contrast with each other. The 

higher droplet nucleation requires different surface properties respect to a faster droplet removal. 

Over the past years, research has mainly focused on the development of hydrophobic or 

superhydrophobic surfaces. With respect to a smooth hydrophobic surface, a higher surface roughness 

was confirmed to increase the static contact angle above 150Á.23,36 On the latter superhydrophobic 

nanostructured surfaces, the critical droplet radius for detachment was found to be ~10-100 mm, two 

orders of magnitude lower than the values required for smooth hydrophobic surfaces.37 The 

detachment could be induced independently from gravity, exploiting coalescence and release of 

surface energy.36,37 The presence of smaller droplets, through which most of the heat is transferred, 

enhanced the heat transfer efficiency when the former was combined with a fast droplet removal 

before unnecessary growth.38ï40 

Superhydrophobic were proved to offer great advantages, but critical unsolved issues were 

simultaneously evidenced, including a higher thermal barrier for nucleation and a lower nucleation 

density, especially during the preliminary phases of the latter. The vapor film trapped within the 
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nanostructured asperities, which allowed a Cassie state, constituted an additional thermal barrier. 

Moreover, an evolution of the wettability state from a Cassie state to a Wenzel one was noticed over 

time, due to the Laplace instability.41 A few years ago, the crucial role of the hysteresis of the contact 

angle was highlighted, which was found to independently offer remarkable advantages with respect 

to the presence of high absolute values of the contact angle (i.e., superhydrophobicity). The reduction 

of the hysteresis of the contact angle to almost zero values was proved to facilitate the droplet 

sweeping and provide new available surface for condensation.14,23,42,43 

Alongside with superhydrophobic surfaces, another vastly investigated way to modify the surface 

wettability is represented by hybrid surfaces. In literature, the term ñhybridò is employed to highlight 

two separate aspects, which should be clarified. When the physical-chemical properties of a surface 

are concerned, the term ñhybridò indicates the presence of multiple and distinct areas, displaying 

different morphology and/or functionalization type and are hence characterized by a different 

wettability. For example, a hybrid surface can be constituted by an overall flat hydrophobic layer, 

patterned by hydrophilic channels or bumps. When CSD methods are considered, particularly the sol-

gel method, the term ñhybridò indicates the simultaneous presence, at the molecular scale, of organic 

and inorganic components within the same network. The latter case was discussed in paragraph 1.2.4 

of Chapter 1. The sol-gel method allows for a simple and straightforward combination of organic and 

inorganic compounds, as the low processing temperatures can often be maintained below 200ÁC to 

preserve the organic part. 

A critical aspect of dropwise condensation hence lies in balancing the several aspects involved in the 

process optimization. The employed coatings and/or nanostructuring should guarantee a low thermal 

resistance, an efficient dropwise condensation mode, along with low manufacturing costs and high 

chemical, thermal and mechanical stability. Moreover, several techniques involve the use of 

fluorinated compounds for the creation of superhydrophobic surfaces, which are commonly used 

precursors but pose severe hazards concerning both the environment and human health.  In this 

paragraph 2.1.4, past key research on the functionalization techniques and morphological 

modifications to induce a dropwise condensation will be discussed. The focus will be particularly 

devoted to the employed materials and nanostructuring techniques, besides the thermal exchange 

efficiency. The coatingôs synthesis method, durability, and costs will be considered in combination 

with parameters such as HTC values, water collection efficiency, contact angle and critical sweeping 

radius. For the sake of a higher clarity, the different functionalization techniques and/or 

morphological modifications will be divided according to the application, i.e., condensation of 

saturated vapor (paragraph 2.1.4.1) or humid air condensation (paragraph 2.1.4.2). The final 
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paragraph 2.1.4.3 will be devoted to a focus on the most up to date models, which highlight the crucial 

influence of the hysteresis of the contact angles on dropwise condensation. 

 

3.1.4.1 Saturated vapor condensation 

Miljkovic et al.44 studied the influence of dropletsô morphology on the mass and heat transfer during 

dropwise condensation of saturated vapor. The superhydrophobic surface, composed by vertically 

aligned nanopillars with nanoscale roughness, was obtained by e-beam lithography and deep reactive 

ion etching (DRIE) of silicon (Figure 2.7 (a)). A (tri-decafluoro-1,1,2,2-tetrahydrooctyl)-1-

trichlorosilane precursor was deposited by CVD on the nanopillars, leading to a static contact angle 

of s᷊ = 164 Ñ 4Á. 

 

Figure 2.7. (a) Superhydrophobic morphology, with nanocolumns possessing nanoscale roughness. (b, c) Cassie-state condensation, 

in either suspended ñSò or partial wetting ñPWò state.44 

Two different condensation modes were noticed, during which the condensed droplets were either 

suspended (ñSò) or partially wetting (ñPWò) the surface (Figure 2.7 (b, c)). The growth rate of the 

ñSò droplets was found to be lower respect to the ñPWò ones, which was explained by a higher 

thermal resistance of the former. Within the development of the condensation tests, the authors found 

a progressive conversion of the first mode into the second one. The heat transfer efficiency of the 

nanostructured surface was considered with respect to a flat hydrophobic reference surface. The 

ñPWò condensation mode allowed for a 56% increase of the heat flux, with respect to the reference 

surface. The ñSò mode, on the other hand, induced a 71% decrease of the heat flux. In the latter 

condensation mode, the advantages deriving from the suspended condensed droplets, which allow a 

faster droplet removal at lower dimensions respect to the capillary size, were not enough to 

compensate for the higher thermal resistance, which in turn decreases the growth rate. This study 

highlighted that a stable Cassie state is not sufficient by itself to gain an increase in the heat transfer 

efficiency. The creation of nanostructured superhydrophobic surfaces should be combined with a fine 

tuning of the morphology of the condensed droplets. 
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As previously mentioned, an alternative to superhydrophobic surfaces is provided by hybrid 

substrates. Chen et al.45 exploited a hierarchical microstructure, composed by different areas with 

variable wettability. A multiscale surface roughness was created by photolithography and DRIE of 

silicon substrates. The inclined side walls of the micropyramids were covered by nanograss, i.e., 

small and aligned nanocolumns. Higher wettability areas were created on the vertical side walls of 

the micropyramids, to favor the dropletsô growth and coalescence (Figure 2.8 (a, b)). A fluoride 

polymer film was deposited on the surface and several passivation and chemical attack were 

performed with C4H8 and SF6, respectively, inducing the formation of random fluoride polymer 

particles as nanomasks. A perfluorooctyl trichlorosilane solution was employed to reach the 

superhydrophobicity. The static contact angle and the hysteresis were measured to be 160ï165Á and 

0.4ï3Á, respectively.  The performance of the hybrid superhydrophobic surface was compared to three 

surfaces: a flat surface, covered with nanograss; a flat surface, displaying hydrophilic flat areas 

surrounded by nanograss; a two-level microstructured surface, composed of vertically aligned 

microcolumns without nanograss. 

 

Figure 2.8. (a, b) Hierarchical micro and nanostructure. (c, d) saturated vapor condensation on the hierarchical surface.45 

A spontaneous sweeping effect was proved on the hybrid superhydrophobic surface, which displayed 

a ~50 mm droplet departure radius, considerably lower than the ~2 mm of capillary length.45 

Comparing the hybrid superhydrophobic surface with the two-level roughness one, the presence of 

hydrophilic areas on the former positively enhanced the nucleation of droplets. The hydrophilic areas 

also allowed for the formation of spherically shaped and isolated droplets. The droplet growth rate 

was found to be lower on the hybrid superhydrophobic surface with respect to the surface composed 
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by hydrophilic flat areas surrounded by nanograss. This was attributed to the fact that, on the 

nanograss, the latter tips were the only available nucleation sites, which convexity is not energetically 

favored. The hybrid superhydrophobic surface guaranteed higher efficiency in both the nucleation 

rate and the dropletsô removal (Figure 2.8 (c)). The behavior was explained by the coalescence, which 

was engineered to happen on preferential sites and not randomly, and by the low contact angle 

hysteresis, favored by the inclined side walls of the pyramids. 

Another hybrid surface was proposed by Park et al.46, which was inspired by the biological world 

(Figure 2.9 (a)), specifically by a Namib desert beetle, cactus, and carnivorous plants. Slippery 

asymmetric bumps were created, starting from asymmetric millimetric convex bumps, on which 

friction was reduced at the molecular scale by depositing a lubricant layer on the nanoscale roughness. 

A thin aluminum sheet was roughened with sandpaper and subsequently molded to create the bumps. 

The superhydrophobicity was reached by liquid-phase surface treatment with 0.1 wt% CPE-K in 

water, followed by spin coating CarnationÈ mineral oil to create the slippery surfaces. The apices of 

the bumps were changed from spherical to rectangular, to maintain a constant growth rate and a low 

curvature radius (Figure 2.9 (b)). 

 

Figure 2.9. (a) Animal and plant-based models for the hybrid surface. (b) Vapor condensation on the hybrid surface. (c, d) Temporal 

evolution of the dropletsô growth, on asymmetric bumps, with different orientations.46 
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As visible in Figure 2.9 (b), condensation on the convex apices led to the formation of bigger droplets 

with respect to the flat surrounding areas. The asymmetricity of the bumps, covered with lubricant 

slippery layer, allowed for capillary forces to prevail on gravity, as can be seen by the sweeping 

direction opposite to gravity (Figure 2.9 (c)). The higher diffusive thermal flux at the apices was 

confirmed by the bigger dimensions of the droplets on the latter. A higher growth rate was found in 

the configurations shown in Figure 2.9 (d), attributed to the synergy between capillary forces and 

gravity, since the sweeping direction was aligned with the latter. The configuration allowed for 

considerable decreases in critical departure radius, besides higher water collection values with respect 

to flat slippery surfaces.46 

 

3.1.4.2 Humid air condensation 

Hybrid surfaces displaying different wettability were employed to enhance the humid air 

condensation as well. Yang et al.47 compared four different wettability configurations, started from 

analogous copper substrates: hydrophobic, hydrophilic, superhydrophilic, and hybrid hydrophobic-

hydrophilic (Figure 2.10 (b)). The bare polished substrate was used as the hydrophilic surface, 

whereas hydrophobicity was obtained by spraying an ethyl nonafluorobutyl ether organic solution on 

the polished substrate. Superhydrophilicity was reached by immersing the substrate in a sodium 

hydroxide and potassium persulfate aqueous solution at 60ÁC for 15 min. The hybrid surface 

consisted of aligned V shape hydrophilic/hydrophobic channels, employed to direct and remove the 

condensate towards vertical hydrophilic channels (Figure 2.10 (a)). The air humidity was varied 

between 40-60-85% at 30ÁC, whereas different air flux speed was tested, between 0.5-4 m/s. 
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Figure 2.10. (a) Schematization of the hybrid surface. (b) Condensation modes on the different surfaces. (c) Correlation between the 

HTC and the air velocity, at different relative humidity conditions (RH), for the hydrophilic and hydrophobic surface, respectively.47 

As visible from Figure 10 (c), the HTC was proved to increase with both increasing RH and increasing 

air speed. The HTC values on the hydrophobic surfaces were found to be higher under every tested 

condition, with respect to the hydrophilic surface. The former surface displayed a lower droplet 

dimension and higher nucleation density, with respect to the hydrophilic one. With increasing RH 

values, the hydrophobic surface withstood dropwise condensation, whereas coalescence of droplets 

and consequent formation of bigger agglomerates was seen on the hydrophilic one. The latter led to 

a decrease in HTC due to the higher surface covered by the condensed liquid. The superhydrophilic 

surface displayed the lowest HTC values, whereas the hybrid one displayed the highest values, both 

respect to both hydrophobic (+3-9%) and hydrophilic (+6-16%). The hybrid behavior was attributed 

to faster condensation cycles of nucleation, growth, and removal. 

Another bioinspired coating was proposed by Gosh et al.15, to favor the dropwise condensation of 

humid air under the presence of non-condensable gas (NCG). The authors chose an approach which 

did not involve the use of fluorinated compounds, which are commonly used precursors but pose 

severe environmental and human health related hazards. A mirror-finish aluminum plate was coated 

with a protective polymer sheet and ablated to create different patterns with the aid of a CO2 laser. 

The exposed lasered surface was etched by immersing the sample in a 3 M HCl solution for 15 min, 

followed by immersion in boiling water for 1 h. This led to the formation of micro- and nanoscale 

roughness, with superhydrophilic channels surrounded by hydrophilic regions. Two different hybrid 

surfaces were considered, a ñstraightò (Figure 2.11 (a)) and a ñinterdigitatedò one (Figure 2.11 (b)). 

The first consisted of aligned vertical channels, whereas the second one was bioinspired by banana 
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leaves and consisted of edge-shaped superhydrophilic tracks to transport the condensate from the 

narrow end to the wider end.15 Two different humid air conditions were tested, namely 80% RH at 

20ÁC (C1) and 80% RH at 35ÁC (C2), with a substrate temperature of 0ÁC. The overall goal was to 

decrease the critical detachment radius, optimize the nucleation density, and increase the droplet 

removal rate. Both the HTC values and the water collection rate were considered for the efficiency 

evaluation. 

 

Figure 2.11. (a) ñStraightò type of hybrid surface scheme and comparison between humid air condensation on the latter and on flat 

surfaces. (b) ñInterdigitatedò type of hybrid surface scheme and comparison between humid air condensation on the latter and on flat 

surfaces. (c, d) Water collection and HTC values of the bare Al, straight and interdigitated hybrid surfaces, at different humid air 

conditions.15 

The hydrophilic areas favored the initial nucleation step during the dropwise condensation, whereas 

the superhydrophilic channels guaranteed a faster removal of the condensed droplets with the aid of 

filmwise condensation. The hybrid patters allowed for a reduction of the critical detachment radius 

and a faster condensation cycle. Under both humid air conditions (C1 and C2), the hybrid patterns 

favored a higher efficiency with respect to the flat hydrophilic surface, even though the increase was 

higher under C2 (+18%) respect to C1 (+4%). This was attributed to the maximum drainage capacity, 

which was reached during the high moisture conditions and constitutes a limiting factor. Finally, the 

interdigitated hybrid surface provided for a more efficient water collection and HTC values, with 

respect to the straight one. In the former, the optimized geometry consisted of edge-shaped 
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superhydrophilic tracks, which allowed a more efficient transport of the condensate from the narrow 

end to the wider end of the tracks, with a consequent faster removal. 

 

3.1.4.3 Low hysteresis of the contact angle 

In 2019-2020, two research works proposed an alternative pathway to superhydrophobic surfaces, for 

the control and optimization of the dropwise condensation dynamics. Kaneko et al.43 developed a 

surface which showed improving sliding properties with decreasing contact angle, i.e., with 

increasing hydrophilicity. Cha et al.48 highlighted the key effect of a lower contact angle hysteresis 

on dropwise condensation, with respect to targeting superhydrophobic absolute values of s᷊. The 

authors successfully induced a dropwise condensation on a hydrophilic surface, which displayed æ᷊  

~ 0Á.  

Generally, the simultaneous presence of low hysteresis of the contact angle and surface hydrophilicity 

is challenging to be obtained. Previous works already evidenced the remarkable importance of the 

contact angle hysteresis, employing liquid-like surfaces to favor the dropletsô sweeping, such as 

lubricant infused surfaces (LISs) and slippery liquid-infused porous surfaces (SLIPSs).42,49,50 

However, these surfaces typically displayed a hydrophobic state, whereas low s᷊ and low æ᷊  could 

be obtained through the presence of low surface tension liquids on the surface.51,52 The work by 

Kaneko et al.43 and Cha et al.48 allowed to obtain a simultaneous reduction of both s᷊ and æ᷊  on 

solid substrates, without the need of additional liquid lubricants. 
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Figure 2.12. (a) Molecular structures of two different types of PEG-silanes (PEG-Si), namely PEG-M and PEG-OH. (b)Coating 

process and appearances of samples. (c) Static contact angle, (d) hysteresis of the contact angle and (e) sliding angle of four samples, 

in function of the [PEG]/[TEOS] ratio. TEOS-only (black), hybrid PEG-M (red), hybrid PEG-OH (blue), PEG-M monolayer (yellow).43 

Kaneko et al.43 deposited PEG-hybrid films on silicon and aluminum, starting from solīgel solutions 

containing hydrophilic pegylated organosilane (PEG-Si) and tetraethoxysilane (TEOS) as precursors 

(Figure 2.12 (a, b)). They compared different terminal groups, such as methoxy (CH3Oī) or hydroxy 

(HOī) terminated PEG chains and named the samples ñPEG-Mò and ñPEG-OHò, respectively. The 

authors initially compared the static contact angle (s᷊), hysteresis of the contact angle (æ᷊ ) and 

sliding angle (s᷊l) among the different samples, optimizing the [PEG]/[TEOS] ratio (Figure 2.12 (c-

d)). The optimized ratio [PEG-Si]/[TEOS] = 0.15 for the PEG-M sample displayed the lowest ᷊s ~ 

40Á, simultaneously with the lowest æ᷊  ~ 6Á. Traditionally, hydrophilic surfaces are considered to 

induce pinning of the condensed droplets, whereas the sol-gel PEG-M coating allowed to reach 

considerably low æ᷊  values on a hydrophilic surface. 

The authors investigated the dropwise condensation efficiency on aluminum substrates, by comparing 

the hybrid PEG-M coating with two reference samples, namely a hydrophobic perfluorinated 

monolayer and a hydrophilic uncoated substrate. The perfluorinated monolayer was deposited from 

the perfluoroalkylsilane FAS13. The PEG-M coating required sliding angles to induce the droplet 

detachment, which were half with respect to the bare substrate. The minimum droplet volume 

required for sliding was found to be 3 mL, considerably lower than the 8 mL required by the 

hydrophobic reference coating. As a key result, an optimized hydrophilic surface with low hysteresis 

of the contact angle facilitated the dropletsô detachment during condensation, with respect to a 

hydrophobic surface. 
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Figure 2.13. Droplets distribution during vapor condensation. (A,B) Hydrophobic fluorinated coated silicon, (C, D) hydrophilic 

PEGylated coated silicon, (E, F) polished silicon, (G, H) polished copper. (I, J) Parameters affecting condensation heat transfer 

coefficient (h): model results of h as a function of nucleation density (Ns) for varying advancing contact angle with departure radius 

rmax = 1 mm. (J) Condensation nucleation rate (J) as a function of condensing surface energy. (K) Condensation regime map as a 

function of advancing contact angle and contact angle hysteresis.48 

Further confirming the findings by Kaneko et al.43, Cha et al.48 reported a dropwise condensation on 

a solid PEGylated surface, displaying high chemical homogeneity and sub nanoscale roughness, with 

an overall hydrophilic behavior (a᷊ = 38Á) and almost null contact angle hysteresis (æ᷊  < 3Á). The 

authors developed a physical model demonstrating that stable dropwise condensation is mainly 

influenced by the contact angle hysteresis, rather than by the surface intrinsic wettability or advancing 

contact angle as assumed on previous models. The PEGylated coating on silicon was compared with 

a hydrophobic fluorinated coating on silicon, polished silicon, and polished copper (Figure 2.13 (a-

h)). The former was obtained by immersing the silicon substrate in a solution consisting of 2-

[methoxy (polyethyleneoxy)6-9propyl]trimethoxysilane and hydrochloric acid in anhydrous toluene, 

whereas the hydrophobic layer was obtained by chemical vapor deposition (CVD) of 

octafluorocyclobutane (C4F8). 

The development of condensation on hydrophilic surfaces was found to be advantageous in terms of 

lower nucleation barrier, with respect to a hydrophobic surface, leading to a higher nucleation (Figure 

2.13 (i, j)). The hydrophilicity was also found to increase the heat transfer coefficient (h) values. The 

flatter spherical cap-shaped morphology of the droplets induced by the hydrophilic surface allowed 

a reduction of the conduction thermal resistance through the droplet. The latter was found to be the 

dominant thermal resistance for droplet radius below 100 mm.48 As discussed in paragraph 2.1.3.2, 



60 

 

previous theories already demonstrated that most of the condensation heat is exchanged through 

small-sized droplets.32,34 As a result, the minimization of the advancing contact angle, simultaneously 

with the development of a dropwise condensation mode appear as key parameters for improving the 

heat exchange efficiency. 

From the condensation tests, the hydrophilic PEGylated surface displayed a 10x increase in the initial 

nucleation density, with respect to the hydrophobic fluorinated one. In the former surface, 

remarkably, the condensed droplets maintained a spherical shape during the coalescence step. To 

demonstrate the irrelevant role of the advancing contact angle, if the æ᷊  is not considered, the 

condensation mode was studied on the polished silicon and polished copper substrates (Figure 2.13 

(e-h)). The former displayed ᷊a ~ 46Á and æ᷊  ~ 23Á, whereas the latter a᷊ ~ 97Á and æ᷊  ~ 70Á. A 

filmwise condensation was noticed on the polished copper substrate, whereas the silicon substrate, 

despite the hydrophilicity, displayed a simil-dropwise condensation with irregularly shaped droplets. 

Finally, the hydrophilic PEGylated surface allowed for a ~500% increase in heat exchange, with 

respect to the hydrophobic fluorinated one. 

 

3.2  Durability and heat exchange efficiency of hybrid sol-gel coatings during 

saturated vapor condensation 

 

Author disclosure statement. The data and discussion reported in paragraph 2.2 in Chapter 2 were 

published in the article ñBasso, M., et al. Hydrophobic hybrid silica sol-gel coating on aluminum: 

Stability evaluation during saturated vapor condensation, Journal of Non-Crystalline Solids: X, 

Volume 17, 100143, (2023). ISSN 2590-1591. https://doi.org/10.1016/j.nocx.2022.100143ò53 

 

As previously discussed, the efficiency of liquid-vapor phase change (LVPC) has a major influence 

on both industrial productivity and environmental pollution. Vapor condensation has been extensively 

investigated within the LVPC systems, due to the involvement in processes such as water harvesting 

and heat exchange.54ï56 High efficiency of the latter can be reached by controlling the condensation 

dynamics, avoiding filmwise condensation and exploiting the dropwise mode. LVPC processes are 

usually related to metallic substrates, which typical hydrophilicity is unfavorable when heat exchange 

efficiency is considered.57 However, the condensation mode can be controlled through the surface 

modification of both chemical composition and morphology. Among the different techniques, silica-
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based sol-gel coatings offer an efficient trade-off between cost, time, and chemical-mechanical 

resistance, besides the possibility to properly tune the coatingôs properties. Their wettability can be 

controlled through a hybrid organic-inorganic composition, introducing organic groups to decrease 

the hydrophilicity of plain silica coatings. Experimental results recently demonstrated that such 

coatings represent a valid strategy for the promotion of dropwise condensation (DWC) on aluminum 

substrates.58 

The high length of the precursorôs organic chain is known to increase the hydrophobicity along with 

the decrease of the contact angle hysteresis,59 therefore an octyl-modified silica sol gel coating was 

selected for the control of saturated vapor condensation. Reductions in the average droplet dimension 

was expected, along with the improvements in HTC, since most of the heat exchanged during DWC 

is associated to small droplets,60 

Besides the heat exchange, the introduction of long organic chains in silica networks was recently 

proven to favor the durability of sol-gel coatings in water-based environments.61 A major challenge 

for future works is the durability of such coatings, since they face severe environmental conditions 

when employed in real-life applications, such as fouling, scratching, corrosion or high thermal 

stresses.62  Among the numerous studies on the control of surface wettability for LVPC devices, the 

majority primarily focus on developing new paths for surface modification, without considering the 

coatingsô stability over time. On the other side, when the durability is studied, the possible negative 

influence on the heat exchange is often not examined. An increase in coatingôs thickness could 

improve its resistance to harsh conditions but could simultaneously lead to a higher thermal 

barrier.57,62 The coatings employed in LVPC applications are therefore required to simultaneously 

satisfy several requirements, which is a demanding challenge since improving one requisite often 

implicates worsening another one. 

In the case of the hybrid octyl-modified silica coating, the global performance was evaluated during 

saturated vapor condensation, in terms of both thermal exchange and coatingôs durability. The heat 

exchanged over time was examined on aluminum substrates in a custom-made heat exchange 

apparatus. The coatingôs stability was studied by separating the different influencing factors on its 

degradation, from temperature to steam-air coexistence to nucleation and growth phenomena. The 

coatingôs degradation, which led to variations in thickness, wettability, chemical and morphological 

properties, was monitored with scanning electron microscopy (SEM), Fourier-transformed infrared 

spectroscopy (FTIR), ellipsometer and contact angle goniometer characterizations. For the sake of a 

higher clarity, in paragraphs 2.2.1-2.2.4 the outcomes of the distinct tests and characterizations will 
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be individually presented. In paragraph 2.2.5 a general discussion will provide an overall explanation 

of the thermal exchange efficiency and coatingôs durability. 

 

3.2.1 Synthesis and deposition of hybrid coatings53 

Tetraethyl orthosilicate (TEOS, 98%; Sigma Aldrich), octyltriethoxysilane (OTES, 98%; Sigma 

Aldrich), absolute ethanol (EtOH, Emsure; Sigma-Aldrich), concentrated hydrochloric acid (HCl, 

37%; Sigma Aldrich), milliQ water (H2O, 18.2 Mɋ). All employed materials were used as purchased, 

except for hydrochloric acid which was diluted to obtain a 1 M concentration. Silicon wafers, 

aluminum with high purity (AW1050, 99.50% minimum aluminum content), 20 x 20 mm2 and 20 x 

50 mm2 dimensions. Aluminum was polished to obtain a smooth mirror-like surface, following a 

standard metallographic technique. The octyltriethoxysilane-based solution was prepared adapting a 

recipe from De Ferri et al.59 TEOS, OTES, EtOH, HCl 1 M and H2O were mixed in molar ratios of 

(TEOS+OTES):EtOH:H2O:HCl=1:2:2:0.01, respectively, with varied TEOS:OTES molar ratio. The 

solution was stirred for 2 h at 400 rpm at room temperature, during which additional solvent was 

added after 30 min, to reach a theoretical final concentration of SiO2 of 1.3 M. The solution was aged 

still for 2 additional hours and then filtrated with syringe filters of 0.2 mm pores prior to the deposition. 

The sol-gel coatings were deposited on polished aluminum substrates and silicon wafers, both 

previously cleaned through sonication in ethanol followed by atmospheric plasma treatment (Plasma 

Cleaner, PDC-002-CE, Harrick Plasma). The deposition was done inside a custom-made dip-coater, 

by withdrawing the substrates from the solution at 4.8 cm/min. The solvent evaporation was induced 

gradually, together with the evolution of condensation reactions, by aging the coatings at room 

temperature for 24 h. The coatings were then annealed in a furnace at 200ÁC for 2 h, with a heating 

ramp of 10ÁC/min. 

 

3.2.2 Optimization of hybrid-silica coating53 

The effect of the OTES/TEOS ratio and the deposition parameters on the wettability, thickness, and 

adherence to the substrate were considered. Preliminary experiments were performed on silicon by 

tuning the moles of OTES to TEOS from a minimum of 10% (O1T9) to a maximum of 50% (O5T5). 

Different withdraw speeds were tested, from 2.5 cm/min to 10 cm/min. As dewetting of the coatings 

was observed for O4T6 and O5T5, these compositions were discarded. 
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Table 2.1. Thickness, advancing contact angle (a᷊) and receding contact angle (c᷊) of the coatings on silicon for different OTES/TEOS 

molar ratio and withdrawal speed.53 

Sample Withdrawal speed 

(cm/min) 

Thickness 

(nm) 
a᷊  

(Á) 
c᷊  

(Á) 

O1T9 ï 5 cm/min 4.8 216 Ñ 2 100 Ñ 2 88 Ñ 1 

O1T9 ï 7.5 cm/min 7.4 248 Ñ 8 101 Ñ 1 89 Ñ 1 

O2T8 ï 5 cm/min 4.8 227 Ñ 5 101 Ñ 1 88 Ñ 1 

O2T8 ï 10 cm/min 10.4 330 Ñ 7 103 Ñ 1 91 Ñ 1 

O3T7 ï 2.5 cm/min 2.5 207 Ñ 6 105 Ñ 1 96 Ñ 1 

O3T7 ï 5 cm/min 4.8 343 Ñ 9 106 Ñ 2 96 Ñ 2 

 

As reported in Table 2.1, the amount of OTES affected the surface wettability by increasing the 

advancing contact angle (a᷊) from 100 Ñ 2Á to 106Á Ñ 2Á, as well as the receding contact angle (r᷊) 

from 88 Ñ 1Á to 96 Ñ 2Á. With respect to previous hybrid silica-based systems63,64, an HTC 

enhancement was expected, due to the higher a᷊ and low contact angle hysteresis (æ᷊ ) of the 

OTES/TEOS coatings. For all samples, the æ᷊  ~ 10-14Á was found to be slightly lower with respect 

to other hybrid organic-inorganic coatings, which were obtained by different molecular precursors 

such as phenyltriethoxysilane and methyltriethoxysilane.65 The thickness of the films was found to 

be within 200-400 nm from ellipsometry measurements (Table 2.1). These values offer a good 

compromise, ensuring adequate robustness under high temperature and heat flux, while minimizing 

the intrinsic thermal resistance of the coating. Hybrid silica-coatings with thickness < 200 nm have 

been proven to degrade within the first 15 hours of condensation.64 Considering a film thickness 

between 200 and 400 nm and a thermal conductivity of 0.2 W m-1 K-1, the thermal resistance per unit 

area of the coatings can be estimated in the range 1.5-2 m2 K MW-1.65 

Further samples were deposited on polished aluminum substrates (2 Ĭ 2 cm2), selecting O2T8 and 

O3T7 compositions at a fixed withdrawal speed of 4.8 cm/min. As previously observed
66, the different 

substrate causes a slight increase in thickness, found to be about 300 nm for O2T8 and 380 nm for 

O3T7. The wettability was similar for both the compositions, with average a᷊ = 102 Ñ 3Á, and r᷊ = 89 

Ñ 3Á. Following these results, the O2T8 composition was selected as a good compromise in terms of 

wettability, thickness, and reproducibility. Following the same protocol, the O2T8 coating was 

deposited on a larger aluminum substrate (5 Ĭ 2 cm) for steam condensation tests. 

 

3.2.3 Saturated vapor condensation experiments53 

The hybrid silica coatings deposited on aluminum substrates were tested in a two-phase 

thermosyphon designed for the investigation of water vapor condensation on vertical metallic 
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substrates. The experimental apparatus consists of three main components: a boiling chamber, a test 

section, and a post-condenser (Figure 2.14). 

 

Figure 2.14. Scheme of the experimental apparatus for saturated vapor condensation tests.53 

The vapor produced inside the boiling chamber flew into the test section where it was partially 

condensed over a metallic sample, with condensing area of 50 mm height, 20 mm width. Inside this 

component, condensation was driven by the action of the cooling water supplied on the back surface 

of the sample by a thermostatic bath at controlled temperature and flowrate. Downstream the test 

section, the two-phase mixture of vapor and liquid was completely condensed in the post-condenser 

before returning to the boiling chamber. The detailed description of the experimental apparatus is 

reported in Appendix A.2.2. The condensation tests were performed at the following thermodynamic 

conditions: 106ÁC of saturation temperature (which corresponds to a saturation pressure of 1.24 bar), 

2.9 m sī1 of steam velocity, heat flux in the range 250-550 kW mī2. 

The heat transfer performance of the hybrid silica sol-gel coating, selected to be O2T8 from the 

previous section, was assessed during steam condensation in the custom-build experimental apparatus 

described above (Figure 2.14). During the test runs, the heat flux was varied between 250 kW mī2 

and 550 kW mī2, while saturation temperature and steam velocity were kept constant at 106ÁC and 

2.9 m sī1, respectively. The experimental results of the vapor condensation test (VC-Al) are shown 

in Figure 2.15 (a), in which the HTC is plotted versus time.  
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Figure 2.15. (a) Heat transfer coefficient (HTC) measurements obtained during DWC of steam on the sol-gel coated aluminum sample 

versus time. (b) Images recorded at the beginning and at the end of the condensation test. An example of droplet pinning is shown. The 

position of the two examined areas of the coated surface (top and bottom) is highlighted by the letters A and B, respectively.53 

 

The functionalized surface sustained DWC for the entire duration of the condensation tests of 7 h, 

exhibiting a stable thermal performance with HTC values of ~90 kW mī2 Kī1. No changes of the 

coated surface were detected from the thermal measurements since the HTC remained almost constant 

for the whole endurance tests. During the test runs, the heat flux was reduced from 550 to 250 kW 

mī2 to assess the effect of the heat flux on HTC (Figure 2.15 (a)). Due to the fixed value of the 

saturation temperature, the temperature of the cooling water supplied to the test section was varied 

between 25ÁC and 85ÁC to control the heat flux. The latter increases with the increasing saturation-

to-coolant temperature difference. In accordance with literature67,68, the HTC measured during DWC 

was found to be constant in the heat flux range here investigated (250-550 kW mī2), despite the 

considerable variation of coolant temperature. Interestingly, similar heat flux values could be 

obtained during FWC only with the HTC being significantly lower (8-12 kW mī2 Kī1 according to 

the FWC model described in Del Col et al.69). The promotion of DWC on aluminum substrates 

resulted in an average 9-fold increase of the condensation HTC compared to values measured during 

filmwise condensation (FWC) under similar heat flux conditions.69 Compared to other sol-gel 

coatings with slightly higher wettability (average a᷊ ~ 90Á), similar film thickness, and tested during 

DWC under the same heat flux condition, the developed coating showed an increase in the HTC of 

about 10%.65  

The images taken at the beginning and end of VC-Al tests showed an evolution of the condensation 

phenomenon, specifically of the droplet population (Figure 2.15 (b)). The dropletôs departing radius, 

which is a key parameter of the DWC heat transfer mechanism, showed a moderate increase after 7 

hours in some areas of the sample, from 1.1 mm to 1.5 mm. Being the thermodynamic conditions 
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constant70, the dropletôs departing radius depended on the surface wettability, therefore a variation of 

the contact angles was expected. This variation could also be related to an increase of the dropletsô 

pinning, which affects their motion on the condensing surface (Figure 2.15 (b), zoomed images). 

Even though no variations in the HTC were detected after 7 hours of continuous condensation, the 

experiments were stopped to investigate the evolution of the coated surface before that irreversible 

and complete degradation could be reached.  

 

Figure 2.16. (a-c) SEM images of the octyltriethoxysilane-based coating on aluminum: (a) reference sample; (b) sample after the 7 h 

condensation tests (VC-Al), on zone A; (c) sample after the 7 h condensation tests, on zone B.  The scale bar of each figure is reported 

on the bottom right. (d) Variation of the dynamic contact angles and of the coatingôs thickness after the 7 h VC-Al tests. Each 

experimental result is the average value of three distinct measurements in different areas of the sample. The standard deviation is 

reported for each result.53 

The changes in the dynamic contact angles, thickness, and morphology of the coatings after 7 hours 

of continuous condensation are reported in Figure 2.16, while the FTIR spectroscopy results are 

visible in Figure 2.17 and Table 2.2. Before the VC-Al tests, the coated aluminum surface was 

hydrophobic, with a᷊ = 100 ° 5Á and r᷊ = 90 ° 5Á (Figure 2.16 (d)). The ellipsometry measurements 

revealed an initial coating thickness of 310 ° 18 nm. After the condensation tests, the thickness 

moderately decreased by ~46 nm, along with a decrease of ~33Á of the r᷊ (Figure 2.16 (d)). 
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Figure 2.17. FTIR spectroscopy absorption spectra of the coating on aluminum before and after the 7 h condensation tests in the 

experimental apparatus.53 

Table 2.2. Peak intensity and ratio between Si-OH peak and Si-O-Si peaks from FTIR spectroscopy, before after the 7 h degradation 

tests of the coatings on aluminum.53 

Vibrations Before After 

Si-OH 238 237 

Si-O-Si 492 492 

Si-OH/Si-O-Si (%) 48 48 

 

According to FTIR spectroscopy (Figure 2.17), no variations in the vibrational modes of the peaks 

could be observed. The vibrational peak at ~1180 cm-1, corresponding to the bond between octyl-

groups and silicon (Si-CH2-(CH2)6-CH3), was covered by the intensity of Si-O-Si bonds, therefore it 

could not be used to evaluate the possible disappearance of the organic groups.59 Nonetheless, the 

persistence of a hydrophobic character was shown by the a᷊, which was not affected after 7 hours of 

condensation (a᷊ = 97 ° 5Á, Figure 2.16 (d)). FTIR spectroscopy is commonly used to monitor the 

evolution of hydrolysis and condensation reactions, via the ratio between the peak of asymmetric 

stretching of Si-O-Si (~1120 cm-1) and Si-OH peak (~940 cm-1).71 The ratio between the Si-O-Si and 

Si-OH peaks did not vary after the condensation experiments (Table 2.2), therefore no evident 

variation was found. 

Significant changes in the coatingôs morphology after the exposure to saturated vapor were instead 

highlighted by SEM (Figure 2.16 (a-c)). During the VC-Al tests, droplet pinning was not observed as 

a global and homogeneous phenomenon but was instead present only at isolated locations. In the 

afterwards characterizations, several macro-areas were explored to detect possible morphological 

variations and wettability differences. Two different representative areas were individuated, namely 

at the top (zone A - Figure 2.16 (b)) and at the bottom (zone B - Figure 2.16 (c)) of the sample, and 
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their position is reported in Figure 2.15 (b). As shown in the insights at higher magnification (Figure 

2.16 (a-c)), the interaction with saturated vapor during condensation led to an evolution of the coating. 

Prior to the tests, the sampleôs surface was globally smooth and uniform, presenting only a few 

isolated and small defects such as nanocracks (Figure 2.16 (a)). After the 7 hours condensation tests, 

local spots of the surface were found to gradually evolve into a spiderweb-like morphology 

characterized by a higher porosity (Figure 2.16 (a-c)). Similar morphologies were found by Metroke 

et al.61, who studied the corrosion resistance in salt-containing environments. Here, the spiderweb 

morphology of the coating was found to be more pronounced on the bottom (Figure 2.16 (c)) with 

respect to the top part (Figure 2.16 (b)) of the sample. The a᷊ = 63 ° 5Á on zone B was slightly lower 

respect to the a᷊ = 70 ° 5Á on zone A. A thickness decrease of ~ 60 nm was detected in the bottom 

area from ellipsometry, slightly higher respect to the average value of ~46 nm.  

 

3.2.4 Coating degradation tests53 

From the characterizations carried out before and after condensation experiments (paragraph 2.2.3), 

the evolution of the hybrid silica sol-gel coating seemed to be related to the combined effect of 

mechanical-chemical interaction with water, high temperature of the environment, and presence of 

defects/voids on the coating. To investigate the effect of steam condensation on the coatingôs stability, 

ad-hoc tests were performed to separate the different variables of influence.  

Additional hybrid coatings were deposited on silicon substrates, following the same procedure as 

described in paragraph 2.2.1. The samples were tested under five different environments that could 

affect the coatingôs degradation and could be related to the conditions present during the condensation 

experiments. The tests were chosen to be straightforward to perform and easily replicable. The 

exposure time of each tested condition was set to 7 h, to be comparable to the condensation 

experiments. Three main factors were considered separately and then combined: the chemical-

mechanical interaction with water, the effect of temperature and the role of defects. The effect of the 

hot water on the coatings was considered both in the case of liquid and vapor phase (i.e., steam-air 

mixture). The five different tests are summarized in Figure 2.18.  
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Figure 2.18. Different conditions used in the degradation tests on silicon substrates: (a) heat treatment at 100ÁC in furnace (T-100); 

(b) immersion in deionized water at 20ÁC (I-20); exposure to mixed air-steam (S-100); (d)  immersion in deionized water at 90ÁC (I-

90); (e) immersion in boiling water at 100ÁC (I-100).53 

A first sample was heat treated at 100ÁC in a standard heating furnace (T-100). A second specimen 

was exposed to an air-steam mixture, during which the coated surface was held downside in a 

horizontal position, 3 cm above a glass beaker containing boiling deionized water (S-100). The third 

and fourth samples were fully immersed in a glass beaker containing deionized water at 20ÁC (I-20) 

and 90ÁC (I-90), respectively, whereas the last sample was immersed in boiling water (pool boiling, 

PB). To further correlate the influence of the substrate type on the coatingôs stability, the PB test was 

carried on a reference coated aluminum sample as well (PB-Al). 

 

Figure 2.19. (a, b) Dynamic water contact angles of the hybrid silica coatings deposited on silicon, before and after the degradation 

tests: (a) advancing contact angles (a᷊); (b) receding contact angles (r᷊). (c) FTIR spectroscopy absorption spectra of the reference 

sample and of the coatings after the degradation tests.53 

The evolution of advancing and receding contact angles is reported in Figure 2.19 (a, b). Coherently 

for both a᷊ and c᷊, the wettability was affected the most by the pool boiling test (PB), in which vapor 

bubbles nucleated on the coated surface. The a᷊ decreased by ~30Á and by ~10Á after pool boiling 

(PB) and immersion at 90ÁC (I-90), respectively, whereas the other tests did not lead to significant 

variations. Analogously, the r᷊ showed a similar trend, but with enhanced variations. After PB test, 

the r᷊ decreased below the measurable limit, while I-90 and I-20 tests led to reductions of ~ 41Á and 

~13Á, respectively. The exposure to hot steam-air mixture (S-100) and the heat treatment at 100ÁC 
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(T-100) did not affect the r᷊. The latter result was expected since the hybrid coatings were exposed 

to temperatures of 200ÁC during the annealing treatments (paragraph 2.2.1).  

Table 2.3. Peak intensity and ratio between Si-OH peak and Si-O-Si peak from FTIR spectroscopy, before and after the 7 h degradation 

tests of the coatings on silicon wafers.53 

Vibrations S-100 PB I-90 I-20 T-100 Ref 

Si-OH 1,76 0,95 1,62 1,55 2,21 1,69 

Si-O-Si 29,69 21,14 31,51 29,65 41,81 31,34 

Si-OH/Si-O-Si (%) 6 5 5 5 5 5 

 

As for the aluminum sample, FTIR spectra were collected on the coated silicon samples to detect 

eventual chemical modifications caused by the degradation tests (Figure 2.19 (c)). The ratio between 

the intensities of the Si-O-Si peak (~1078 cm-1) and the silanol peak (~950 cm-1) was monitored to 

detect changes in the network, but no evident variations were noticed (Table 2.3).  

Table 2.4. Ellipsometry measurements of the thickness before and after the degradation tests for each sample, with the corresponding 
standard deviation value.53 

Test Before (nm) After (nm)  Delta (nm) 

T-100 319 ° 1 320 ° 1 - 

I-20 324 ° 7 324 ° 4 - 

S-100 324 ° 4 323 ° 1 - 

I-90 324 ° 1 328 ° 7 - 

PB 323 ° 1 243 ° 19 - 80 ° 20 

 

The thickness before and after the degradation tests is reported in Table 2.4. Globally, the tests did 

not lead to changes in thickness, except for the pool boiling test, after which the coatingôs thickness 

decreased by ~80 nm. 

The morphologies of the coatings after PB and I-90 tests are reported in Figure 2.20 (b, c) in 

comparison to a reference sample (Figure 2.20 (a)). 
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Figure 2.20. SEM images of the hybrid silica coating on silicon and aluminum substrates after the 7 h degradation tests, at 2 different 

magnifications. (a) reference sample on silicon; (b) coating on silicon after pool boiling immersion test (PB); (c) coating on silicon 

after immersion test at 90ÁC (I-90); (d) coating on aluminum after pool boiling immersion test (PB-Al). The scale bar of each figure is 

reported on the bottom right.53 

As visible from the SEM images, the reference sample was found to be smooth, flat, and uniform at 

both the nano and microscale. After the degradation tests, the pool boiling led to the highest 

deterioration of the coatingôs quality, with the appearance of surface features on the nanoscale (Figure 

2.20 (b)). With respect to the I-90 test, the PB test led to nucleation and growth of vapor bubbles on 

the coated surface, which accelerated the formation of the nanofeatures visible in Figure 2.20 (b). The 

latter were only slightly detectable after the immersion test at 90ÁC, whereas the S-100, I-20 and T-

100 tests did not induce significant variations of the surface morphology. 

Table 2.5. Water contact angles (a᷊, ᷊r) and thickness before and after the PB test on the coated aluminum sample, with the 

corresponding standard deviation value.53 

 Before After 

a᷊ (Á) 96 ° 5 97 ° 5 

r᷊ (Á) 87 ° 5 < 10Á 

Thickness (nm) 266 ° 10 228 ° 7 

 

Figure 2.21. SEM images of the reference small aluminum sample. The scale bar is reported on the bottom right corner of each image.53 
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To consider the possible influence of the substrate on the coatingôs degradation, the PB test was 

repeated on a coated aluminum sample (PB-Al). The variations in contact angles, thickness and 

morphology are reported in Figure 2.20 (d), Figure 2.21 and Table 2.5, respectively. In analogy with 

the PB test on silicon, the r᷊ decreased below the measurable limit (from 87 ° 5Á to < 10Á), whereas 

the a᷊ remained unchanged. As for both PB test on silicon and VC-Al test, the thickness decreased 

by ~40 nm, from 266 ° 10 to 228 ° 7 nm (Table 2.5). The initially smooth surface morphology 

evolved after the test, after which the formation of nanofeatures was detected (Figure 2.20 (d)).  

 

3.2.5 Considerations on heat transfer and coating durability53 

As discussed in the Introduction section, coatings employed in heat transfer applications are 

simultaneously required to fulfil two main purposes: the control of condensation dynamics and the 

durability during their industrial employment.  

The thermal performance of the optimized hybrid silica sol-gel coating was initially tested in a 

custom-made apparatus (VC-Al test). The coating, deposited on aluminum substrate, induced DWC 

with HTC values of ~90 kW m-2 K-1, ~9 times higher with respect to HTC measured on hydrophilic 

aluminum at similar heat flux conditions (Figure 2.13 (a)).69 HTC values above 100 kW mī2 Kī1 and 

extended durability were reported for copper-modified surfaces.72,73 Compared to copper, studies 

about DWC on aluminum are limited. Paxson et al.74 reported HTC value of 35 kW mī2 Kī1 stable 

for up to 48 h on aluminum substrates covered with an ultrathin polymer film deposited by iCVD. 

Raush et al.75 demonstrated a duration of DWC for 8 months on ion-implanted aluminum, but the 

HTC was only double compared to FWC. Steam or liquid at high temperature (>100ÁC) promotes the 

formation of boehmite on the aluminum surface, enhancing the wettability and thus affecting the 

durability of the DWC conditions. 

Despite the morphological and functional variations of the hybrid silica sol-gel coating during steam 

condensation, the HTC remained stable for the entire duration of the condensation experiments 

without any significant variation of the thermal performance, in accordance with previous results on 

similar hybrid coatings.65 The VC-Al test was stopped after 7 hours to properly characterize the 

coating variation and avoid its total failure. A decrease in thickness of ~46 nm was found, along with 

morphological and wettability variations. Two different representative areas were individuated on the 

coating, indicating a non-uniform degree of degradation on its surface (Figure 2.14 (b, c)). Since the 

vapor flow was almost constant along the sample, the different evolution among the two areas could 

be attributed to the non-uniform interaction with the condensate. Due to the vertical orientation of the 
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sample, the upper area was less affected by the sweeping of falling drops as compared to the lower 

part. On this lower part, the chemical-mechanical interaction between the coating and the water was 

higher due to a higher condensate mass flow rate. The presence of small defects such as microcracks 

or pinholes, which were seen in a few spots on the initial coating (Figure 2.14 (a)), contributed to 

locally accelerate the coatingôs degradation as found in previous studies.65,76,77 Dropletsô nucleation 

on pre-existing defects, along with shear stress applied by their sweeping over the defects, can enlarge 

the dimensions of the latter leading to the gradual delamination of the coating. In the lower area of 

the sample, the frequency of dropletsô nucleation was higher, as well as their sweeping, which could 

have contributed to the enhanced modifications of the coatingôs morphology. Moreover, the presence 

of unreacted hydrophilic silanol groups on the surface can promote the interaction with condensing 

saturated vapor. Respect to other hybrid sol-gel coatings62, the low temperature of thermal 

degradation of octyl-groups does not allow to perform the coatingôs annealing above 200ÁC59, leading 

to the presence of residual hydrophilic Si-OH groups. The durability of surface hydrophobicity is 

therefore a crucial factor to reduce the affinity and interaction with condensed vapor, as found by 

Juan-Diaz et al.78 Breakage of organic-silica bond and/or partial removal of the coating on the 

underlying substrate could lead to the decrease of contact angles78,79, since both the factors lead to 

the exposure of hydrophilic spots among the surrounding hydrophobic area. However, as shown in 

Figure 2.15, no major chemical variations were noticed from FTIR spectroscopy, so the major cause 

of the RCA decrease was attributed to the local morphological changes (Figure 2.14 (c)). 

In the second part of the work, ad-hoc degradation tests were performed to separate the different 

influencing factors on the coatingôs durability. Neither the chemical interaction with water (I-20) or 

air-vapor stream (S-100) nor the exposure to high temperatures (T-100) induced significant variations 

in the coatingôs properties (Figure 2.17). The tests evidenced how these factors, if applied singularly, 

were not sufficient to induce remarkable changes in the coatings. Variations in wettability and 

morphology were seen when the interaction with water was combined with higher temperatures (I-

90), whereas the maximum deterioration was reached when bubble nucleation was induced (PB and 

PB-Al, Figure 2.18). The simultaneous presence of all factors led to the highest degradation, as 

confirmed by the substantial decrease of dynamic contact angles and thickness (Figure 2.17 (a, b), 

Table 2.4). On both silicon (PB) and aluminum (PB-Al) substrates, the formation of features at the 

nano-microscale led to pinning of water droplets and affected the c᷊ at the macroscopic scale, leading 

to its decrease below the measurable level. 

Analogously to bubble nucleation during PB and PB-Al tests, during the condensation experiments 

nucleation, growth and sweeping of condensed vapor droplets were identified as crucial factors for 
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the coatingôs degradation. After the VC-Al test, the formation of the nanofeatures was not detected 

on the whole surface, except for local spots on the lower area, in which a porous spiderweb 

morphology was found. Globally, the pool boiling test was found to be more aggressive on both 

silicon (PB) and aluminum (PB-Al) with respect to the VC-Al test, in terms of changes in wettability 

and overall morphology (Figures 2.14, 2.17, 2.18). The PB test was found to induce similar variations 

in wettability, thickness, and morphology on both the silicon and aluminum substrates (Figures 2.14, 

2.17, 2.18, Table 2.4), whereas the wettability changes induced by the I-90 test were similar to the 

ones found after the VC-Al test (Figures 2.14, 2.17). A non-identical behavior between PB-Al and 

VC-Al tests was expected, due to the different nature of the two processes: on the former, the coatings 

were fully immersed in boiling water and air bubble nucleation was developed, whereas on the latter, 

the sample was exposed to a saturated vapor flux and water droplets condensed on its surface. 

However, the changes in thickness and morphology found on the two samples showed interesting 

similarities (Figures 2.14, 2.18, Table 2.5).  

The stability tests on silicon or metallic substrates were therefore proven to be a useful tool to induce 

an accelerated degradation on the coatings, to evaluate their resistance under harsh conditions before 

their employment on larger scale applications. Based on a reproducible and straightforward approach, 

the proposed tests allow to separately study the different influencing factors, that can be then partially 

(I-90) or totally (PB) combined according to specific performance requirements. 

 

3.2.6 Durability and heat exchange efficiency of hybrid sol-gel coatings during saturated vapor 

condensation ï conclusions53 

The heat transfer performance of a hybrid silica sol-gel coating was tested in a custom-made apparatus 

during the condensation of saturated vapor. The coating successfully promoted DWC with HTC 

values of ~90 kW mī2 Kī1, an average 9-fold increase with respect to FWC under similar heat flux 

conditions.4 The heat transfer performance remained stable during the overall duration of 

condensation experiments, which were stopped prior to a possible failure to investigate the detected 

changes in wettability and morphology. Straightforward accelerated degradation tests were 

performed to separate the different influencing factors, to evaluate the coatingôs resistance prior to its 

real industrial application. If singularly applied, the possible degradation conditions did not lead to 

significant variations on the coatingôs properties, whereas the interaction with water at high 

temperature induced different degrees of degradation whether if bubble nucleation was present (PB) 

or avoided (I-90). Owing to the similar variations, in terms of wettability and morphology, which 
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were found between the coatings deposited on aluminum and silicon substrates, the latter tests could 

successfully provide an estimation of the coatingôs durability during a broad range of LVPC 

applications. 

 

3.3  Bioinspired sol-gel micropatterns for humid air condensation100 

 

Author disclosure statement. The data and discussion reported in paragraph 2.3 in Chapter 2 were 

published in the article ñBasso, M., et al. Bioinspired silica-based solïgel micropatterns on aluminium 

for humid air condensation. J Sol-Gel Sci Technol 102, 466ï477 (2022). 

https://doi.org/10.1007/s10971-022-05771-7ò100 

 

As discussed in the introduction to this Chapter, the global drinkable water scarcity urges the need to 

find alternative paths to sustain the increasing water demand. As reported in the FAO 2020 

publication, 1.2 billion people, meaning almost one-sixth of the worldôs entire population, are daily 

plagued to live in agricultural areas which suffer from severe water scarcity.4 Urgent solutions are 

required to solve this problem and several hypotheses have been proposed in the recent years, from 

solar-driven desalination plants80 to membrane-based distillation systems for contaminated water81. 

Among the various approaches, a promising solution to refill the water supplies is given by the 

collection of water from the vapor present in the humid air. Water condensation on a surface is 

subjected to nucleation and growth phenomena, which are influenced by the wettability of the surface. 

By acting on the latter, it is possible to favor specific dynamics during the condensation and increase 

the water collection efficiency. The surface wettability is strictly related to the surface energy and can 

be principally controlled via two factors, chemical composition and surface roughness57. Hydrophilic 

surfaces favor the nucleation of droplets but can lead to the formation of a liquid film on the cooled 

surface as the condensation proceeds, negatively affecting both the heat transfer and the water 

collection mechanism. Hydrophobic substrates, on the contrary, are characterized by the formation 

of isolated liquid droplets and their subsequent roll-off from the surfaces, allowing an efficient water 

collection and favoring the renewal of the surface for cyclic condensation and droplet removal. The 

surface morphology is capable to enhance both the hydrophilic and the hydrophobic properties of a 

substrate, as evidenced by the Youngôs equation82.  
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The joint effort between the surface functionalization and the nano-micro structuring has been widely 

investigated, from superhydrophobic surfaces to hybrid surfaces with mixed hydrophilic-hydrophobic 

wettability.83ï86 Generally, the nano or micropatterning of surfaces has been employed to enhance the 

efficiency in a wide range of applications, including memory-devices, microfluidics, cell-culture 

systems, heat exchangers and water-collectors.87ï90 The daily phenomena of humid air condensation 

involving external surfaces can be manipulated with the aid of patterned films, to gain a precise 

control of the quantity of water collected and heat exchanged.  

Considering the already existing solutions in nature, hybrid patterned coatings were developed by 

Colusso et al.91 taking inspiration from the exoskeleton of a Namib desert beetle. The back of the 

beetle is covered with hydrophilic bumps that favor the humid air condensation in harsh 

environments, while the hydrophobic wax surrounding the bumps allows the droplets to detach and 

roll-off into the beetleôs mouth. Hydrophobic organic-modified silica coating with hydrophilic bumps 

was developed via a sol-gel process, and the dewetting mechanism was exploited to gain the patterned 

morphology.91 The sol-gel method offered lower costs and facile controllability of the synthesis 

respect to other vacuum-based processes, along with chemical inertness and higher resistance 

provided by the inorganic components respect to polymer-based coatings. Regarding the dewetting 

mechanism, extensive research is available in literature when polymers are considered92ï95, but only 

a few researchers96 address the dewetting of sol gel inorganic materials. The dewetting indicates the 

spontaneous breakage of an unstable liquid coating on the surface of a non-wetting substrate, 

determined by the difference in the surface tensions of the two.91,93  

In a preliminary work91, the beetleôs patterned morphology was reproduced by initially spin coating 

a plain sol-gel silica film on a hydrophobic CH3-silica layer, which was previously deposited on a 

monocrystalline silicon wafer. The increased hydrophobicity of the bottom layer respect to the top 

silica film was enabled by the introduction of organic -CH3 group inside the inorganic silica network. 

The instability of the hydrophilic top-layer was induced by enclosing it in a solvent-saturated 

atmosphere, causing the already labile bonds to break apart due to the instability of Rayleigh and 

leading to the formation of growing holes. This was possible due to the permeability of the freshly 

spun xerogel to the solvent vapors, since the latter holds an active role in the condensation reactions 

during the sol-gel process.91 After several seconds, the originally uniform film was transformed into 

isolated droplets, which autonomously distributed themselves following the Voronoi geometry.92,95  

In paragraph 2.3, the efficiency of the hybrid patterned morphology, obtained by sol-gel dewetting, 

was tested during humid air condensation. The influence of a different substrate on the reproducibility 

of the sol-gel dewetting method was investigated. A change in the substrate determines a variation in 
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its surface tensions and morphological properties, therefore a variation in the forces exerted on the 

above unstable coating. To verify the reliability of the patternôs application in real environments, the 

hybrid coating was deposited and optimized on metallic aluminum surfaces with larger dimensions 

with respect to the silicon substrates used in our previous study, confirming the possibility of tuning 

the size and the density of distribution of the hydrophilic bumps.  

In paragraph 2.2, hybrid organic-inorganic sol-gel coatings were confirmed to enhance the heat 

exchanged during dropwise condensation of saturated vapor. The possible degradation of the silica-

based films due to the interaction with saturated water vapor was evidenced in both paragraph 2.2 

and in literature97ï99. In paragraph 2.3, the possibility offered by the patterned morphology to enhance 

the drainage rate during condensation from humid air was assessed in a custom-made apparatus. The 

patterned coatingôs efficiency was expressed in terms of condensed mass and compared with a bare 

aluminum substrate and with a plain hydrophobic CH3-silica coating. The hybrid silica coatingsô 

durability was also assessed, under static environmental conditions of high relative humidity.  

 

3.3.1 Synthesis and deposition of patterned, silica and CH3-silica coatings on aluminum 

substrates100 

All the employed materials were used as received, except if otherwise stated: TEOS (98%; Sigma 

Aldrich), MTES (98%; Sigma Aldrich), absolute ethanol (EtOH, Emsure; Sigma-Aldrich). The 

hydrochloric acid dilution (1 M) was obtained from concentrated hydrochloric acid (HCl, 37%; Sigma 

Aldrich) and milliQ water (18.2 Mɋ). The metallic substrates used were made of aluminum with high 

purity (AW1050, 99.50% minimum aluminum content). The dimensions of the squared aluminum 

substrates were 20 x 20 mm2 in the case of the static tests and 40 x 40 mm2 for the humid air 

condensation tests, respectively. The side exposed to the condensation phenomenon was polished 

following a standard metallographic technique to obtain a smooth mirror-like surface.  

 

3.3.1.1 Patterned coatings100 

The patterned coatings were synthetized following the procedure described by Colusso et al.91 The 

patterned coatings were developed starting from a sol-gel bilayer. To synthetize the bottom CH3-

silica layer, an acid-catalyzed solution was prepared by mixing tetraethylortosilicate (TEOS), 

methyltriethoxysilane (MTES), ethanol (EtOH), hydrochloric acid 1 M (HCl) and water (H2O) for 1 

h at 400 rpm at room temperature, in molar ratios of (TEOS+MTES):EtOH:H2O:HCl=1:2:4:0.01, 
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respectively, with a TEOS:MTES molar ratio of 1. After the first 30 min of mixing, the solvent was 

additionally added to reach a theoretical final concentration of SiO2 of 1.3 M. Following the first hour 

of stirring, the solution was aged for 30 min, filtrated with syringe filters with 0.2 mm pores and 

deposited on the polished aluminum substrates, which were previously cleaned through sonication in 

ethanol followed by atmospheric plasma cleaning (Plasma Cleaner, PDC-002-CE, Harrick Plasma). 

The deposition was done by spin coating at 2000 rpm for 30 s, after which the film was aged at room 

temperature for 24 h to allow a gradual solvent evaporation and a proper evolution of the condensation 

reactions and then annealed at 200ÁC for 4 h. The above hydrophilic silica-layer was synthetized 

following an analogous acid-catalyzed sol gel process. The solution was prepared by mixing 

EtOH:TEOS:H2O:HCl of 2:1:4:0.01, respectively, which was stirred for 30 min and diluted with the 

solvent to gain a final theoretical concentration of silica between 0.75 M and 2 M. After 24 h of aging, 

the solution was filtered (0.2 mm pore size) and deposited on the bottom hydrophobic layer. To induce 

the dewetting, the as-deposited unstable film was exposed to a solvent-saturated atmosphere by 

enclosing the bilayered sample inside a closed-cell. The destabilization of the upper film determined 

the formation of growing holes, which eventually allowed the evolution of the film into isolated 

droplets. The as-created patterned coatings were aged at room temperature for 24 h in air to favor a 

gradual solvent evaporation. The films were then annealed at 200ÁC to reach the film densification 

while avoiding the thermal degradation of the organic groups. The elimination of the latter would 

compromise the hydrophobicity of the coating, leading to an increase of the coating wettability. 

 

3.3.1.2 Plain reference silica coatings100 

To extend the comprehension and control of the dewetting mechanism and to gain a deeper 

knowledge on how different morphologies and chemical compositions influence the condensation 

from humid air, plain silica and plain CH3-silica coatings were also deposited on the aluminum 

substrates. The plain CH3-silica coating was synthetized and deposited following the same procedure 

as described for the bottom-layer of the patterned coating. Regarding the plain silica films, the 

synthesis described for the top-layer in the pattern was identically reproduced, but after the deposition 

by spin coating, the silica films of different concentrations were aged for one day and then annealed 

in a furnace for their densification and stabilization. 

 

3.3.1.3 Characterization of the plain silica and plain CH3-silica coating
100 
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The variations in wettability of the coated surfaces compared to the bare aluminum sample were 

verified by measuring the dynamic contact angles and detecting the characteristic FTIR peaks. The 

advancing (a᷊) and receding contact angles (r᷊) of the CH3-silica coating were 89Á ° 3Á and 72Á ° 

2Á, respectively. The bare aluminum contact angles were a᷊ = 65Á ° 3Á and r᷊ = 10Á ° 3Á, and the 

plain silica ones were a᷊ = 58 ° 3Á and r᷊ = 45Á ° 2Á. The generally accepted definition considers a 

surface to be hydrophobic if the static contact angle is above 90Á, but no general agreement can yet 

be found in the literature on how to consider the influence of the dynamic evolution of a droplet on a 

surface. In the present case, indeed, the general definition would lead to defining both the surfaces as 

hydrophilic, but a favored droplet removal from the surface is allowed by the plain CH3-silica coated 

sample and impeded on the bare aluminum. Recently, several authors57,86 started to describe the 

overall phenomenon during the droplet-substrate interaction with the aid of the dynamic contact 

angles. The difference between the a᷊ and r᷊, i.e., the hysteresis of the contact angle, provides an 

estimation of how easily the droplet is allowed to be removed from the surface. Regarding the present 

surfaces, the bare aluminum sample was characterized by a high hysteresis of the contact angle (æH) 

of 55Á ° 3Á, which is considerably higher than the ones of the coated samples, namely æH = 17Á ° 3Á 

for the plain CH3-silica film and æH = 20Á ° 3Á for the plain silica. Considering the recent literature 

and the droplet evolution during its deposition and removal from the surface, the CH3-silica coating 

was classified as hydrophobic, while the bare aluminum was defined as hydrophilic.  

 

Figure 2.22. FTIR spectra of the (a) as-deposited plain CH3-silica coating; (b) as-deposited plain silica coating on aluminum.100 

The successful introduction of the organic methyl group inside the silica network of the CH3-silica 

coating was verified with the aid of FTIR. As reported in Figure 2.22 (a), the presence of the 

characteristic CH3-Si bond was visible at the 1250 cm
-1 peak, together with the C-H bond vibration 

of CH3 at 2970 cm
-1. All the sol-gel coatings showed the typical silica peaks at 1150-1070, 790 and 

450 cm-1, which correspond respectively to the longitudinal-transversal optical components of the Si-
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O asymmetric stretching, the Si-O symmetric stretching and the Si-O-Si rocking vibrations. The 930 

cm-1 peak indicates the presence of the O-H stretching vibrations of the unreacted Si-OH or Si-O- 

groups, while the wideband at 3600-3000 cm-1 arises from the water adsorption which leads to the 

Si-OH bonds.101 When compared to the plain silica coating (Figure 2.22 (b)), the -OH vibrations of 

the CH3-silica coating at the 3600-3000 cm-1 band decreased in intensity respect to the stronger 

vibrations detectable in the plain silica film. The weaker intensity of the adsorbed water constituted 

an additional confirmation of the presence of the methyl group inside the silica network, since organic 

group increase the hydrophobicity of a coating while reducing the percentage of adsorbed water.101,102  

 

3.3.1.4 Optimization of patterned morphology100 

Considering that the condensation mode and dynamics can be greatly influenced by the 

morphological and chemical properties of the condensing surface.55,97 Previous studies exploited the 

sol-gel dewetting process to create patterns on silicon wafers.91 In paragraph 2.3.1.4, the 

reproducibility of the patterned coatings on metallic substrates, which could be used for real 

applications, was assessed.  

The concentration of the TEOS-based solution was varied to study the dewetting process on 

aluminum substrates. In the sol-gel process, the sol concentration is directly related to the thickness 

of the resulting thin film and therefore to the morphology of the dewetted droplets. The silica 

concentration of the initial colloidal solution was varied from 0.75 M to 2.0 M, which led to the 

corresponding patterns reported in Figure 2.23. 

 

Figure 2.23. Photographs and optical microscope micrographs of patterned films on aluminum for different top silica layer 
concentrations. At 2.0 M cracks begin to form.100 

The dewetting process was successfully reproduced and scaled on substrates with larger dimensions 

with respect to previously studied silicon wafers. Coherently with the latter, the linearity of the 
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correlation between the concentration or thickness with the mean diameter was confirmed for the 

aluminum substrates, as well as the correlation with the particle density (Figure 2.24 (a, b)). 

 

Figure 2.24. Correlation between (a) mean diameter, (b) particle density of each pattern with the corresponding concentration and 

thickness of the top silica layer. The dotted lines indicate the concentration and thickness limit above which the silica particles crack 

after the thermal treatment. Each value derives from the average of three different measurements with the standard deviation.100 

The increasing concentration of the precursor solution led to an increase in the plain silica filmsô 

thickness and therefore to bigger mean diameters and lower particle densities (Figure 2.24 (a, b)). 

The mean diameter of the particles varied from 26.4 Ñ 1.3 mm to 52.1 Ñ 6.8 mm when the concentration 

increased from 0.75 M to 1.5 M, which simultaneously led to the variation of the particle density 

from 53 Ñ 5 to 11 Ñ 2 mm-2. Analogously to previous patterns on silicon wafers91, the existence of a 

lower limit in the tunability range was confirmed for the aluminum substrates. At concentrations 

below 0.75 M, the dewetting of the film occurred during the deposition step by spin coating and could 

not be controlled via exposure to the solvent saturated atmosphere. The higher value of the lower 

concentration limit determined a decrease in the tunability range of the dropletsô sizes on aluminum 

respect to the one previously obtained for the silicon wafers. On the latter, the diameters could be 

varied by one order of magnitude (7.3 Ñ 1.3 - 59 Ñ 12 mm range) between 0.3 M and 1.3 M.91 For 

0.75 M concentration, nearly the same particlesô diameter was found on both aluminum and silicon, 

despite the filmôs thickness being almost the double on aluminum (241 Ñ 8 nm) compared to the 

corresponding one on silicon (nearly 140 nm)91. By increasing the concentration to 1.3 M, the initial 

filmôs thickness was similar on both the substrates, but the diameter of the particles was nearly the 

double on aluminum (35 Ñ 5 mm) with respect to the ones on silicon (59 Ñ 12 mm).  
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Figure 2.25. Optical micrographs of the plain silica films at different concentrations: a 0.75; b 1.3; c 1.5; d 2.0 M.100 

To better mimic the 500 mm hydrophilic bumps of the beetle, the concentration was further increased 

up to 2.0 M compared to the values considered for the previous silicon substrates. As visible in Figure 

2.25 (d), the corresponding plain silica film obtained from a 2.0 M solution was subjected to elevated 

stresses during the thermal treatment, which led to the formation of cracks throughout the film. 

Analogously, the cracksô formation is detectable on the dewetted particles obtained from 2.0 M 

solution (Figure 2.23). Therefore, an upper limit in the solution concentration was found, which limits 

the further increase of the particlesô mean diameter. 

An explanation of the different behavior, in terms of particlesô size and dimension, between the silicon 

wafer and the aluminum substrate can be related to the surface properties of the two substrates. The 

two materials are characterized by substantially different surface tensions (around 0.07 J/m2 for 

silicon wafers103 and around 0.9 J/m2 for pure aluminum104) and roughness, which strongly influence 

their interaction with the coatings. The surface roughness of the samples was evaluated by AFM. The 

root-mean-square roughness (rms) of the bare aluminum surface was 6.56 Ñ 0.69 nm, which is one 

order of magnitude higher with respect to the rms of the plain silicon wafer (0.2-0.3 nm)91. The higher 

roughness of the metallic surface is caused by the mechanical polishing procedure used to reach a 

mirror-like quality, which cannot completely guarantee the removal of impurities and asperities from 

the surface. The latter determines the formation of unwanted preferential nucleation sites, which 

influence, together with the physical-chemical surface properties, the final morphology of the 

dewetted droplets and could explain the increased particle densities with respect to the silicon 
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substrates. Globally, the reproducibility and scalability of the dewetting process were confirmed on 

the aluminum substrates. 

 

3.3.2 Coating durability under high relative humidity conditions100 

A fundamental prerequisite regarding the employment of the patterned coatings for industrial 

purposes is their resistance under the harsh conditions which often characterize the real working 

applications. The recent literature evidenced the critical interaction between the water molecules and 

the silane-based films, which suffer from delamination after a prolonged exposure to the water 

vapor.78,97,105 As evidenced by Miljkovic and co-workers, the coating degradation initiates at specific 

pinholes present in the films, in which the osmotic pressure determines the rupture of the Si-O-X 

bonds due to the hydrolysis reactions.97  

Before the humid air condensation tests, the coatings were preliminary tested in static conditions of 

high relative humidity, to verify the resistance prior to the condensation experiments. The patterned 

coatings and the plain CH3-silica films, deposited on the squared smaller samples, were enclosed 

inside a home-made humidity test chamber for increasing exposure times of 1 day, 14 days and 30 

days, respectively. The chamber consisted of a sealed glass vessel and the humidity was controlled 

by a saturated salt solution (Potassium Nitrate, 94-96% RH, 20-25ÁC)106. The RH was monitored by 

a commercial sensor (Bel-Art, Scienceware digital hygrometer). Three samples for each type of 

coating were tested.  

As a representative patterned coating, the concentration of 1.3 M was chosen to be investigated, since 

the range of the sizes and distributions of the droplets on aluminum was substantially inferior to the 

one obtained on silicon wafers (paragraph 2.3.1). The corresponding mean diameter, particle density 

and percentage of the occupied surface of the patterned coatings, obtained from the image analysis 

of the optical micrographs, were reported in Table 2.6. 

Table 2.6. Particle density, mean diameter, occupied surface, advancing, and receding contact angles of the as prepared sample before 
the condensation tests. The values derive from the average of three measurements with the standard deviation.100 

 As prepared sample 

Mean diameter (Õm) 31.3 ° 8.5 

Particle density (mm-2) 45.1 ° 17.3 

Occupied surface (%) 3.4 ° 0.2 

a᷊ (Á) 82 ° 1 

r᷊ (Á) 70 ° 2 
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The hydrophilic bumps displayed a mean diameter of 31.3 ° 8.5 mm and were distributed on the 

surface with a density of 45.1 ° 17.3 particles/mm2. The advancing and receding contact angles were 

82Á ° 1Á and 70Á ° 2Á, respectively, similar to the plain CH3-silica coating (paragraph 2.3.1.3). This 

can be explained by considering the percentage of surface occupied by the hydrophilic droplets on 

the bottom hydrophobic layer. The former was only nearly 3%, therefore the hydrophilic bumps 

provided a marginal contribution to the global dynamic contact angles. Moreover, the hysteresis of 

the contact angle of the patterned coating was similar to the plain CH3-silica coating, confirming that 

the presence of the hydrophilic bumps on the surface does not constitute an obstacle to the liquid 

dropletôs detachment during the vapor condensation. 

 

Figure 2.26. (a) Evolution of the dynamic contact angles, namely the advancing (a᷊) and receding (r᷊) contact angle, of the patterned 

coating and the plain CH3-silica coating during the static tests of high relative humidity exposure (T=28ÁC, 95% RH). Each value 

derives from the average of three different measurements with the standard deviation. FTIR spectra of (b) as-deposited plain CH3-

silica coating; (c) as-deposited patterned coating on aluminum, before and after the static tests of exposure to high relative humidity 

(T=28ÁC, 95% RH).100 

Following the static high humidity durability tests, the degradation was evaluated in terms of variation 

of the dynamic contact angles, vibrational FTIR peaks and morphology from the optical microscope. 

Both the patterned coating and the plain CH3-silica film successfully proved their resistance to the 

high values of relative humidity for up to 30 days, demonstrating no variation in the dynamic contact 

angles (Figure 2.26 (a)). The FTIR measurements confirmed the presence of the vibrations of the 

bonds of the organic groups even after 30 days of tests (Figure 2.26 (b, c)). 

 

3.3.3 Humid air condensation tests100 

Having assessed the coatingsô durability, the bigger squared aluminum substrates (see paragraph 

2.3.1) were placed in a wind tunnel to study the humid air condensation over vertical metallic 

surfaces. After the stage of conditioning, the air enters the wind tunnel and it flows over the aluminum 

surface (A = 16 cm2), where a fraction of the water vapor present in the airflow is condensed. The 
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condensate water is collected in a receiver that is weighed continuously by a high precision balance 

scale. Condensation tests were performed at constant air conditions (temperature of 28ÁC, relative 

humidity of 50%, and velocity of 1 m s-1), while the dew-to-wall temperature difference (DT) was 

varied in the range 4 10 K by controlling the air-cooled Peltier device connected to the substrate. The 

tests start with the condensing surface dry. After the air inside the wind tunnel reached steady-state 

conditions, the Peltier element was activated to lower the temperature of the substrate. At this point, 

all experimental data, in particular the mass of the condensate produced, were recorded for 90 

minutes. Each experimental data was given as the average of 30 measurements recorded over 1 minute 

with error bars representing the combined uncertainty, calculated considering the "Type A" and "Type 

B" components as described in the ISO Guide107. 

As shown in Figure 2.27, three samples were compared in terms of condensation dynamics, namely 

a bare aluminum sample, a plain hydrophobic sample (plain CH3-silica film), and a patterned sample 

(hybrid patterned coating).  

 

Figure 2.27. Evolution of the condensation process observed on the bare aluminum, the CH3-silica coating and the patterned coating 

at the same operating conditions (ȹT = 4 K, T = 28ÁC, vair = 1 m s-1 and RH = 50%).100 

During the temporal evolution of the test, the condensate formed irregular liquid droplets on the bare 

aluminum surface. Due to the hydrophilicity of such substrate, the droplets exhibited a substantial 
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adhesion to the surface and a flat irregular morphology. The elevated affinity and superficial contact 

of the liquid droplets with the bare aluminum determined their gradual aggregation into non-uniform 

large droplets. On the contrary, the presence of a hydrophobic coating led to the promotion of 

dropwise condensation on the two coated substrates, with the formation of spherical-shaped isolated 

droplets. The increased hydrophobicity favored the liquid dropletsô detachment from the sample and 

the renewal of the underlying surface, which were not allowed on the bare aluminum due to the 

subsequent aggregation of the droplets (Figure 2.27, 64 min).  

During the first instants of the interaction between a surface and a water vapor, it is known that the 

nucleation of the droplets is enhanced on hydrophilic surfaces respect to hydrophobic ones.85,86 After 

60 seconds, the density of the small condensed droplets was considerably higher on the hydrophilic 

bumps respect to the surrounding hydrophobic areas (Figure 2.28). The presence of a hybrid 

morphology, composed of hydrophilic spots surrounded by hydrophobic areas, allowed to enhance 

both the nucleation and the removal of the liquid droplets, which is not possible to obtain on surfaces 

characterized by a single type of wettability. The hydrophilic bumps favored the increase in the 

nucleation density, but due to their small percentage with respect to the total surface area, they did 

not affect the condensation mode. 

 

Figure 2.28. Evolution of the condensation process observed on the patterned coating. The images, obtained at the same operating 

conditions (T = 28ÁC, RH = 50%, vair = 1 m s-1, ȹT = 4 K), were recorded by using the high-speed camera coupled with microscopic 

lens (12x). Visualized area of 1 mm2. The red circle underlines a hydrophilic silica droplet where it is visible an increased density of 

condensed water droplets.100 

The condensed mass collected during the condensation of humid air was evaluated at two different 

subcooling conditions (ȹT = 4 K, 10 K), namely at increasing differences between the dew 

temperature and the condensing surface temperature. The two conditions were selected to reproduce 

distinct industrial working conditions. The condensation performance was analyzed at increasing 
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times of 15, 30 and 60 minutes. From the results reported in Figure 2.29, the advantages provided by 

the presence of the hydrophobic coatings on the metallic surfaces were confirmed.  

 

Figure 2.29. Condensed mass as a function of the subcooling degree of the bare aluminum, the patterned coating and the plain CH3-

silica coating, at the same operating conditions (T = 28ÁC, RH = 50%, vair = 1 m s-1, ȹT = 4-10 K). The error bars represent the 

experimental uncertainties calculated as described at the beginning of paragraph 2.3.3.100 

For each subcooling degree, the condensed mass obtainable on the bare aluminum was far below the 

values reached in the case of both the hydrophobic films. During the first 15 minutes at ȹT = 4 K, the 

patterned coating and the bare aluminum substrate allowed an increase of the condensed mass by 

20% with respect to the plain hydrophobic surface (Figure 2.29, 15 min). This behavior confirms the 

theoretical studies on the condensation dynamics, which stress that hydrophilic surfaces favor the 

nucleation of the liquid droplets.57 During condensation in the presence of humid air, non-

condensable gases strongly limit the overall condensation performance compared to the case of pure 

steam condensation.56 Therefore, droplets nucleation and growth are slower and involve a 

significantly lower amount of condensed mass.  Compared to the saturated vapor condensation, in the 

case of humid air the dynamics of the nucleation and growth are slower and involve a significantly 

lower amount of condensed mass. As shown in Figure 2.29, the bare aluminum substrate represented 

a typical hydrophilic material, which was also supported by the dynamic contact angles reported in 

paragraph 2.3.1.3. The surface of the patterned coating, despite the global hydrophobicity, was 

characterized by the presence of hydrophilic bumps, which favored the nucleation of the liquid 

droplets as visible in Figure 2.28. After 15 min at ȹT = 10K the patterned coating reached a 24% 

increase of the collected mass with respect to the bare aluminum, and a 9% increase with respect to 

the plain hydrophobic film. By increasing the subcooling degree, the driving force for the mass 

transfer mechanism increases and the condensation of the water vapor in humid air is favored, 

explaining the higher values of the condensed mass. With the raising of the interaction time between 

the humid air and the condensing surfaces at 30 minutes (Figure 2.29, 30 min) and subsequently at 

60 minutes (Figure 2.29, 60 min), the condensation performance of the pattern started to be 

comparable to the plain CH3-silica coating. The similar efficiencies promoted by the plain and the 
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patterned coatings can be explained by considering the weak wettability contrast in the pattern. The 

difference in wettability between the hydrophilic drops and the surrounding hydrophobic areas may 

be not sufficient to induce evident enhancements of the collected mass. Moreover, since the hysteresis 

of the contact angle was recently found to be a fundamental factor for the control of the condensation 

dynamics108, besides the static contact angle, the similar values of both the parameters for the two 

samples, can also provide an explanation of the similar efficiencies of the two hydrophobic coatings. 

As confirmed by the literature109, the formulation of a hybrid wettability requires careful optimization 

of both the morphology of the surface and the degree of the wettability contrast between the highly 

hydrophilic areas and the highly hydrophobic ones. Moreover, the optimized parameters of 

morphology and wettability may change as a  function of the humid air conditions. In previous work91, 

the patterned coating on the silicon substrate allowed to reach the maximum performance at very low 

degrees of subcooling (70% RH, ȹTd-w = 3.3ÁC), which represent the typical conditions found in arid 

environments. By changing the type of substrate, the different interactions with the coating led to a 

variation of the patterned morphology, namely of the particle size and density of distribution, and 

therefore to a change in the condensation performance. Nonetheless, the enhancement of the 

condensed mass provided by the presence of a hydrophobic coating on the metallic surface was 

confirmed also at increasing times of 30 and 60 minutes, together with the opportunity to control the 

condensation dynamics. 

 

Figure 2.30. (a) Dynamic contact angles of the patterned coating and the plain CH3-silica film, before and after the humid air 

condensation tests. Each value derives from the average of three different measurements with the standard deviation. (b) SEM images 

of the coated sample, after the humid air condensation.100 

Following the humid air condensation tests, both the patterned coating and the plain hydrophobic 

films were characterized to verify any variation of their chemical and physical properties. Considering 

the dynamic contact angles (Figure 2.30 (a)), the unchanged value of the advancing contact angles 

confirmed the presence of the -CH3 organic groups inside the hybrid silica network after the 
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condensation tests. A slight decrease of the receding contact angle was found after the condensation 

tests for both the hydrophobic samples.  

 

Figure 2.31. FTIR spectra before and after the humid air condensation tests on (a) the patterned coating and (b) the plain CH3-silica 

coating. The tests were carried at the same operating conditions (T = 28 ÁC, RH = 50%, vair = 1 m s-1, ȹTd-w = 4-13 K).100 

Table 2.7. Ellipsometry measurements of the plain CH3-silica film before and after the humid air condensation tests. Each value derives 

from the average of three different measurements with the standard deviation.100 

 CH3-silica coating 

Before 360 ° 10 nm 

After  370 ° 10 nm 

 

Further confirmation of the presence at 1250 cm-1 of the characteristic peak of the organic groups, 

which are responsible for the hydrophobicity of the coatings, was provided by the FTIR spectra 

(Figure 2.31). The ellipsometry measurements on the plain CH3-silica film confirmed that the 

thickness did not significantly vary after the condensation tests (Table 2.7), while the integrity of the 

coatingsô surface was verified by the SEM analysis (Figure 2.30 (b)), since no cracks nor degradation 

signs appeared after the exposure to the high relative humidity environment. Therefore, the resistance 

to humid air condensation was verified for both the hydrophobic coatings. 

 

3.3.4 Bioinspired sol-gel micropatterns for humid air condensation ï conclusions100 

In paragraph 2.3, the successful scalability and reproducibility of the dewetting process of silica-

based sol-gel bilayers on metallic substrates was assessed. The diameter and the density of 

distribution of the dewetted droplets was controlled and tuned between nearly 26-52 mm and 53-11 

particles/mm2, respectively. To verify the feasibility for industrial applications, the influence of the 

patterned morphology during condensation from humid air was assessed in terms of condensed in a 
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custom-made apparatus. During the first 15 minutes of the condensation tests at 50% RH and ȹT=4-

10K, the hydrophilic bumps of the pattern favored the formation of droplets compared to the 

surrounding hydrophobic areas, and respect to the bare aluminum, the patterned coating at subcooling 

degrees of 4-10 K enhanced the condensation performance by 21-24%, confirming the crucial role of 

the coatings in the control of the condensation dynamics. Future goals will be devoted to the 

investigation of different geometries and wettability contrasts of the pattern, to evaluate their 

influence on the condensation dynamics of the humid air.  

 

3.4  Conclusions 

In Chapter 2, the functional properties of hybrid silica (SiO2) coatings were tuned and exploited to 

control the efficiency of heat exchangers and moisture collectors. As previously mentioned, several 

HVAC systems rely on metallic substrates, which typical hydrophilicity is unfavorable in terms of 

heat exchange efficiency due to the formation of a liquid film upon vapor condensation (filmwise 

condensation, FWC). In this Chapter, the condensation mode was controlled through the modification 

of both the chemical composition and the morphology of the substrateôs surface, to induce a dropwise 

condensation (DWC). Silica-based sol-gel coatings were employed to control the condensation mode 

of both saturated vapor and humid air. The wettability of the coatings was optimized exploiting a 

hybrid organic-inorganic composition, in which organic groups were introduced to increase the 

hydrophobicity of plain SiO2 coatings. The introduction of organic chains within the silica networks 

was proven to enhance the durability of the latter in water-based environments.61 Indeed, a major 

challenge regarding the real-life application of heat exchangers is the durability of such coatings, as 

they face severe environmental conditions such as fouling, scratching, corrosion or high thermal 

stresses.62 

In paragraph 2.2, the efficiency of hybrid octyl-modified SiO2 coatings was evaluated during 

saturated vapor condensation, in terms of both thermal exchange and coatingôs durability.53 The heat 

exchanged over time was examined on aluminum substrates in a custom-made heat exchange 

apparatus. The coatings successfully promoted the DWC with heat transfer coefficient (HTC) values 

of ~90 kW mī2 Kī1, an average 9-fold increase with respect to FWC under similar heat flux 

conditions.5 The heat transfer performance remained stable during the overall duration of 

condensation experiments, which were stopped prior to a possible failure to investigate the detected 

changes in wettability and morphology. Straightforward accelerated degradation tests were 

performed on silicon substrates, to separate the different influencing factors, to evaluate the coatingôs 
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resistance prior to its real industrial application. If singularly applied, the possible degradation 

conditions did not lead to significant variations on the coatingôs properties, whereas the interaction 

with water at high temperature induced different degrees of degradation whether if bubble nucleation 

was present or avoided. Owing to the similar variations, in terms of wettability and morphology, 

which were found between the coatings deposited on aluminum and silicon substrates, the latter tests 

could successfully provide an estimation of the coatingôs durability during a broad range of LVPC 

applications. 

In the second part of Chapter 2 (paragraph 2.3), bioinspired hybrid patterned coatings were employed 

to optimize the collection of moisture from humid air.100 Hydrophobic methyl-modified SiO2 coatings 

with hydrophilic bumps were developed via a sol-gel process, exploiting a dewetting mechanism to 

gain the patterned morphology. To verify the reliability of the patternôs application in real 

environments, the hybrid coatings were deposited and optimized on metallic aluminum surfaces. The 

diameter and the density of distribution of the dewetted droplets was controlled and tuned between 

nearly 26-52 mm and 53-11 particles/mm2, respectively. The drainage rate of the patterned coatings 

during condensation from humid air was assessed in a custom-made apparatus and expressed in terms 

of condensed mass. During the first 15 minutes of the condensation tests at 50% RH 28ÁC and ȹT = 

4-10K, the hydrophilic bumps of the pattern favored the formation of droplets with respect to the 

surrounding hydrophobic areas. With respect to the bare aluminum, the patterned coating at 

subcooling degrees of 4-10 K enhanced the condensation performance by 21-24%, confirming the 

crucial role of the coatings in controlling the condensation dynamics. Future goals will be devoted to 

the investigation of different geometries and wettability contrasts of the pattern, to evaluate their 

influence on the condensation dynamics of the humid air. 
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4.1  Introduction 

As mentioned in the Abstract section, the challenge posed by the systemic cooling poverty requires 

new paths with respect to conventional air conditioning systems.1-3 An alternative or synergic solution 

is represented by thermochromic smart windows, which offer a passive modulation of the solar 

irradiation without the need of active energy inputs for activation. The modulation of the solar 

radiation offers great advantages in terms of energy-saving applications. Within the latter, vanadium 

dioxide (VO2) has emerged as a promising material regarding the creation of passive thermochromic 

smart windows. In this chapter, the crystallographic and electronic structure of VO2 will be presented, 

along with the metal-insulator transition mechanism, the optical and electrical properties. In the final 

part, the current challenges and applications of VO2 will be highlighted. 

 

4.2  Vanadium oxides 

Vanadium ([Ar]3d34s2) forms nearly 20 types of the corresponding oxide phases. The strong electron-

lattice interactions and electron-electron correlations of several vanadium oxides have been 

extensively exploited for a wide range of applications, as will be addressed in paragraph 3.6.4,5 

Among the multiple available oxides (Figure 3.1), V2O5, VO2 and V2O3 are sensible to external 

stimuli such as temperature, electromagnetic radiation, or electric fields. Stoichiometries such as 

V6O13, V4O9, or VO, V10O9, are often metastable as they display small decomposition energies into 

stable phases (Ò 100 meV / atom).4,5 

 

Figure 3.1. Vanadium oxygen phase diagram.6 

Among the several oxide phases, vanadium dioxide (VO2) displays more than 10 polymorphs, such 

as VO2 (M), VO2 (A) or VO2 (B), which share the same chemical formula but hold totally different 
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crystalline structure, optical and electrical properties.7 The vanadium-oxygen system is known to be 

highly influenced by the synthesis and growth conditions, for all deposition methods.8 Minimal 

deviations with respect to the optimal V:O ratio are capable to induce the formation of long-range 

order defects or additional and unwanted oxide phases. Oxygen deficiencies during the growth of 

VO2 lead to Magnel³ phases (VnO2nī1), with n = 3ï9, whereas oxygen-rich environments favor the 

formation of Wadsley phases (VnO2n+1), with n = 2, 3, 6.
4,9 

 

Figure 3.2. Resistivity versus temperature for various VïO phases, with a MIT at different temperatures. 9 

Several vanadium oxides are phase change materials (PCM), as they display a phase change upon 

external variations of temperature, pressure, electric or magnetic field.4 While the transition 

temperatures to activate the phase change vary within a ~300 K range, the remarkable abundance of 

research studies on VO2 is explained by the transition temperature (Tc) of the oxide (Figure 3.2). The 

latter is ~68ÁC for bulk VO2, which is sufficiently close to room temperature, with respect to other 

oxide phases.2 

 

4.3  Crystallographic structures of VO2 polymorphs 

As previously mentioned, vanadium dioxide exhibits various polymorphs, including VO2 (M) 

(P 21/c), VO2 (R) (P 42/mnm), VO2 (A) (P 42/nmc), VO2 (B) (C 2/m), VO2 (C) (I 4/mmm), VO2 (D) 

(P 2/c) and VO2 (P) (Pbnm) (Figure 3.3).10 The polymorphs share the same chemical formula, but 

substantially differ in terms of crystalline and electronic structures, along with optical, electrical and 

chemical properties. VO2 (A), (B), (D) display a phase change, but the transition is not reversible. 

For the latter oxides, immense strain or stress transformations are required to induce the phase change, 

which cannot be reversed once applied.11 On the contrary, monoclinic VO2 (M1) and rutile VO2 (R) 
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are characterized by a fully reversible phase transition, with the additional advantage of a Tc close to 

room temperature. The crystallographic structure of the latter is displayed in Figure 3.4. 

 

Figure 3.3. Crystalline structures of several polymorphs of VO2.10 

 

Figure 3.4. Crystallographic cells of (a) tetragonal rutile (R, space group P42/nm, aR = bR = 4.55 ¡, cR = 2.86 ¡) and (b) monoclinic 

(M1, space group P21/c, aM = 5.75 ¡, bM = 4.52 ¡, cM = 5.38 ¡, ɓ = 122.6Á) VO2.12 

At room temperature, VO2 is stable in the monoclinic (M1) structure, whereas at temperatures above 

the Tc, the phase transition to rutile VO2 (R) is favored. In the latter (Figure 3.4 (a)), the tilted 

VO6 octahedra exhibit a body-centered cubic structure, in which the hexacoordinated vanadium 

atoms are located at the center positions. The edge-sharing VO6 octahedra, which display a V-V 

spacing of  ~2.86 ¡, are oriented linearly along the crystallographic c axis and share corners in the a-

b plane. Upon the metal-insulator transition (MIT) from VO2 (R) to VO2 (M1), the crystal symmetry 

of the tetragonal phase is broken as the V atoms move along the V-V direction. With respect to the 

rutile structure, the monoclinic VO2 (M1) is stable at room temperature (Figure 3.4 (b)) and the unit 
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cell volume is doubled. The two structures are linked by the following unit vector relations: amono = 

2ctetra, bmono = atetra, and cmono = atetra ī ctetra.13 The MIT from R to M1 induces a structural distortion 

and a consequent change the V-V distances along ὥM axis. Two different V-V distances are displayed 

in the monoclinic structure, namely ~3.12 ¡ and ~2.65 ¡ (Figure 3.4 (b)). The shorter V-V distance 

of ~2.65 ¡ was found to be lower with respect to the critical value for 3d electron coupling interaction, 

which is Rc ~ 2.93 Ñ 0.04 ¡.
14 This was phenomenologically deduced in the pioneering studies by 

Goodenough14, from the observation of the physical properties of several isostructural compounds. 

The atomic displacement of the longer V-V distance (3.12 ¡ > Rc) interrupts the electron 

delocalization, with a resulting insulating/semiconductor behavior. Contrarily to the rutile state, in 

the monoclinic structure the 3d valence electrons of V atoms are no longer delocalized along the 

whole axis, but only between the closest V-V pairs.12,13 

 

Figure 3.5. Atomic crystal structure of VO2 (M): (a) projected along the b-axis of the monoclinic cell with the zigzag-type vanadium 

atom chains; (b) projected along b-axis of the rutile cell with the infinite linear VïV chains. (c) Temperature dependence of the 

resistivity based on the fully-reversible phase transition. (d) In situ XAFS investigation into the MIT process in VO2 (M). (a) The top 

panel shows the microscopic atomic structures of VO2 (M) and VO2 (R) projected along [010]. The distortion of vanadium atoms is 

outlined by black arrows along the aM axis (cR). The bottom panel shows the motions of the V atoms and the relations of the unit cell 

parameters between the two phases. The twisted angle of the VïV pairs is noted as ŭ.15 

In the monoclinic structure, the V atoms are displaced with respect to the center of the octahedra. The 

V atoms dimerization along the aM axis (Figure 3.5 (a)) is an example of antiferromagnetic 

displacement.14,16 Upon the R Ą M1 transition, besides the dimerization, the VïV pairs undergo 

tilting from the c-axis and twisting from the linear chains to the zig-zag configuration (Figure 3.5 

(d)).15 The rutile phase displays well-aligned V-V chains, which distance along the rutile c-axis (cR-

axis) is lower with respect to Rc (Figure 3.5 (b)). From a structural point of view, the metallic behavior 

of the rutile phase is explained by the 3d1 electrons, which are shared by the V atoms along the cR 

axis.17 VO2 (M1) is transparent in the infrared (IR) region and displays a high electrical resistivity, 
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whereas VO2 (R) is opaque to IR wavelengths and displays a low electrical resistivity, with values 

more than 3 orders of magnitude lower with respect to VO2 (M1).
17,18 

 

4.4  Electronic structures of VO2 

The structural transition in VO2 is manifested along with a concurrent change in the electronic band 

structure near the Fermi level. In his pioneering studies, Goodenough proposed a qualitative 

explanation of the VO2 electronic structure with the aid of crystal-field theory (CFT).14,19 

 

Figure 3.6. (A, B) Schematic of 3d1 system of VO2, with t2g splitting associated with a small orthorhombic field for VO2. Adapted 

from20,21 (C) Orthorhombic distortion and the different apical and equatorial VïO bond lengths, in the octahedron at the center of the 

rutile unit cell of VO2. Adapted from22  

Considering the spherical crystal field, the d band of the V atom is divided into five degenerate energy 

levels (Figure 3.6 (A)). When the V4+ state from octahedral VO2 configuration (d1) is analyzed, the d 

levels are split in lower-energy t2g symmetry orbital and higher-energy e2g symmetry orbital (Figure 

3.6 (B)). An additional d-band splitting is considered due to a small orthorhombic distortion in the 

VO2 (M1) octahedra (Figure 3.6 (C)). The t2g symmetry orbital is triple degenerated into a single a1g 

orbital (dx
2
-y
2) and a double degenerate eg (Figure 3.6). Due to the alignment along the cR axis, the 

non-bonding a1g symmetry orbital is often defined as d// (Figure 3.7), since it points towards the 

direction of the nearest V atom of the neighboring unit cell.20,21 
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Figure 3.7. Schematic of the VO2 band structure in the (a) metallic and (b) insulating state.22 

The high-energy e2g symmetry is double degenerated into dxy and dz2 orbital, which point towards the 

O atoms. The dxy and dz2 orbitals combine with the eg symmetry adapted linear combinations (SALCs) 

of the six 2p O2- orbitals. This leads to the creations of cylindrically symmetrical bonding (ů) and 

anti-bonding (ů*) orbitals (Figure 3.7). From the band model, bonding ů and ˊ of metal oxides display 

energy values close to the O 2p ones, whereas anti-bonding ů and ˊ display a higher V 3d character. 

The dxz and dyz orbitals point towards the faces of the octahedron and combine with the t2g oxygen 

SALCs, leading to ˊ and ˊ* (Ὡ) orbitals (Figure 3.7).22 The combined V 3d / O 2p result in a p-d 

hybridization, as the latter orbitals are involved in the V-O bonds. The electronic properties of VO2 

were found to be highly dependent on  dxz-p and dyz-p (́ *).
19,20,22 

 

Figure 3.8. (a, b) Total and orbital-projected electron DOS for M1 and R phases, obtained from DFT + DMFT. (c) X-ray photoemission 

spectra of rutile (red) and monoclinic (blue) phases below the Fermi level. (a-c) adapted from references8,23ï25 

Figure 3.8 reports the density of states for both calculated metallic and insulating VO2, which was 

obtained exploiting density functional theory (DFT) and dynamical mean-field theory (DMFT).25 

Upon the metal-insulator transition, the 3d// band of VO2 is divided into a filled band, at lower energy 
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values, and an empty antibonding d//z band, at higher energy values (Figure 3.7). The resulting band 

gap between the ˊ* and d// bonds was found to be Eg Ḑ 0.6ï0.7 eV.26 The displaced cations along the 

cR axis, caused by the tilting of the VO6 octahedra, enhances the ˊ (d-p) overlap between V4+ and 

O2ī orbitals. The ˊ orbital is hence stabilized and the anti-bonding *́ orbitals are upshifted in 

energy.14,20,22  

 

4.5  Metal-insulator transition mechanism of VO2 

The metal-insulator transition of VO2 is a fully reversible first order mechanism, which involves a 

concurrent electronic and structural phase transition.8 The underlying mechanism of the VO2 MIT is 

still an open question, due to the extreme complexity of the phenomenon involving multiscale factors. 

Up to date, the proposed calculations based on local density approximation (LDA) and generalized 

gradient approximation (GGA) are considered insufficient to explain the change of properties upon 

the MIT.27 During the latter, a concurrent variation of structural, electronic, and magnetic properties 

is induced, which complicate the understanding of the phenomenon, particularly regarding the band 

gap opening of the monoclinic VO2 (M1).
28 

 

Figure 3.9. Effective band diagrams for states of t2g symmetry. (A) i: Band diagram for the rutile, metallic phase. ii: Band diagram 

modified as a result of the PLD. iii: The effect of electron-electron correlations. UHB and LHB are upper and lower Hubbard bands, 

respectively. iv: Schematic band diagram indicating partial Mott melting of the dxz band. (B) Illustrations of the dxy, dxz, and dyz 

molecular orbitals.29 
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Traditionally, two principal theories have been accepted for the explanation of the MIT, i.e., the 

electron correlation-induced transitions (Mott theory) and the lattice deformation-induced transitions 

(Peierls theory). A schematic of the two models is reported in Figure 3.9. Recent theoretical works 

proposed to merge the two theories within a single model, leading to a ñMott-assisted Peierls 

transitionò or ñcorrelation assisted Peierls transitionò.25,27,29,30 

 

4.5.1 Mott-Hubbard transition 

At low temperatures, the 3d1 electrons of VO2 are strongly localized around the V cations, resulting 

in an insulating behavior. Electrons in d orbitals display a lower degree of delocalization with respect 

to s and p orbitals, leading to bands with high curvatures and low electron effective masses.9,31 With 

the classical band theory, the behavior of multiple bodies is approximated to single-particle models, 

in which only electron-periodic lattice interactions are considered, whereas electrons are considered 

to be free and independent. As transition metal oxides (TMOs) are characterized by remarkably strong 

electronic correlations, classical band theory cannot be applied.8 

In partially filled dn systems, the coulombic potential and the kinetic energy of electrons display the 

same order of magnitude, which prevents the former to be discarded from the Hamiltonian.9,32 In the 

Mott-Hubbard theory, the Hubbard term (U potential) was proposed better simulate the insulating 

behavior of VO2 (M1). For narrow bandwidth (U < W), which represents a localized electrons case, 

the electron correlation splits the conduction band in two parts, with a consequent formation of a band 

gap.32,33 The latter bands are respectively the lower and fully occupied Hubbard band (LHB) and the 

upper and unoccupied Hubbard band (UHB), which are separated by energy values proportional to 

the Coulomb energy of interacting electrons.33 In Mott's insulators, the d1 electron of V atoms do not 

possess sufficient energy to hop from one site to another (d-d hopping), due to the strong electronic 

repulsions. With increasing the temperature, electrons are allowed to escape their site, which leads to 

an increasing carrier density in the conduction band. The latter is raised until a metal-like conduction 

behavior is reached. The Mott-Hubbard transition can be tuned by d-band filling, i.e., varying the 

carrier concentration, or through the bandwidth, by compressing the lattice.32 

 

4.5.2 Peierls transition 

According to the theory of Peierls, the VO2 MIT is induced by a spontaneous displacive distortion of 

a regular atomic array in a quasi-one-dimensional metal, which breaks the system symmetry.34 The 
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distortion is induced by electron-phonon coupling, i.e., by the interactions of electrons with crystal 

lattice, differently from the Mott transition, which is driven by electronic interactions. From a 

thermodynamic point of view, the atomic array distortion is favored at low temperatures. The quasi-

one dimensional metal indicated a three-dimensional metal in which the atoms form chains in a single 

direction. The latter direction determines the electrical conductivity of the material. Below the 

transition temperature , the periodic deformation of the lattice induces a variation of the electronic 

charge density. The insulator behavior of is qualitatively explained by the formation of the energy 

gap between the filled d// bonding and the empty ˊ* orbitals.14,34 

Upon the monoclinic to rutile transition, the dimerization of V atoms due to the zig-zag orientation 

along cR axis is concurrently induced with a major d//-d// overlapping. This increases the strength of 

the V-V bonds into vanadium pairs, in which electrons are localized. The states near the Fermi level 

vary in configuration, with a splitting of the d// band in bonding and anti-bonding bands and a 

upshifting of the ˊ* bands (dyz-p , dxz-p), following the decrease in V-O distance.14,22  

 

4.5.3 Current perspectives 

Recently, the Peierls theory was considered insufficient to fully describe the VO2 MIT, as the latter 

was proven to be induced through optical excitation as well, which therefore excludes a structural-

induced transition.  
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Figure 3.10. Similarity of transient structures formed under electrical and optical excitation. (A) Normalized intensity changes during 

E-IMT with a 5.6-V, 500-ms pulse. (B) Lineout at a delay of 500 ms showing the static pattern and the normalized intensity change. 

(C) Normalized intensity changes during P-IMT with a ~100-fs pulse at a fluence of ~49 mJ cmī2. (D) Lineout at a delay of 5 ps.28 

Sood et al.28 recently employed ultrafast operando diffraction to investigate the phase dynamics of 

VO2 at the ps scale. The authors discover an electrically triggered, isostructural state that forms 

transiently on microsecond time scales. The latter was shown by phase-field simulations to be 

stabilized by local heterogeneities and interfacial interactions between the equilibrium phases. As the 

metastable phase, electrically triggered, was similar to the one formed under photoexcitation within 

ps, the group suggested a universal transformation pathway (Figure 3.10). Other studies showed that 

metal-like IR optical properties could be induced through photoexcitation of monoclinic VO2 films.
35 

The optical properties were demonstrated to vary in a timescale significantly shorter with respect to 

the one required for the structural transition to occur.29,35,36  

 

4.6  Optical and electrical properties of VO2 

The thermochromic behavior of VO2 can be triggered by variations of temperature, pressure, strain, 

or electrostatic fields.5 The monoclinic to rutile transition in induced concurrently to drastic variations 

in optical, electrical, and magnetic properties. In the low temperature state, the VO2 films allow a full 

transmission of the NIR wavelengths, whereas above the transition temperature, the latter range is 

reflected owing to a metal-like behavior. The modulation of the solar radiation offers great advantages 
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in terms of energy-saving applications. Within the latter, the MIT of VO2 has been exploited for the 

creation of passive thermochromic smart windows, which do not require active energy inputs for the 

activation. 

Regarding the application field of smart windows, several key parameters have been established in 

literature to properly compare the solar modulation ability of different configurations. As a general 

requirement, a thermochromic smart window is required to satisfy high luminous transmittance (Tlum) 

values, simultaneously with a high solar modulation (ȹTsol). Moreover, a low hysteresis (H) during 

heating and cooling cycles is demanded, along with a low phase-transition temperature (Tc). All 

parameters will be defined as follows. 

 

4.6.1 Luminous transmittance 

The luminous transmittance (Tlum) describes the ability of the smart window to transmit the visible 

transmittance. The parameter is calculated by integrating the transmittance in the visible range while 

applying a weight parameter, based on the photopic sensitivity of the human eye (Eq. 3.1): 

Ὕ
᷿ɲ ‗Ὕ‗Ὠ‗ 

᷿ɲ ‗Ὠ‗
 

(3.1) 

in which ūlum represents the photopic vision luminous efficiency function and Tɚ represents the 

transmittance at wavelength ɚ. The standard integration range for luminous transmittance is 380 to 

780 nm.  

 

Figure 3.11. Standard CIE photopic vision luminous efficiency function.37 

The photopic vision efficiency (ūlum) in function of the visible wavelength is reported in Figure 3.11. 
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4.6.2 Solar modulation 

The ability to modulate the solar radiation (æTsol) of a smart window is defined as (Eq. 3.2): 

ЎὝ Ὕ ȟ Ὕ ȟ  (3.2) 

in which Tsol,lt is the solar transmittance at low temperature (i.e., semiconducting state ï 20ÁC) and 

Tsol,ht is the solar transmittance at high temperature (i.e., metallic state ï 90ÁC). The solar 

transmittance (Tsol) is defined as Eq. 3.3: 

Ὕ
᷿ɲ ‗Ὕ‗Ὠ‗ 

᷿ɲ ‗Ὠ‗
 

(3.3) 

where ᶮ  is the standard solar radiation spectrum for the air mass 1.5 (AM 1.5, shown in Figure 

3.12) and the standard integration range is 250 to 2500 nm.  

 

Figure 3.12. Hemispherical 37Á tilted solar irradiance.37 

The solar modulation ability is often calculated at a fixed wavelength of 2000 nm by  æT2000 nm = T20ÁC 

ï T90ÁC, rather than integrating over the entire solar spectrum. This value qualitative estimates the NIR 

modulation offered by the smart window. 

Regarding the ñhigh temperatureò state, the commonly used temperature in literature is 90ÁC, chosen 

to be sufficiently higher with respect to the transition temperature of bulk VO2, which is usually 

~68ÁC. In this study, the high temperature state was sometimes increased above 90ÁC, as higher Tc 

values were experimentally found in the case of some VO2 thin films. The temperature was raised to 

verify the full potential of the solar modulation. 
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4.6.3 Hysteresis and transition temperatures of heating/cooling cycles 

Besides the modulation of the optical transmittance, a remarkable drop in electrical conductivity is 

induced upon the MIT of VO2.  For VO2 single crystals, resistivity variations up to 105 can be reached, 

along with hysteresis values of only a few degrees (Figure 3.13 (a)).38 The crystalline state of 

materials crucially influences both the electrical properties and the hysteresis. Polycrystalline 

materials suffer from a wider hysteresis with respect to single crystals and display less pronounced 

conductivity variations.39 Besides the former advantages, VO2 single crystals display a considerably 

low durability to MIT cycles, which induce structural distortions upon the transition. While single 

crystals were reported to break after a few MIT cycles, VO2 polycrystalline films can withstand the 

stress variations above 108 cycles, which make them suitable for smart windows applications.40 

 

Figure 3.13. (a) Specific electrical resistivity for a single crystal VO2 sample on sapphire substrate.38 (b, c) Schematic transition in a 

thin film with (a) 20% fraction transformed and (b) 60% fraction domains transformed (grey).41 

The  composite-medium model is usually employed to explain the presence of the hysteresis during 

heating and cooling cycles. According to the former, the film is approximated to be formed by several 

small domains, which may coincide with individual crystalline grains. Upon the MIT, each domain 

is singularly subjected to the first-order phase transition, resulting in a domain growth.18,41 As each 

domain may possess slightly different properties, structural arrangement, or defects, MIT does not 

occur at the same time in all domains, which leads to the presence of a hysteresis.  

Optical and electrical hysteresis are measured according to two different methods. Even if the 

characterizations are performed on the same sample, the two hysteresis types often do not display the 

same value.41 Optical transmissivity is measured through the light transmittance through the film, 

along the normal direction with respect to the surface (PT/P0 in Figure 3.13 (a)). Differently, electrical 

resistivity  is measured through the current passage within the film, in the parallel direction with 

respect to the surface (V/J in Figure 3.13 (a)). While during optical characterizations each light ray 

interacts with a single domain, during electrical analysis each current streamline passes through 

multiple domains. The optical transmittance change upon the MIT is directly influenced by the 


