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ABSTRACT 
With the increasing pressure of providing reliable potable water in a sustainable way, it is 

important to understand water phase change phenomena (condensation and evaporation) as  

the water phase change is involved in many processes such as membrane distillation and solar 

still which can be a feasible choice of supplementing  the present potable water access. In the 

present thesis, we first elucidate the role of wettability of water condensation substrate by 

combining the droplet growth dynamics and droplet population evolution. The results show 

that wettability has a negligible effect on water condensation rate in an atmospheric 

environment. After confirming the role of substrate wettability, we provide a quantitative 

analysis of the effect of substrate geometry on water condensation in the atmospheric 

environment. The analysis can help to predict the efficiency of water condensation rate with a 

given substrate of a certain geometry with the aid of computational simulation tools. The 

results show that water condensation can be increased by 40% by rationally designing the 

geometry of the condensation surface. However, the condensation rate in the atmospheric 

environment is relatively slow due to the presence of non-condensable gas. In order to increase 

the condensation rate, a relatively pure vapor environment is desired, in which condensed 

water will be the major heat transfer barrier. Coalescence induced jumping of condensed 

droplets on superhydrophobic surfaces is an interesting phenomenon to help faster removal of 

condensed droplets. However, it is still not clear how to optimize the overall heat transfer 

efficiency by condensation on such surfaces. We observed an interesting phenomenon on a 

superhydrophobic nano-cones array, on which water preferentially condenses within larger 

cavities among the nanocones. Droplets growing form larger cavities have larger growth rate. 
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This finding can possibly provide a solution to optimizing heat transfer efficiency. Finally, a 

nylon-carbon black composite is prepared by electrospinning to enhance water evaporation 

under solar radiation. The composite shows an interesting light absorption property. In a wet 

state, the composite can absorb around 94% of the incident sunlight. The composite also shows 

strong mechanical and chemical stability. Thus, the composite is considered to be a practical 

candidate to be applied in the solar distillation process. 
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CHAPTER 1. INTRODUCTION 

1.1 Background Knowledge 

1.1.1 Wettability of surface 
Surface wettability is usually characterized by its static water contact angle in the ambient 

environment defined by Young’s equation which is illustrated in Figure 1a: 

cos 𝜃𝜃 =
𝛾𝛾𝑠𝑠𝑠𝑠−𝛾𝛾𝑠𝑠𝑠𝑠
𝛾𝛾𝑠𝑠𝑠𝑠

     (1.1) 

Where θ is water contact angle; γsl, γsg and γlg are solid-liquid, solid-gas and liquid-gas interfacial 

energy respectively.  If the water contact angle on a chemically homogeneous flat surface is 

larger than 90, the surface is defined as hydrophobic. Otherwise, it is called hydrophilic. On 

heterogeneous surfaces, either chemically or structurally, the contact angle can be described by 

either Wenzel or Cassie equations. For example, on rough surfaces, water may penetrate the 

rough structure (Figure1 b) or may sit on the top of the microstructures (Figure 1c). The two 

cases are defined as Wenzel and Cassie state respectively. The apparent contact angle (θapp) of 

Wenzel state1 is calculated as: 

𝑐𝑐𝑐𝑐𝑐𝑐 𝜃𝜃𝑎𝑎𝑎𝑎𝑎𝑎 = 𝑟𝑟 cos 𝜃𝜃      (1.2) 

Where r is the roughness of the surface. 

The apparent contact angle of Cassie state2 is calculated as: 

𝑐𝑐𝑐𝑐𝑐𝑐 𝜃𝜃𝑎𝑎𝑎𝑎𝑎𝑎 = 𝑓𝑓2 cos 𝜃𝜃 − 𝑓𝑓1     (1.3) 

Where f1 and f2 are air and solid fraction respectively and f1+f2=1. Here, the f1 and f2 

sometimes can represent chemical heterogeneity. For example, if a surface is patterned with 
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hydrophobic and hydrophilic chemicals, resulting in a chemically heterogeneous surface. Then 

the resulting apparent contact angle can be expressed as: 

𝑐𝑐𝑐𝑐𝑐𝑐𝜃𝜃𝑎𝑎𝑎𝑎𝑎𝑎 = 𝑓𝑓2 cos𝜃𝜃2 +𝑓𝑓1 cos𝜃𝜃1      (1.4) 

Where f1 and f2 are the fractions of different chemical species and θ1 and θ2 are the intrinsic 

contact angle of the corresponding species on a flat surface. 

Overall, the water contact angle is a simple parameter to characterize surface wettability, which 

can be easily measured with the image of a small droplet of water (smaller than capillary length) 

on the surface. The contact angle of a surface is dependent on the chemistry as well as the 

surface micro/nano geometry. To be more specific, it is dependent on the chemistry and 

micro/nano geometry at the three-phase contact line3. Especially, omniphobic surface can be 

created by carefully tuning the micro/nanostructures to repel liquids with low surface tension4, 

5. 

 

 

 

Figure 1. 1 a, contact angle; b, Wenzel state; c, Cassie state 
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Another term associated with water on a surface is contact angle hysteresis (CAH). When water 

droplets move on surfaces, the advancing contact (θA) and the receding contact angle (θR) 

shown in Figure 2 show a difference. This difference between  θA and θR is defined as CAH. The 

value indicates the retention force exerted by the surfaces on water droplets. Large CAH may 

arise from increased advancing contact angle which indicates prevention of water droplet from 

moving forward and decreased receding contact angle indicating drag of water droplet by 

surfaces. Chemistry and surface structure can both contribute to large CAH. For example, 

hydrophilic defects on hydrophobic surfaces cause lower receding contact angle while 

discontinuity of surface structure causes higher advancing contact angle. In many applications 

such as condensation heat transfer, lower CAH which indicates fast removal of water droplets 

from the surfaces is preferred. Thus, numerous efforts have been dedicated to preparing low 

CAH surfaces. Generally, low CAH surfaces are divided into three categories: superhydrophobic 

surface, liquid infused slippery surface and polymer brush grafting surface.  

 

Figure 1. 2 Contact angle hysteresis 

Superhydrophobic surface, also named lotus effect 6, 7, is a class of surfaces with high apparent 

contact angle (> 150º) with low hysteresis inspired by the lotus leaf. As it is usually observed in 
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nature, lotus leaves can repel water easily and keep themselves clean (Figure 3). SEM images of 

lotus leaves indicated that the microstructure on the leaves was a kind of hierarchical structure 

with nanostructures growing on microstructures7. Meanwhile, chemical composition analysis 

indicated that these structures are composed of hydrophobic wax. Both chemistry and 

structure render lotus leaves superhydrophobic. In fact, the lotus effect is well correlated and 

can be well explained by Cassie equation.  

 

Figure 1. 3 Lotus effect 

Various kinds of methods have been developed to prepare superhydrophobic surfaces including 

lithography8, 9, electrospinning10, micro/nanoparticle deposition11, candle soot templating12, 

crystal growth13 etc.14, 15. The main targets are the creation of rough micro/nanostructures 

followed by silane deposition. There are cases where the intrinsic materials used for fabricating 

micro/nanostructures are hydrophobic. The low contact angle hysteresis arises from the 

extremely limited contact of a water droplet with the solid surface (low solid fraction as defined 

in Cassie state). 

Another developed surface with extremely low hysteresis is called liquid infused slippery 

surfaces16. As shown in Figure 4, the general steps of preparing a liquid infused slippery surface 

are: 1. Creation of a rough surface with micro/nanostructures; 2. Hydrophobization of the 
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rough structures with silane. If the intrinsic wettability of the rough surface is hydrophobic, 

there is no need to do Hydrophobization; 3. Application of lubricating liquid such as 

fluorocarbon liquid or PDMS (silicone oil) onto the rough structures. The choice of lubricating 

liquid should satisfy certain principles otherwise the resulting surface will not be stable. Firstly, 

the liquid can easily wet the rough surface and has a low saturation vapor pressure. The liquid 

should also be immiscible with water.  Moreover, the infused liquid should not be replaced by 

water. Thus the lubricating liquid is normally low surface energy fluorocarbon oil.  

 

Figure 1. 4 Preparation of liquid infused slippery surface 

The last type of low CAH surface is called polymer brush grafting surfaces 17, 18. This kind of 

surface is based on the growth of uniform flexible polymer chains onto the substrate. Due to 

the molecular flexibility, Behavior of these grafted polymer chains is similar to a liquid. When 
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water droplets move on the surface, these grafted polymer chains can easily adapt their 

configurations in cases of wetting and dewetting. One example of preparing polymer brush 

grafting surface is the growth of uniform PDMS chains on silicon wafer or glass. However, one 

of the biggest challenge facing this kind of surfaces is that the substrate on which polymer 

brush grows should be extremely smooth, such as glass or silicon wafer. 

1.1.2 Condensation 

Thermodynamic and kinetic of water condensation 

Water condensation is ubiquitous in both nature and human industries. Examples can be taken 

as rain, fog and dew formation. Production of electricity by power plants also involves 

condensation of hot pressurized vapor. Moreover, condensation also plays critical roles in 

freshwater collection systems such as membrane distillation. Since water condensation plays 

many important roles in human life and natural water cycling, it is necessary to clarify the 

mechanism of condensation and develop strategies to manipulate condensation. 

Water condensation is usually classified into homogenous19 and heterogeneous condensation20. 

In heterogeneous condensation, water vapor transforms into liquid on a foreign substance, 

either surfaces or micro-particles while homogeneous condensation only happens in exception 

of a foreign substance. From the thermodynamic point of view, heterogeneous condensation is 

more favorable at the same thermodynamic condition than homogeneous condensation due to 

the lower energy barrier of nuclei formation. Thus, condensation in this dissertation only refers 

to heterogeneous condensation and specifically refers to water condensation on surfaces. 
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Several mechanisms of condensation have been suggested while the most accepted one is 

nuclei formation theory21. At the very first step of condensation, energy barrier needs to be 

overcome to form stable nuclei with minimum critical size. Based on classical nucleation theory 

and idea gas low, the free energy barrier is referred to : 

∆𝐺𝐺 = −
𝜌𝜌𝜌𝜌𝑁𝑁𝐴𝐴 𝑘𝑘𝐵𝐵 𝑇𝑇

𝑀𝑀
𝑙𝑙𝑙𝑙
𝑝𝑝∞
𝑝𝑝𝑠𝑠

+ ∆𝐺𝐺𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑎𝑎𝑏𝑏𝑏𝑏    (1.5) 

Where ρ, V are the density and volume of nuclei; NA is Avogadro's constant; kB is Boltzmann 

constant; T is temperature; M is the molecular weight; p∞ is ambient vapor pressure and ps is 

saturation vapor pressure at temperature T. ∆Gboundary is the boundary free energy change 

(interfacial free energy change). For homogeneous nucleation, the interface is liquid-vapor 

interface while interface for heterogeneous nucleation includes a liquid-vapor and liquid-solid 

interface. For a simple case as shown in Figure 1a, the Gibbs free energy change is expressed 

as22: 

∆𝐺𝐺 = �−
4𝜋𝜋
3 𝑟𝑟3𝜌𝜌𝑁𝑁𝐴𝐴𝑘𝑘𝐵𝐵 𝑇𝑇

𝑀𝑀
𝑙𝑙𝑙𝑙
𝑝𝑝∞
𝑝𝑝𝑠𝑠

+ 𝛾𝛾𝑤𝑤𝑎𝑎𝑤𝑤𝑤𝑤𝑏𝑏4𝜋𝜋𝑟𝑟2� 𝑓𝑓(𝜃𝜃)   (1.6) 

𝑓𝑓(𝜃𝜃) = �
1 − cos 𝜃𝜃

2
�
2

(2 + cos 𝜃𝜃)      (1.7) 

Where r is the nuclei radius; γwater is water surface tension.  The term in the square bracket of 

equation 1.6 represents Gibbs free energy change of homogeneous condensation case while 

equation 1.7 is a parameter factor originated from a heterogeneous substrate. The maximum 

value of f (θ) is 1, which corresponds to homogeneous condensation (contact angle θ=1800). For 

θ<1800, f (θ) <1. Thus, ∆Ghomogeneous >∆Gheterogeneous, which indicates that heterogeneous 
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condensation is more favorable compared to homogeneous counterpart. Moreover, the 

hydrophilic surface is preferential for nuclei formation.  

The maximum value of ∆G(r) is found when𝜕𝜕∆G
𝜕𝜕𝑏𝑏

= 0. Thus, rcritical is expressed as23: 

𝑟𝑟𝑐𝑐𝑏𝑏𝑐𝑐𝑤𝑤𝑐𝑐𝑐𝑐𝑎𝑎𝑠𝑠 =
2𝑀𝑀𝛾𝛾𝑤𝑤𝑎𝑎𝑤𝑤𝑤𝑤𝑏𝑏

𝜌𝜌𝑁𝑁𝐴𝐴𝑘𝑘𝐵𝐵𝑇𝑇𝑙𝑙𝑙𝑙(𝑝𝑝∞𝑝𝑝𝑠𝑠
)

     (1.8) 

rcritical is the critical radius that nuclei must have to keep itself stable.  

The nucleation rate N is expressed as22: 

𝑁𝑁~𝑒𝑒𝑒𝑒𝑝𝑝 �−
∆𝐺𝐺𝑚𝑚𝑎𝑎𝑚𝑚
𝑘𝑘𝐵𝐵𝑇𝑇

�     (1.9) 

Thus, the nucleation rate on a hydrophilic surface is larger than that on hydrophobic ones. 

Once stable nuclei forms, individual droplet growth starts and its growth kinetics is simply 

determined by a diffusion law in a stable environment. The mathematic description is shown 

as24: 

𝜕𝜕𝑐𝑐
𝜕𝜕𝜕𝜕

+ ∇��⃗ ∙ 𝚥𝚥 = 0     (1.10) 

𝐽𝐽 = 𝐷𝐷∇��⃗ 𝑐𝑐      (1.11) 

Where c is vapor concentration; J is vapor flux; D is the vapor diffusion coefficient. 

In a stable environment, the variation of concentration with time is considered to be zero. Then 

vapor concentration profile is described by Laplacian equation: 

∆𝑐𝑐 = 0    (1.12) 
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Assumptions should be made here: The droplet is small enough and isothermal. From the 

above equation 1.10-1.12, the theoretical growth rate of an individual droplet is proportional to 

t1/3 22. The experimental observation confirmed the theoretical analysis25. Moreover, the 

growth rate is also inversely proportional to the thickness of concentration boundary layer 

thickness (δ) which is determined by the vapor velocity (U). Thus, it is normally observed that 

droplets grow faster in a high-velocity environment.  

When droplets grow, the distance between each droplet becomes smaller, resulting in the 

vapor concentration profile overlapping. The behavior of water droplet growth in this regime is 

much different from single droplet growth due to the overlapping of concentration profiles. The 

average growth rate of an individual droplet is predicted to be proportional to t1/2 24. 

The next step is the coalescence of neighboring droplets resulting in a growth dynamic 

proportional to t 22, 25. When droplets grow to a critical size, it can be repelled from surfaces by 

their own gravity overbalancing the adhesion forces from the surfaces.  

All the above description of condensation is limited to cases on flat surfaces without micro or 

nano-structures. Condensation on rough surfaces is much more complex. Nucleation can be 

affected by the geometry of micro/nano structures20. The individual growth of droplet involves 

preferential direction to a lateral or upward side. Coalescence of neighboring droplets will be 

dramatically different depending on the individual droplet growth direction.  

Recent researches found interesting condensation phenomenon on superhydrophobic with 

specific micro/nanostructures. It is found that condensed droplet on these surfaces is Cassie 

state and jump off the surface induced by coalescence of these droplets 26-32. Coalescence of 
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neighboring droplets in Cassie state releases surface free energy which can be converted to the 

kinetic energy of coalesced droplet. Whether condensed droplet jumping phenomenon will 

happen or not depends on the micro/nanostructures. Two criteria have to be satisfied: 

individual droplet growth preferentially upwards, forming partial Cassie wetting state as shown 

in Figure 1.5 and the effective surface energy released from coalescence must exceed the 

energy needed to overcome the retention from the surface. The size of droplets for 

coalescence induced jumping ranges from several hundred nanometers to several hundred 

micrometers depending on the micro/nanostructures on the superhydrophobic surface 33, 34. 

The jumping phenomenon has been reported for beneficial for enhancing condensation due to 

the fast removal of water from the surface as water is not a good thermal conductor35.  

In order to prepare superhydrophobic surfaces supporting jumping phenomenon, special 

attention should be paid as it is noted that interaction of individual droplet with 

micro/nanostructures should result in partial Cassie wetting state as well as low retention force 

from the structures. Currently, methods for scalable production of superhydrophobic surface 

supporting condensation droplet jumping is limited 36-40 and the interaction of droplets with 

micro/nanostructures is still not fully understood 30, 41. In order to optimize the performance of 

enhancing condensation on these surfaces, further understanding of condensation and jumping 

behavior on the surfaces is still needed. 
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Figure 1. 5 Partial wetting state. 

  

Thermal transfer of condensed droplet 

As it is well known, condensation is a phase change process which would release latent heat. 

From the above introduction, the growth of droplets depends heavily on the saturation vapor 

pressure which further depends on the interfacial temperature. Once condensation occurs on 

surfaces, the surface will be covered by droplets with different percentage depending on the 

condensation regime. Film-wise condensation on a superhydrophilic surface (contact angle is 

almost 0) forms a liquid film which prevents efficient heat transfer as water is a poor heat 

conductor. Nusselt film-wise condensation model gives predictions of heat transfer across the 

liquid film. Later, it is found dropwise condensation forming discrete droplets on surfaces can 

enhance heat transfer by one order of magnitude42. The resistance of heat transfer during 

drop-wise condensation includes resistance from the interface (Ri), resistance from droplet 

curvature (Rc), resistance from droplet conduction (Rd) and hydrophobic coating resistance 

(Rcoat) as illustrated in Figure 1.643. 
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Figure 1. 6 Thermal transfer resistance 

Ri means that water vapor molecules coming towards the water-vapor interface may not be 

totally incorporated into the liquid phase. Part of them may be rejected (indicated by a dashed 

red arrow). Ri can be expressed as: 

𝑅𝑅𝑐𝑐 =
2

ℎ𝑐𝑐𝜋𝜋𝐷𝐷2(1 − cos 𝜃𝜃)
    (1.13) 

ℎ𝑐𝑐 =
2𝜎𝜎

2 − 𝜎𝜎
𝜌𝜌𝐻𝐻𝐿𝐿2

𝑇𝑇𝑠𝑠
(

𝑀𝑀
2𝜋𝜋𝑇𝑇𝑠𝑠𝑅𝑅

)1/2     (1.14) 

Where D is contact base diameter; θ is contact angle; hi is liquid-vapor interfacial heat transfer 

coefficient; σ is accommodation coefficient; ρ is liquid density; HL is latent heat of condensation; 

Ts is saturation temperature at the interface; M is molar molecular weight; R is universal gas 

constant. 

 Resistance from droplet curvature (Rc) can be expressed as: 

𝑅𝑅𝑐𝑐 =
4𝑇𝑇𝑠𝑠𝛾𝛾
𝑞𝑞𝐷𝐷𝐻𝐻𝐿𝐿𝜌𝜌

    (1.15) 

Where γ is water surface tension; q is the heat flux. 

Resistance from droplet conduction (Rd) can be expressed as: 
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𝑅𝑅𝑏𝑏 =
𝜃𝜃

𝑘𝑘𝑤𝑤2𝜋𝜋𝐷𝐷
   (1.16) 

Where kw is water thermal conductivity. 

Hydrophobic coating resistance (Rcoat) can be expressed as: 

𝑅𝑅𝑐𝑐𝑏𝑏𝑎𝑎𝑤𝑤 =
4𝜋𝜋𝐷𝐷2𝑘𝑘𝑐𝑐𝑏𝑏𝑎𝑎𝑤𝑤 sin𝜃𝜃2

𝑞𝑞𝛿𝛿𝑐𝑐𝑏𝑏𝑎𝑎𝑤𝑤
     (1.17) 

Where kcoat is the thermal conductivity of hydrophobic coating; δcoat is the thickness of the 

hydrophobic coating. 

The total resistance of heat transfer of single droplet during condensation is the sum of the 

above four resistance items. From the above analysis, it is found that thermal resistance 

increased from the size of droplets. This indicates that it would be beneficial if droplets can be 

removed from the surface at smaller size during condensation. Thus, the above mentioned low 

hysteresis surfaces would show great promise for enhancing heat transfer during condensation. 

Meanwhile, nucleation and curvature related resistance also contribute to the performance of 

heat transfer. In general, improving heat transfer performance during water condensation 

involves multiple manipulations of surface wettability and geometry.  

1.1.3 Solar-driven water evaporation 

Evaporation can be treated as the reverse process of condensation. Thus, the mechanism and 

kinetic process can be treated in the same way where condensation is treated.  

The evaporation process can be modeled with two-step processes: incorporation of liquid 

phase molecules into the gas phase at interface and transportation of gas molecules to the 
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surrounding environment by diffusion or convection. The diffusion and convection of a normal 

plane liquid surface in the environment under steady state can be described by the mass 

transport equation shown as: 

−𝐷𝐷∆𝑐𝑐 + ∇(𝒖𝒖 ∙ 𝑐𝑐) = 0      (1.18) 

Where D is the vapor diffusivity; u is the velocity field and c is the vapor concentration field.  

As evaporation is an endothermic process, a steady evaporation process indicates a balance of 

various energy form including latent heat of evaporation, radiation of heat transfer between 

the environment and the liquid surface and other external forms of energy such as solar energy.  

Solar energy is abundantly distributed globally which has been utilized by various techniques 

including PV, photothermal etc. Combining solar energy and water evaporation is a long 

existing idea which has been applied to techniques of solar still and evaporation ponds as the 

input of solar energy increase the liquid surface temperature.  

1.2. Motivation and objective of the thesis  

As the growth of world population and human activity, a huge demand for water and energy is 

arising. In order to provide safe and reliable accesses to a water source in a sustainable manner, 

various techniques such as wastewater reuse and seawater desalination. However, water and 

energy in many processes are always correlative. Production of potable water always means a 

tremendous amount of energy input.  In order to compensate for the intensive energy demand 

of fresh water production, low degree energy such as waste heat from industry and solar 

energy is considered to be beneficial. In many processes of utilizing low degree heat, phase 

change (condensation and evaporation) is commonly occurring. Thus, understanding phase 
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change phenomena and further designing materials for enhancing phase change efficiency can 

help to increase energy utilization efficiency and production cost.  

In the present thesis, projects are conducted to understand water condensation and 

evaporation processes and design materials for enhancing such processes. The objectives of the 

present thesis are: 

• Water condensation occurs on substrates with varying wettability (dynamic contact 

angle and hysteresis). The effect of wettability on condensation in an atmospheric 

environment is important in terms of the application of dew water collection etc. 

However, previous studies on the effect of wettability on condensation in the 

atmospheric environment lead to different conclusions. In chapter 2, the effect of 

wettability is carefully studied by examining the growth dynamics of individual droplets 

and droplet population evolution. 

• Water condensation occurring in the atmospheric environment is demonstrated to be 

independent on the substrate wettability. Thus the way to improve water condensation 

in atmospheric water condensation is in need. Previous studies have shown that 

condensation behavior is different in different regions of the substrate and substrate of 

different geometry. However, a quantitative analysis which can help predict the effect 

of substrate geometry on water condensation in the atmospheric environment is in lack. 

In chapter 3, a quantitative model is established based on the basic mass transport 

equations coupled with solving basic fluid governing equations. 
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• Previous chapters deal with water condensation occurring in atmospheric conditions in 

which the heat transfer coefficient is small compared with condensation occurring in 

pure water vapor environment and interfacial thermal resistance dominants. In pure 

vapor condensation, condensed water becomes the major thermal transfer barrier. In 

order to enhance the heat transfer, removal of condensed droplets by coalescence 

induced jumping on the superhydrophobic surface is beneficial. However, 

understanding of the condensation behavior (nucleation and growth) on various 

superhydrophobic surfaces is still incomplete. In Chapter 4, an interesting condensation 

behavior is observed on a superhydrophobic nano-cones array. 

• In Chapter 5, a composite material prepared from electrospinning of nylon-carbon black 

formic solution is utilized for solar assisted water evaporation. The composite shows 

enhance light absorption in a wet state and is mechanically strong. All the properties 

showed is a promise that the materials can be practically applied in real life which is a 

shortage of the existing studied materials. 
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CHAPTER 2. ATMOSPHERIC WATER HARVESTING: ROLE OF SURFACE 
WETTABILITY AND EDGE EFFECT 

2.1. Introduction  

Atmospheric moisture is abundantly present in our ambient air and is emerging as an important 

source of potable water, especially in areas with little rain but relatively high humidity 44-49. A 

good understanding of water condensation, a phase change process in which water vapor is 

transformed into liquid water and which involves both heat and mass transfers, is a key to an 

effective atmospheric water harvesting. 

In a typical water condensation process, there are three sequential steps: nucleation, growth of 

individual water droplet and droplet coalescence 21, 22. Nucleation is an initial step in forming 

water liquid from water vapor. There are two types of water nucleation: homogeneous and 

heterogeneous nucleation, with the former occurring in the absence of any foreign substrate 

while the latter occurring on a foreign substrate with a temperature lower than the vapor 

saturation temperature. Heterogeneous nucleation is the dominant mechanism in forming 

atmospheric water liquid under ambient conditions and it is affected by such parameters as 

substrate temperature, vapor pressure, vapor temperature, and wettability of substrate. 

Generally, when the state of substrate and vapor is set, water vapor nucleates faster on a 

hydrophilic substrate than on a hydrophobic one due to its lower energy barrier 50. Following 

the nucleation is the growth of individual water droplet and in this step, water vapor condenses 

on the preformed droplet surfaces and the mass of individual liquid droplet grows with time. 

When individual droplets reach a certain size and droplet coalescence begins due to the 

tendency of minimization of total surface energy. Two important characteristics of the droplet 
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coalescence stage are linear growth of droplet size on flat surfaces and constant water droplet 

surface coverage ratio, which is defined as the ratio of the projected area of the droplets to the 

total substrate surface area 22, 24, 51. Both the growth of individual water droplet and droplet 

coalescence can be greatly influenced by aerodynamic parameters 22, 52, such as ambient air 

velocity.  

Typically observed in our daily life is edge effect which leads to faster water condensation and 

visually bigger water droplets on the substrate surface region near its edges than its central 

surface region 24. The edge effect is majorly due to special local aerodynamic conditions at the 

edges where higher air velocity can be expected, which facilitates growth rate of water droplets 

22, 53.  

Once a coalesced droplet reaches a certain critical size, its gravity overcomes its retention force, 

the droplet would start to move downward along the surface, and the substrate surface is thus 

renewed for another water condensation cycle, a process known as substrate renewal or water 

droplet removal. Equation 2.1 determines the critical size of a water droplet that would initiate 

droplet downward movement on a flat substrate: 

mg × sinα = γ𝑤𝑤𝑎𝑎𝑤𝑤𝑤𝑤𝑏𝑏 × (cosθ𝑅𝑅 − cos θ𝐴𝐴) × 𝑊𝑊                (2.1) 

Where mg is the gravitational force from water mass, α is tilting angle of the substrate, γwater is 

water surface tension, θR and θA are water receding and advancing contact angle on the 

substrate respectively, W is the droplet width 54. Thus, a smaller contact angle hysteresis (CAH), 

which is defined as the difference between advancing and receding contact angles (i.e., θ𝐴𝐴 −

θ𝑅𝑅), means a smaller critical droplet size. In order to have a high substrate renewal rate, a 



35 
 
 

substrate with a low CAH is preferred, assuming other conditions being constant. A higher 

renewal rate in turn surely leads to a higher availability of substrate surface for water 

condensation and a quicker turnover of the surface. The above discussions are seemingly 

leading us to believe that a lower CAH would, in the end, result in a higher water mass 

collection rate, which is the ultimate goal of any practical atmospheric water harvesting. One 

major objective of this work is to prove this seemingly reasonable argument is actually false.  

In parallel with mass transfer, heat transfer is another important factor in water condensation 

as a considerable amount of latent heat is released therein and the heat is transferred from the 

condensing water droplets to the substrate. Given the fact that water is a poor heat conductor 

with a heat conductivity 0.6 W/m/K at 20°C, heat transfer is generally the limiting factor in 

promoting water condensation and collection efficiency. It has been reported that dropwise 

condensation tends to have higher heat transfer efficiency than film-wise condensation due to 

the heat barrier effect of water 42, 55. Given the inherent complexity of the heat transfer process, 

the research progress in heat transfer is lagging behind that of mass transfer in the general field 

of water condensation 35. However, recent and ongoing advancement in special 

wettability/morphology/composition surface preparation is providing scientists with 

unprecedented opportunities to better understand the heat transfer in water condensation 

process 28, 29, 35, 56, 57. Connecting mass transfer with heat transfer, it is expected that a fast 

water droplet removal surface guarantees a high heat transfer efficiency. For example, it has 

been reported that slippery surfaces with extremely low CAH enable fast removal of water 

droplet once condensed, which in turn leads to enhanced heat transfer efficiency 58.  
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With a clear aim to enhance water mass collection efficiency, a great number of research 

efforts have been made by scientists to investigate the water condensation and subsequent 

collection processes, but there are certain fundamental aspects yet to be fully understood. First, 

fast water removal surface can be sometimes intuitively and taken for granted to lead to high 

water mass collection. Secondly, there lacks detailed study on dynamics of water droplet 

growth and the kinetics of water mass collection, which, if present, would provide valuable 

insights and thus considerably advance the current understanding of these processes. The aim 

of this work is, by carefully designed and prepared surfaces with different wettability and CAH, 

real-time recorded droplet growth dynamics, continuously monitored water mass collection, 

thoroughly conducted theoretical calculations, to provide convincing evidence to prove the 

insignificant role of surface wettability and more importantly CAH on water mass connection 

efficiency. The results of this work highlight the often overlooked but critical effect of the 

surface edge regions of a substrate on the growth of individual water droplets and thus overall 

water mass collection efficiency and thus shine a light on meaningful means of promoting 

atmospheric water harvesting efficiency for practical applications.    

2.2 Materials and methods 

2.2.1 Materials 

Dimethyldimethoxysilane (DMS) (95%), sulfuric acid (95%-98%), and octadecyltrichlorosilane 

(ODTS) (98%) were purchased from Sigma-Aldrich.  2-isopropanol (electrochemical grade) was 

purchased from Fisher Scientific. Ethanol absolute was purchased from VWR International. 

Deionized (DI) water was used in all of the experiments. 
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2.2.2 Preparation of surfaces with different contact angles and CAH 

Polished silicon wafer of 54mm×50mm×0.625mm was degreased with ethanol by sonication 

and then treated by oxygen plasma. Hydrophobic surface with low CAH, denoted as PDMS 

modified surface, was prepared on the polished front side of the plasma cleaned silicon wafer 

following a literature method 18. Briefly, an aliquot of 2.85 ml DMS, 31.80 ml isopropanol and 

135 µl sulfuric acid were mixed together gently and the mixture solution was let to sit still for 

30 min before use. The silicon wafer was then immersed in the mixture solution for 10 s before 

being taken out for drying in ambient air with a relative humidity of 60% and constant 

temperature at 21 °C for 30 min. After drying, the substrate was washed with copious ethanol 

and DI water.  

Hydrophobic surface with high CAH, denoted as ODTS modified surface, was prepared by 

immersing the plasma cleaned silicon wafer in 5 mM ODTS toluene solution for 10 min, 

followed by washing with ethanol and water repeatedly. 

Moderately hydrophilic surface, denoted as hydrophilic surface, was prepared by chemical 

vapor deposition of DMS on the pre-cleaned silicon wafer under 70 °C for 1.5 h in a 100 ml 

container, followed by heating at 80°C for 1 h to evaporate loosely bound 

dimethyldimethoxysilane. 

2.2.3 Characterization of surfaces 

Static contact angles were measured with a commercial contact angle system (OCA 35, 

DataPhysics, Filderstadt, Germany) at ambient temperature using a 4 µL water droplet as a 

probe. Advancing and receding contact angle measurements were conducted by adding and 
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withdrawing the probe water with a speed of 0.5 µL/s, respectively. Each contact angle value 

reported was an average of 4 individual measurements at different locations on the same 

surfaces. Atomic force microscopy (AFM) images were taken by Agilent 5500 SPM using tapping 

mode. 

2.2.4 Water condensation experiments 

Figure 2.1a is a schematic showing the condensation experimental setup. Briefly, condensation 

experiment was conducted in a homemade humidity chamber with a stable environmental 

temperature at 21 °C. The relative humidity inside the chamber was maintained at 100% by 

continuous moisture supply from a commercial ultrasonic humidifier. 

In the humidity chamber was a vertically placed cooling stage to which the modified silicon 

wafer substrate was attached. The cooling stage was maintained at a constant temperature at 4 

oC by circulating chilly water. As presented in Figure 2.1b, the left and right sides of the 

substrate were kept within the cooling stage while the upper and bottom sides being extended 

out of the cooling stage.  

Growth dynamics of water droplets on the substrate surfaces were real-time recorded by a 

micro-camera (Dinocapture 2.0) connected with a PC and the mass of water collected by the 

substrate surfaces was monitored by an electronic balance connected with a PC. The water 

droplets pinned at the bottom of the substrate surfaces were drained away from the 

condensed water collection container by a copper mesh covered with cotton that was placed 

very close to the bottom of the substrate surface but falling short of touching it. 
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Figure 2. 1 Schematic of (a) Homemade water condensation and collection experimental setup, (b) 
special positioning of the modified silicon wafer substrates attached on the cooling stage. 

 

2.3 Results and Discussion 

The present work focuses on water condensation on flat surfaces that are in contrast to 

surfaces with roughness. It is known that rough surfaces with proper surface chemistry assisted 

with micro/nano-structure geometry could exhibit unique and in many cases extreme 

wettability 14, 41, 59-64, but water condensation on such surfaces is always considerably more 

complicated than on their flat surface counterparts 28, 31, 32, 56, 65, 66, with too many parameters 

coming to play. The scientific community is still at an early stage of its learning curve in fully 

grasping water condensation on rough surfaces.  In contrast, water condensation on flat 

surfaces grows droplets in well-known patterns referred to as “breath figure” 67. Thus, flat 

surfaces were rationally selected over rough ones in light of the goal of the project. We also 

believe that by choosing flat surfaces the uncertainty in explaining the experimental results is 

considerably reduced and the manageability of the project is greatly raised. It is believed the 

conclusions based on flat surfaces provide fundamental aspects to the same processes on 

rough surfaces and thus have trustworthy applicability to rough surfaces.  
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Table 2.1 presents the static contact angles, advancing contact angle and receding contact 

angles of water on three different surfaces while Figure 2.2 shows digital photos of water 

droplets during the contact angle measurements. As seen, the DMS-modified surface presents 

moderate hydrophilicity (θ = 72.0o) and a relatively high CAH (16.2o). The hydrophobic surfaces 

modified with PDMS and OTDS show similar static contact angles (101.6o and 107.0o 

respectively), but CAH for the two surfaces differ from each other significantly (4.8o vs. 19.8o). 

The low CAH of the PDMS modified surface arises from the liquid-like property of the surface 

PDMS groups as the silicon-oxygen bond can easily rotate while the high CAH of the ODTS 

modified surface is from the amorphous or crystal-like property of the surface ODTS groups 68, 

69. Moreover, the AFM images show that roughness of all the surfaces prepared in this study is 

in the sub-nanometer range, indicating the flatness of the surfaces as shown in Figure 2.3. 

 

Figure 2. 2 Digital images of the droplets on three surfaces during contact angle measurement (θ, θA and 
θR are on the left, in the middle, on the right, respectively) 
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Figure 2. 3 AFM images of (a) PDMS, (b) ODTS and (c) hydrophilic surfaces. The dimension of images is 
10µm×10 µm. AFM images were taken to show surface roughness of the three kinds of surfaces. The 

root means squared roughness (Rq) for PDMS, ODTS and hydrophilic surfaces are 0.85, 0.88 and 0.73 nm, 
respectively. The roughness parameters verified the flatness of the as-prepared surfaces. 

 

 

Table 2. 1 Summary of static and dynamic contact angle measurements, droplet growth rates, predicted 
droplet sliding diameter and predicted and measured sliding time of all three surfaces.  

 

Static 
contact 

angle (θ) 

Advancing 
contact 

angle (θA) 

Receding 
contact angle 

(θR) 

CAH 
(°) 

Predicted sliding 
diameter (mm) 

Edge 
growth 

rate 
(µm/s) 

Non-edge 
area 

growth rate 
(µm/s) 

Predicted 
sliding 

time (s) 

Measured 
sliding time 

(s) 

PDMS 101.6±1.0 
 

103.0±0.3 
 

98.2±0.4 
 

4.8 
 1.34 0. 868 0.316 1544 1508±251 

Hydrophilic 72.0±2.5 
 

79.0±0.9 
 

62.8±3.0 
 16.2 3.17 1.331 0.525 2382 2292±429 

ODTS 107.0±1.1 
 

113.3±0.6 
 

93.5±1.4 
 19.8 2.34 0.719 0.270 3255 3314±672 

 

There exist a few reports on low CAH flat surfaces, one of which is so-called SLIPS, which is 

inspired by the pitcher plant with lubricating oil infused into its surface nanostructures 16. There 

have been reports utilizing the SLIPS surfaces for water condensation and collection 52, 58, 70, but 

a disappointing result is that the water collected by such a surface was found to be a mixture of 

water and lubricating oil 45, which challenges the application stability of the SLIPS.  

Water condensation experiments were conducted in a homemade, temperature and humidity 

controlled chamber (Figure 2.1a). In the chamber was a vertically placed, constant temperate 

cooling stage to which the modified silicon wafer substrate was attached. There is a noteworthy 

https://en.wikipedia.org/wiki/Root_mean_square
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characteristic of the substrate attachment onto the cooling stage: the left and right sides of the 

silicon wafer substrate were positioned within the cooling stage while the upper and lower 

sides being extended beyond the cooling stage. The special positioning of the silicon wafer 

substrate on the cooling stage helps reduce water condensation on the side cross-sections of 

the left and right edge sides of the substrate and the condensed water droplets therein are not 

collected on purpose by design. Moreover, the side cross-sectional surface of the substrate’s 

upper edge side is intentionally cut so that condensed water there would not fall off from the 

front face of the substrate (Figure 2.4) and thus will not be counted and the water condensed 

on the bottom edge side’s cross section would be drained and diverted away from the water 

collection vessel. This way, the edge effect from the bottom edge, left and right edge sides are 

all delicately eliminated so to fully focus our investigation on the upper edge of the substrate. 

All these purposeful designs are to make sure that only water condensed on the front surface of 

the modified silicon wafer are collected for the purpose of quantifying water collection 

efficiency by these special wettability surfaces. The growth dynamics of water droplets on the 

substrate surfaces are monitored by a micro-camera. 
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Figure 2. 4 Schematic showing the design of the upper side cross section of the silicon wafer. The upper 
side cross section of the silicon wafer was intentionally cut so that water droplets condensed on the 

cross section would fall off toward the back side. This design ensures that water collection on the front 
side would not be affected by the upper side cross section. 

 

Figure 2.5 shows the images of water droplets growing on the different surfaces at the end of 

the first 100, 200, 300, 400 and 500 s. To facilitate discussion, the term ‘edge’ thereafter refers 

to the linear edges of the front surface of modified silicon substrates. Some direct and major 

observations are as follows. (1) The droplets on the upper edges are always larger than those in 

the non-edge and central surface regions, regardless of surface wettability, which is a good 

proof of the edge effect on water condensation. (2) The droplets grow larger with time 

regardless of the locations on the surfaces (edge vs. non-edge areas), the wettability 

(hydrophilic vs. hydrophobic), and CAH of the surfaces.  (3) The droplet size on the hydrophilic 

surface is always bigger than those on the hydrophobic surfaces (i.e., PDMS and ODTS modified 

surfaces) at any time point. (4) For all of the surfaces, condensation follows dropwise 

condensation, indicated by well-separated individual droplets on the surfaces at any time (100 

to 500 s). 
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Figure 2. 5 Images showing the growth of droplets on the edges and non-edge areas of the PDMS, ODTS 
modified hydrophobic surfaces, along with the hydrophilic surface at the end of first 100, 200, 300, 400, 

and 500s. 

 

In order to quantitatively describe the evolution of condensation on the substrates, the growth 

dynamics on the edges and in the non-edge areas are carefully examined. Figures 2.6 a and 2.6 

b present the observed droplet sizes as a function of time on both the edges and non-edge 

areas respectively, based on which the following three major observations are made. (1) It is 

clear that the droplet growth on all surfaces follows a linear relationship with time, which is in a 

good agreement with theoretical prediction and implies that the observation period (100 to 500 

s) is within droplet coalescence stage 22, 24. The linearly fitted growth rates are presented in 

Table 1. (2) It is also clear that the droplets grow much faster in size on the hydrophilic than on 

the PDMS and ODTS modified hydrophobic surfaces on both edge and non-edge areas while 
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they grow similarly in size on the two hydrophobic surfaces, suggesting that hydrophilicity 

facilitates individual droplet growth. (3) More interestingly, the droplet growth rates on the 

edges for PDMS, ODTS and hydrophilic are approximately 2.7, 2.7 and 2.5 times faster than 

those on the non-edge areas of the same surfaces, which is a direct and very significant proof of 

the effect of edge on significantly facilitated water condensation and also indirectly points to 

the reliability and stability of our measurement system.  

The water droplet surface coverage ratio (including edge and non-edge areas), which was 

defined previously, on the surfaces is then obtained based on the images from the recorded 

droplet growth dynamics following the literature method 22, 24 and is presented as a function of 

time in Figure 2.6 c.  

The water coverage ratios remain relatively constant after a period of time (i.e., 200 s and 

beyond) and are ~58%, 50% and 50% for the hydrophilic, the PDMS and POTS-modified surfaces, 

respectively, indicating that water droplets cover larger area on a hydrophilic surface than on 

hydrophobic ones and that the water cover ratio is irrelevant to CAH.  

As droplets continuously grow in size, there would be a droplet sliding process at one point. As 

the droplets on the edges grow much faster than those in the non-edge areas, the droplets 

always slide down from the edge to the bottom. The average sliding time for the hydrophilic, 

the PDMS and ODTS modified surfaces is determined to be 2291s, 1507s and 3314s, 

respectively (Figure 2.6 d).  
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Figure 2. 6 The observed droplet size as a function of time on (a) the edges and (b) the non-edge areas 
of the three surfaces; (c) water droplet surface coverage ratios; (d) measured average sliding time for 
the three surfaces.  (Note: Measurement of non-edge droplets started from 200s because non-edge 

droplets in 100s are too small). 
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process mathematically. Even though droplets condensing on the substrate are never uniform 

in size in reality, an assumed average size predicted from the droplet growth rate can still be 

used with reasonable accuracy in estimation when the variation in droplet size is not very wide, 

which is the case in this work . Since the average droplet size could be predicted based on 

droplet growth rate, and droplet density (N, number of droplets per unit surface area) could be 

calculated by droplet surface coverage and droplet size, the total volume or mass of water 

condensed per unit surface area may thus be predicted based on the droplet growth rate and 

droplet surface coverage, both of which are known to us by now (Figure 2.6a, 2.6b, and 2.6c).  

In more details, given the difference in surface wettability and thus in the geometry of the 

droplets on the surface, the hydrophobic and hydrophilic surfaces are treated differently. 

Assuming that a single water droplet is a partial sphere, the droplet sizes observed by the 

camera images for the hydrophobic surfaces are indeed the real droplet diameter (Ro of the left 

droplet in Figure 2.7 a) while the observed droplet sizes by the camera images for the 

hydrophilic surface are actually the width of the droplets (Ro of the right droplet in Figure 2.7 a). 

Moreover, since the droplets are continuously growing in size during the condensation, 

advancing contact angle(θA), along with the average droplet size (R0), is then used to calculate 

the volume of a single droplet (𝜌𝜌𝑠𝑠𝑐𝑐𝑏𝑏𝑠𝑠𝑠𝑠𝑤𝑤)  (Figure 2.7 a). With 𝜌𝜌𝑠𝑠𝑐𝑐𝑏𝑏𝑠𝑠𝑠𝑠𝑤𝑤known, droplet density (N) 

could be calculated as the droplet surface coverage (Figure 2.6 c) divided by the average 

droplet size (R0). At last, the total water volume per unit substrate surface area (𝜌𝜌�) is calculated 

by Equation 2.2: 

𝜌𝜌� = 𝜌𝜌𝑠𝑠𝑐𝑐𝑏𝑏𝑠𝑠𝑠𝑠𝑤𝑤 × N    (2.2).  
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The volume of a single water droplet can be calculated as: 

 

 

 

 

 

 

 

 

 

Droplet density can be calculated as: 

 

Where ε2 is droplets surface coverage 
 

The total volume of condensed water per unit is can be calculated as: 

𝜌𝜌� = 𝜌𝜌𝑠𝑠𝑐𝑐𝑏𝑏𝑠𝑠𝑠𝑠𝑤𝑤 × N = 𝑅𝑅𝑜𝑜×𝜀𝜀2×(1−cos𝜃𝜃𝐴𝐴) 
2

×(2+cos𝜃𝜃𝐴𝐴)
3

     (2.8) 

                     or= 𝑅𝑅𝑜𝑜×𝜀𝜀2×(1−cos𝜃𝜃𝐴𝐴) 
2

×(2+cos𝜃𝜃𝐴𝐴)
3sin𝜃𝜃𝐴𝐴3

          (2.9) 

𝑁𝑁 = 𝜀𝜀2

𝜋𝜋×𝑅𝑅𝑜𝑜2
            (2.7) 

𝜌𝜌𝑠𝑠𝑐𝑐𝑏𝑏𝑠𝑠𝑠𝑠𝑤𝑤 = 𝜋𝜋ℎ2 × �𝑅𝑅𝑏𝑏 −
ℎ
3
�                                      (2.3) 

 
ℎ = 𝑅𝑅𝑏𝑏（1 − cos𝜃𝜃𝐴𝐴）                                           (2.4) 

 
For hydrophobic surface 

𝜌𝜌ℎ𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑎𝑎ℎ𝑏𝑏𝑏𝑏𝑐𝑐𝑐𝑐 = 𝜋𝜋𝑅𝑅𝑜𝑜
3(1−cos𝜃𝜃𝐴𝐴) 

2
×(2+cos𝜃𝜃𝐴𝐴)

3
           (2.5) 

 
For hydrophilic surface 

𝜌𝜌ℎ𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑎𝑎ℎ𝑐𝑐𝑠𝑠𝑐𝑐𝑐𝑐 = 𝜋𝜋𝑅𝑅𝑜𝑜3×(1−cos𝜃𝜃𝐴𝐴) 
2

×(2+cos𝜃𝜃𝐴𝐴) 
3sin𝜃𝜃𝐴𝐴3

         (2.6) 
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When surface coverage is stable, 

𝑑𝑑𝜌𝜌�
𝑑𝑑𝜕𝜕

= 𝐶𝐶𝑐𝑐𝑙𝑙𝑐𝑐𝜕𝜕𝐶𝐶𝑙𝑙𝜕𝜕 ×
𝑑𝑑𝑅𝑅𝑏𝑏
𝑑𝑑𝜕𝜕

    (2.10) 

where constant=𝜀𝜀2 × (1 − cos 𝜃𝜃𝐴𝐴 )2 × (2 + cos𝜃𝜃𝐴𝐴 )/3 for hydrophobic surface  

or constant=𝜀𝜀
2×(1−cos𝜃𝜃𝐴𝐴) 

2
×(2+cos𝜃𝜃𝐴𝐴)

3 sin𝜃𝜃𝐴𝐴3
 for the hydrophilic surface. 

If we apply the measured parameters including ε2,𝜃𝜃𝐴𝐴, and growth rate in the non-edge and edge 

areas, we can have: 

𝑏𝑏𝑉𝑉𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃����������

𝑏𝑏𝑤𝑤
= 0.14 , 𝑏𝑏𝑉𝑉𝑂𝑂𝑃𝑃𝑂𝑂𝑃𝑃

���������

𝑏𝑏𝑤𝑤
= 0.14 , 

𝑏𝑏𝑉𝑉𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝑜𝑜𝐻𝐻ℎ𝚤𝚤𝚤𝚤𝚤𝚤𝚤𝚤������������������

𝑏𝑏𝑤𝑤
= 0.15  

Similarly, the growth rate of droplets on the edges of PDMS, ODTS and Hydrophilic was around 

2.7, 2.7 and 2.5 times of those on the non-edge area.  

Summary of volume growth rate on edge and non-edge can be found in Table 2.2. 

Table 2. 2 The volume growth rate on edge and non-edge 

𝒅𝒅𝑽𝑽�
𝒅𝒅𝒅𝒅

 
Edge Non-edge 

PDMS 0.38 0.14 

ODTS 0.38 0.14 

Hydrophilic 0.38 0.15 

 

Interestingly, the calculated growth rate of condensed water volume (𝑏𝑏𝑉𝑉
�

𝑏𝑏𝑤𝑤
) per unit area both the 

edges and non-edge areas shows relatively independence on the surface wettability and CAH of 
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these surfaces. However, 𝑏𝑏𝑉𝑉
�

𝑏𝑏𝑤𝑤
 for the edges of PDMS, ODTS modified surfaces and the hydrophilic 

surface is constantly 2.7, 2.7 and 2.5 times that for the non-edge areas of the same surfaces, 

consistent with the water droplet growth rates as previously reported (Figure 2.6a and 2.6b). 

This discovery implies that water collection rate might be the same for surfaces with different 

contact angles and thus wettability.  

 

Figure 2. 7 (a) Schematic showing a single water droplet condensing on the hydrophobic (left) and 
hydrophilic (right) substrates. (b) Schematic showing sliding of a water droplet on a vertically place 

substrate surface. 

 

As presented previously, hysteresis affects droplet-sliding time on these surfaces. The critical 

size (D) of a droplet, beyond which the droplet moves on a vertically placed surface under an 

influence by gravity (as shown in Figure 2.7 b), is theoretically determined by Equation 2.11： 

 

D = 2 × �6𝛾𝛾𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝐻𝐻×sin𝜃𝜃𝐴𝐴×(cos𝜃𝜃𝑅𝑅−cos𝜃𝜃𝐴𝐴)
𝜋𝜋×𝜌𝜌×𝑠𝑠×(1−cos𝜃𝜃𝐴𝐴)2×(2+cos𝜃𝜃𝐴𝐴)

      (2.11) 

Where ρ is the density of droplet and g is gravity constant.  
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The predicted critical droplet sizes, determined from the camera images, are 3.17mm, 1.34 mm 

and 2.34mm for the hydrophilic, the PDMS and OTDS modified hydrophobic surfaces, 

respectively (Table 2.1), indicating that smaller CAH allows for smaller water droplets to move 

on the surface. As the water droplets grow faster and bigger on the edges than on the non-edge 

areas and the critical droplet size for sliding (D) is uniformly the same across the entire surface 

irrespective of edge and non-edge areas, it is thus always the droplets grown on the edge area 

that slide down first from the top edge of the substrate surface and sweep away the droplets 

present in their paths of downward movement on the surface. Based on this, the sliding time, 

the time point when the droplets initiate their movement, of the droplets at the edge area is 

then calculated to be 2260, 1540 and 2840s for the hydrophilic, PDMS and ODTS modified 

surfaces, respectively. The calculated sliding time matches well with the measured ones for all 

three surfaces, which again indirectly confirms the reliability and stability of our condensation 

system. The results seem to suggest that the droplets grow only by the rate measured at the 

first 500s and the high hysteresis does not slow down the droplet growth rate in a later stage. 

In other words, our results conclude that the droplet growth rates are independent of the 

surface CAH in this work.  

Figure 2.8 presents the time course of the measured water mass collected. There is an initial 

period where the rate is not stable while the first sliding cycle is taking place and as time goes 

on, stable rates are achieved on all surfaces. Interestingly and somewhat as expected, after an 

initial stabilization period, water mass collected increases linearly with time with the slopes for 

all three surfaces being statistically the same (the inset in Figure 2.8). Thus, our result indicates 
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that surfaces with different surface wettability and hysteresis tend to have the same water 

mass collection rate, which agrees well with the theoretical calculations in this work. However, 

it is worth pointing out that, for a surface with a lower hysteresis, it allows for a smaller droplet 

to slide down and thus leads to a faster surface turnover and the water mass collected at any 

time point is always greater than that on a surface with a higher hysteresis.  

Heat transfer analysis indicated that the major reason why surface wettability has little effect 

on atmospheric water condensation is the domination of interfacial heat transfer resistance 

during condensation in the presence of non-condensable gases (O2 and N2). In our present 

study, water collection rate at subcooling degree of 17 0C is around 0.057 g/m2/s from Figure 

2.8. The water collection rate can be converted to an overall condensation heat transfer 

coefficient by multiplying water latent heat (2490 J/g at 4 0C). Thus, the overall condensation 

heat transfer coefficient of our present study is around 8.3 W/m2/k. Heat transfer resistance of 

water condensation is mainly interfacial resistance, curvature related resistance, droplet 

conduction resistance and coating-related resistance. According to previous studies of 

condensation heat transfer with pure vapor, the condensation heat transfer coefficient is within 

the range of 10 to 100 kW/m2/k, which is thousands of times larger than our present study 

done in the atmospheric environment. The only major difference between pure vapor 

condensation and our study is the presence of none condensable gases, which dominate the 

overall resistance of condensation heat transfer in the atmospheric environment. The dominant 

role of interfacial thermal resistance makes other thermal resistances negligible. The wettability 

of surface mainly relates to the thermal resistance of curvature, droplet conduction. Thus, the 
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wettability of surfaces has little effect on the water collection rate in the atmospheric 

environment. 
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Figure 2. 8 Condensation water mass collection kinetics of the PDMS, ODTS modified hydrophobic 
surfaces and the hydrophilic one. Note: the box on the figure delineates the initial unstable zone while 

the inset figure shows the kinetics of the stable stages on the three surfaces. 
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In conclusion, surfaces with contrasting CA and CAH were prepared and the condensation 

experiments were conducted on these surfaces. It turned out that water droplets on the edges 

always grew faster than those in the non-edge area. However, both the theoretical calculations 

and experimental observations conducted in this work showed that the total water mass 

collection rate by the different surfaces was comparable, independent of surface wettability 

and hysteresis. During water condensation, a balance has to be struck between single droplet 

growth and droplet density on a surface so to maintain a constant water droplet surface 

coverage ratio, which, we believe, renders the role of both wettability and hysteresis 

insignificant. The results of this work unequivocally point out the importance of increasing 

fraction of edge or pseudo-edge structures which would promote locally favorable 

aerodynamics and rough structures that supports the removal of condensed droplets to 

increase effective condensation area on water condensation surfaces. 
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CHAPTER 3. Tuning Substrate Geometry for Enhancing Water Condensation 
 

3.1 Introduction 

Water condensation is a ubiquitous phenomenon and its applications range from power 

production in power plant71 to thermal desalination with its different forms72, 73,etc. As water 

vapor condenses, latent heat is released along with the mass transfer. Ways of enhancing 

condensation are always highly sought after for the purpose of improving energy efficiency in 

many processes, such as power plants.  

Since the first report that dropwise condensation is more efficient than filmwise condensation, 

numerous approaches have been investigated to promote dropwise condensation42, such as, 

the development of stable hydrophobic coatings74-84, creating slippery surfaces to allow faster 

removal of water droplets58, 85 as well as tuning micro/nanostructures to promote coalescence 

induced jumping of condensed water droplets23, 28-31, 35, 38, 56, 86-88. The basic consideration of 

these studies is to remove water off the condensing surfaces as fast as possible to prevent the 

water droplet from becoming heat barriers due to the low thermal conductivity of water.  

Meanwhile, theoretical models are developed to understand the water condensation process. 

Widely accepted theories describing the condensation process involve classical nucleation 

theory, mass transfer and accommodation of vapor molecules into liquid phase21, 22, 24. In 

general, water condensation can be theoretically modeled as a two-step process consisting of 

transport of vapor from source to the vapor-liquid interface and incorporation of vapor 

molecules into liquid phase following the formation of stable nuclei. The rate of water 

condensation is limited by kinetics of both vapor transport and subsequent incorporation into 
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the liquid phase. From mass transfer point of view, vapor flux is well defined by convective 

mass transfer governing equations. In order to have high vapor transfer rate, such strategies as 

shortening diffusion distance and manipulating velocity field can be reasonable choices. Thus, 

an effective means of improving condensation heat transfer is to simply enhance mass transfer 

rate.  

Interaction between fluid and substrate can influence the fluid velocity field and thus affect 

mass transfer. Previous studies show that condensation occurring on the surfaces with special 

geometries is quite different from that on a flat plate24, 52. However, the role of substrate 

geometry on manipulating mass transfer during condensation is still not well clarified.  In the 

present study, two substrates of different geometry were created to demonstrate the role of 

substrate geometry in manipulating mass transfer rate and water condensation rate. 

Condensation in the atmospheric environment was conducted on the substrates and a linear 

relationship of average vapor flux and condensation rate is revealed. It is suggested that high 

condensation rate can be predicted by prediction of higher average vapor flux over the whole 

condensation surface with the aid of computational fluid dynamic (CFD) tools.  

3.2 Materials and Methods   

3.2.1 Materials 

Aluminum substrates with various geometry are fabricated with a laser cutting machine with a 

constant area of 3.14 cm2. 1H, 1H, 2H, 2H-perfluorooctyltriethoxysilane is purchased from 

Sigma Aldrich. 
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3.2.2 Preparation of surfaces with different wettability 

The superhydrophilic surface on the aluminum substrates is prepared by treating the substrates 

with oxygen plasma for 5 min. The hydrophobic surface is prepared by chemical vapor 

deposition. In general, the oxygen plasma treated substrates are put in a sealed box containing 

1H, 1H, 2H, 2H-perfluorooctyltriethoxysilane at 120 0C for 2 h. 

3.2.3 Condensation in the atmospheric environment 

Observation of droplet growth dynamics in the atmospheric environment is conducted by 

attaching the substrates on the specifically designed cooling stage (Figure 3.1) with silver 

conductive glue. The cooling stage allows the substrates to have even temperature distribution 

on the surface. The cooling stage temperature is maintained constant by chilled water (13.20C). 

Vapor of 230C and 65% humidity (corresponding to 16.1 0C saturated vapor is applied towards 

the substrates perpendicularly. The ambient environment temperature and humidity are 22.5 

0C and 58% (corresponding to 13.8 0C saturated vapor), respectively. At each time point, the 

substrate is removed from exposure to vapor. Observation under a microscope is done as fast 

as possible to eliminate the bias from condensation in the ambient environment. 

 

Figure 3. 1 Scheme showing how the substrate is attached to the cooling stage. 
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In the condensed water collection experiment, the substrates are attached to the cooling stage 

as shown in Figure 3.2 to make sure that only condensed water on the front surface of 

substrates. 

 

Figure 3. 2. Scheme showing how the substrate is attached to the cooling stage. 

 

3.3 Results and Discussion 

In order to clarify the role of substrate geometry, we create two different substrates of the 

same area as shown in Figure 3.3a (denoted as square) and 3.3f (denoted as strip). We created 

geometrical discontinuity within the strip substrate. The width of discontinuity (denoted as gap) 

within the strip substrate is 1 mm. Then both substrates were modified to be hydrophobic by 

the same chemical. Water condensation in an atmospheric environment was conducted to 

observe droplet growth in different regions on the substrates. Water vapor is directed to the 

substrate perpendicularly at a velocity of approximately 0.17 m/s. Figure 3.3b and 3.3c show 

droplet growth on the edge (region 1) and in the middle (region 2) of the square substrate 

respectively. It is clear that droplets on the edge of the square substrate grow much faster than 

those in the middle. Growth of droplets on region 3-6 of strip surface is shown in Figure 3.3d, 
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3.3e, 3.3g and 3.3 h respectively. Similarly, the growth rate in different regions of the strip is 

dramatically different. As previous studies indicated that the radius of droplets is linearly 

increased with time67. Our result of droplet growth in six regions from the square and strip 

substrate in Figure 3.3i shows the linear relationship between the average radius (R) and time. 

The slopes are the growth rates of the individual droplet on average. From Figure 3.3i, the 

average individual growth rates for region 1-6 are 0.0534, 0.0193, 0.088, 0.035, 0.069 and 

0.0208 µm/s. 

The total water volume per unit substrate surface area (𝜌𝜌�) is calculated by: 

𝜌𝜌� = 𝜌𝜌𝑠𝑠𝑐𝑐𝑏𝑏𝑠𝑠𝑠𝑠𝑤𝑤 × N   (3.1)      

Where Vsingle is the volume of a single droplet, and N is the droplet density. 

𝜌𝜌𝑠𝑠𝑐𝑐𝑏𝑏𝑠𝑠𝑠𝑠𝑤𝑤 =
𝜋𝜋𝑅𝑅3(1 − cos 𝜃𝜃𝐴𝐴) 2 × (2 + cos 𝜃𝜃𝐴𝐴)

3
    (3.2) 

     

𝑁𝑁 =
𝜀𝜀2

𝜋𝜋 × 𝑅𝑅2
   (3.3) 

Where θA is the advancing contact angle of the condensing surface, and ε2 is the droplet surface 

coverage. 

Thus 

𝜌𝜌� = 𝜌𝜌𝑠𝑠𝑐𝑐𝑏𝑏𝑠𝑠𝑠𝑠𝑤𝑤 × N =
𝑅𝑅 × 𝜀𝜀2 × (1 − cos 𝜃𝜃𝐴𝐴 ) 2 × (2 + cos 𝜃𝜃𝐴𝐴 )

3
   (3.4) 

𝑑𝑑𝜌𝜌�
𝑑𝑑𝜕𝜕

= 𝐶𝐶𝑐𝑐𝑙𝑙𝑐𝑐𝜕𝜕𝐶𝐶𝑙𝑙𝜕𝜕 ×
𝑑𝑑𝑅𝑅
𝑑𝑑𝜕𝜕

    (3.5) 

where constant=𝜀𝜀2 × (1 − cos 𝜃𝜃𝐴𝐴 )2 × (2 + cos𝜃𝜃𝐴𝐴 )/3.  
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The surfaces of the two substrates (square and strip) are modified with the same chemistry, and 

they possess the same surface roughness since the substrate materials are exactly the same. 

Thus, the advancing contact angle (θA) and surface coverage (ε2) are identical for square and 

strip substrate89. Therefore, the condensation rate per unit area (ρ 𝑏𝑏𝑉𝑉
�

𝑏𝑏𝑤𝑤
 or heat flux) is just 

proportional to the growth rate of droplet radius. The slopes shown in Figure 3.3i are identical 

to condensation heat flux on respective regions. These results indicate that condensation rates 

on different regions are dramatically different. 

 

Figure 3. 3 (a), photo image of square substrate; time-lapsed microscopic images of condensation 
droplets on (b), region 1 of square substrate and (c), region 2 of square substrate;  time-lapsed 

microscopic images of condensation droplets on (d), region 3, (e) region 4, (g) region 5 and (h) region 6 
of strip substrate; (f), photo image of strip substrate; (i), growth rate of droplet size on region 1-6. 
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As water condensation is a mass transfer problem intrinsically, the governing equation can be 

written as: 

−𝐷𝐷∆𝑐𝑐 + 𝒖𝒖 ∙ ∇𝑐𝑐 = 0   (3.6) 

Where D is the mass transfer coefficient, c is the species concentration, and u is the velocity 

field. Here, reaction term is neglected and fluid is assumed to be incompressible at low Mac 

number. From the governing equation, it is inferred that the mass transfer problem is closely 

related to the local velocity field.  

Comsol Multiphysics is used to study the effect of substrate geometry on the concentration 

distribution and flux around the substrate. In general, the condensing surface is modeled as a 

liquid film with saturated vapor concentration at the liquid-gas interface. Lamellae flow model 

and dilute chemical species transport model are coupled to calculate velocity and concentration 

distribution. The substrate is faced with a stream of vapor of concentration of 0.76 mol/m3 

perpendicularly with a velocity of 0.17 m/s (corresponding to saturated vapor concentration at 

around 16 0C). The substrate is set to be around 13 0C correspondingly. Vapor flux on the 

square substrate and strip is shown in Figure 3.4a and 3.4b, respectively. From the two images, 

it is clear that vapor flux far away from the substrate is due to zero concentration distribution 

difference while vapor flux is maximized at the edges of the square substrate or at the locations 

where geometrical discontinuity appears on the strip substrate. The exact vapor flux on the 

substrate is plotted against the location of the substrates in Figure 3.4c (square) and Figure 3.4d 

(strip).  In Figure 3.4c, vapor flux at the edges of the square substrate is around 0.0051 

mol/m2/s while vapor flux in the middle of the square substrate is around 0.00235 mol/m2/s. 
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Vapor flux on the strip substrate is shown in Figure 3.4d. Vapor flux at different locations shows 

dramatic differences on the strip substrate. The fluxes in region 3-6 marked in Figure 3.3f are 

0.0100, 0.0045, 0.0075 and 0.0025 mol/m2/s.  

 

 

Figure 3. 4 (a), simulated vapor flux on square surface; (b), simulated vapor flux on strip surface; (c), 
local vapor flux distribution on square surface; (d), local vapor flux distribution on strip surface. 

 

The plot of condensation rate on different regions on square and strip substrates against 

predicted vapor flux is shown in Figure 3.5. A linear relationship is observed. This result 

corresponds well to the theory mentioned earlier. As sketched in the inserted image in Figure 

3.5, the droplets growth rate is mainly limited by the kinetics of vapor diffusion and 

accommodation of vapor molecules into the liquid phase. Under the same condition, the 
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accommodation rate is assumed to be constant. Thus, vapor diffusion kinetics is critical for 

enhancing water condensation rate.  

From the above experimental and simulation results, a simple conclusion that higher flux 

ensures higher condensation rate is reached. The average vapor flux over the overall substrate 

surface can be calculated as: 

𝐴𝐴𝐴𝐴 =
∫𝑓𝑓𝑑𝑑𝐴𝐴
𝐴𝐴

   (3.7) 

Where AF is the average flux over the whole substrate surface, f is the local vapor flux at a 

specific location, A is the area of the substrate surface. The average flux over substrates is 

exactly the volume integration of Figure 3.4c and 3.4d divided by substrate area. Thus, the 

average flux over the square substrate is 0.00273 mol/m2/s while the average flux over the strip 

substrate is 0.00407 mol/m2/s calculated from Figure 3.4c and 3.4d. This result indicates that 

the condensation rate should be much larger on the strip substrate than the square substrate 

(around 50% higher). We also demonstrate that the number (50%) is an intrinsic property of 

strip surface regardless of vapor temperature and substrate temperature due to the linear 

relationship between average flux and concentration difference (Figure 3.6).  
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Figure 3. 5 A linear relationship between the condensation rate and vapor flux. 
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Figure 3. 6 a linear relationship between vapor concentration difference and average flux over the 
substrate. 

 

In order to confirm our above analysis, we performed a steady and longtime condensed water 

collection experiment to get the condensation rate. The substrates are attached to a cooling 

stage which is cooled by chilled water of about 13 0C. The hot saturated vapor of about 40 0C is 
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applied towards the substrate perpendicularly. The substrate is modified to be either 

superhydrophilic or hydrophobic. Figure 3.7a shows the condensed water collection result of 

the superhydrophilic square and strip surface. The condensation rates for square and strip 

surface are 0.00095 and 0.00128 kg/m2/s, respectively. Condensation rate on the strip surface 

is around 35% higher than that on the square surface. Similarly, condensation rates on the 

hydrophobic square and strip surfaces are 0.00094 and 0.00134 kg/m2/s, respectively (Figure 

3.7b). Condensation rate on the strip surface is around 43% higher than that on the square 

surface.  The average flux over the strip surface is around 50% higher than the square surface. 

Thus, the expected condensation rate on the strip surface should also be around 50% higher 

than the square. The difference between the measured condensation rate on the strip surface 

and the square surface is not 50% as expected, which is actually lower than 50%. The major 

reason is that the way we attached the substrate on the cooling when conducting water 

collection experiment results in the uneven temperature distribution on the strip surface due to 

limited thermal conduction (Figure 3.8). This reminds us of the importance of thermal 

conduction influence as a result of the geometrical change, which needs to be further studied. 

Comparison between substrates of the same geometry but different wettability indicates that 

wettability plays a negligible role in affecting condensation rate in a normal atmospheric 

environment. The condensation rate can be converted to heat flux by the following equation: 

𝑄𝑄 = ℎ𝐿𝐿�̇�𝑚        (3.8) 

Where hL is the latent heat of liquid-vapor phase change (2470kJ/kg), and �̇�𝑚  is the 

condensation rate. Thus, the overall heat transfer coefficients for square and strip surface at 
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present condition are around 120 and 85 W/m2/K, respectively, which are far smaller than heat 

transfer coefficient in pure vapor condition (at the order of 10 KW/m2/K87). Here, non-

condensable gases such as N2 and O2 play dominant roles90. Interfacial thermal resistance due 

to the presence of non-condensable gases makes other thermal resistance such as water 

conductance negligible. This is the reason why wettability has no impact on the final 

condensation rate in the present study.   

 

 

Figure 3. 7 (a), condensation water collection rate on the superhydrophilic square and strip surface; (b), 
condensation water collection rate on the hydrophobic square and strip surface. 
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Figure 3. 8 (a), infrared image of strip surface during condensation; (b), infrared image of the square 
surface during condensation. 

 

Our results successfully demonstrate that we can use computational fluid dynamic tools 

coupled with mass transport and heat transfer theory to well predict average vapor flux over a 

specific substrate, thus designing substrate geometry to enhance condensation rate under 

atmospheric condition. To further understanding the design principles, we discuss the effect of 

substrate geometry and gap size on the vapor flux. Figure 3.9 and Figure 3.11a show the effect 

of substrate dimension on average flux. The smaller substrate has higher average flux. However, 

the average flux will not be further affected when the substrate dimension continues to 

increase. As we discussed earlier, the creation of discontinuity (gap) within the substrate leads 

to higher average flux. The size of the gap should have impacts on flux.  Figure 3.10 and Figure 

3.11b show the effect of the gap dimension on average flux. When the gap size decreases, the 

average flux decreases until the gap size becomes zero. When the gap size increases, the 

average flux will reach a plateau. All these discussions are only based on individual substrates. 

The assembly of all condensation surfaces will have impacts on fluid velocity field and vapor 

flux. 
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Figure 3. 9 Vapor flux on substrates of different dimensions. 

 

 

Figure 3. 10 Vapor flux on two rectangle substrates separated by gaps of different sizes. 
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Figure 3. 11 (a), effect of substrate dimension on average flux; (b) gap size effect on average flux. 

 

In conclusion, square and strip surfaces are created. Condensation experiment and simulation 

results on the substrates show a linear relationship between condensation rate and vapor flux. 

Condensation water collection results show that condensation rate on the strip substrate is 

around 40% higher than that on the square surface. We argue that substrate geometry design 

for enhancing condensation rate can be simply accomplished with the aid of CFD tools coupled 

with mass and heat transfer theories. 
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CHAPTER 4. PREFERENTIAL WATER CONDENSATION ON SUPERHYDROPHOBIC 
NANO-CONES ARRAY 

4.1 Introduction 

Water condensation is a ubiquitous phenomenon occurring both in nature and engineered 

industrial processes with wide application ranging from heat transfer91, thermal desalination92-

94 to dew harvesting44, 89, 95. Dropwise condensation has been well recognized to be more 

efficient in terms of heat transfer than filmwise condensation42 and thus is preferred in such 

processes as condensation in power plant and water collection in membrane distillation. 

Recently, condensed droplets jumping on superhydrophobic surfaces has been a hot research 

topic during last decade 26, 31. Condensed water droplet jumping on the superhydrophobic 

surface is an interesting phenomenon in which neighboring (two or multiple) condensed water 

droplets coalesce and jump off the surface due to the release of surface energy upon 

coalescence and low adhesion from the surface. Due to the small size of the jumping water 

droplets, enhanced condensation induced by droplet jumping has been reported at low sub-

cooling degrees 28, 29, 38, 56, 87, 88, 96-99. In addition to enhancing condensation heat transfer, 

droplet jumping phenomenon has also been reported to enhance the performance of 

antifogging100, self-cleaning101, electrostatic energy harvesting102, 103, thermal management of 

electronic device104, 105 and anti-icing/frosting surfaces106-110.  

It is critical to understand condensation behavior on superhydrophobic surfaces for optimizing 

the surface design in different applications.  Although condensation on some well-patterned 

surfaces has been investigated by environmental scanning electron spectroscopy (E-SEM) 41, 65 
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and simulation studies111, fundamental insight into condensation behavior on various existing 

superhydrophobic surfaces promoting condensation droplets jumping is still under-explored 23, 

30, 112, 113.  

As a phase change process, water condensation starts from nucleation 

according to the classical nucleation theory, followed by individual droplet 

growth and coalescence. Water condensation spontaneously occurs when 

the change of Gibbs free energy (∆Gtotal) is negative. ∆Gtotal can be expressed 

as:  

 ∆ total = −𝜌𝜌𝜌𝜌∆e + ∆ 𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑎𝑎𝑏𝑏𝑏𝑏     (4.1) 

Where ρ is the density of water; V is the volume of liquid water; ∆e is the 

Gibbs free energy change from vapor to liquid per unit mass. For ideal gas, 

∆e can be expressed as: 

 ∆𝑒𝑒 =
𝑘𝑘𝐵𝐵𝑁𝑁𝐴𝐴𝑇𝑇𝑙𝑙𝑙𝑙 �

𝑃𝑃∞
𝑃𝑃𝑆𝑆
�

𝑀𝑀
       (4.2) 

Where kB is Boltzmann constant; NA is Avogadro's constant; T is the surface temperature; P∞ is 

surrounding vapor pressure; PS is saturation vapor pressure at T; M is molar mass weight. 

∆Gboundary is the boundary Gibbs free energy change including liquid-vapor and liquid-solid 

interface. For homogeneous condensation, ∆Gboundary only includes liquid-vapor interfacial 

surface free energy while it includes liquid-vapor and liquid-solid boundary in heterogeneous 

condensation.  
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Energy barrier needs to be overcome in order to form stable nuclei when a 

critical nuclei size (r*) is reached114, which can be expressed as: 

𝑟𝑟∗ =
2𝛾𝛾𝑠𝑠𝑠𝑠
∆𝑒𝑒

  (4.3)    

Where γlg is water surface tension. r* is usually around 10 nanometers under low 

supersaturation (P∞/ PS). 

As shown in Figure 4.1, hydrophobic structure with small dimension (characteristic length R) 

comparable to critical nuclei size (r*) should have an impact on ∆Gtotal as nucleation on 

extremely small objects resembles homogeneous condensation20. Here, the normalized energy 

barrier is defined as the ratio of Gibbs free energy change of heterogeneous to that of 

homogeneous condensation when critical nuclei are reached. The normalized energy barrier as 

a function of the ratio of structural dimension to critical nuclei size (R/r*) at different contact 

angles, which can be expressed as: 

 
∆𝐺𝐺ℎ𝑤𝑤𝑤𝑤𝑤𝑤𝑏𝑏𝑏𝑏𝑠𝑠𝑤𝑤𝑏𝑏𝑤𝑤𝑏𝑏𝑏𝑏𝑠𝑠∗

∆𝐺𝐺ℎ𝑏𝑏𝑚𝑚𝑏𝑏𝑠𝑠𝑤𝑤𝑏𝑏𝑤𝑤𝑏𝑏𝑏𝑏𝑠𝑠∗

=
1
2

+
1
2
�

1 − 𝑅𝑅/𝑟𝑟∗𝑐𝑐𝑐𝑐𝑐𝑐𝜃𝜃𝐴𝐴
𝑔𝑔

�
3

+
1
2
�
𝑅𝑅
𝑟𝑟∗
�
3

�2 − 3�
𝑅𝑅
𝑟𝑟∗ − 𝑐𝑐𝑐𝑐𝑐𝑐𝜃𝜃𝐴𝐴

𝑔𝑔
� + �

𝑅𝑅
𝑟𝑟∗ − 𝑐𝑐𝑐𝑐𝑐𝑐𝜃𝜃𝐴𝐴

𝑔𝑔
�

3

�

+
3
2
𝑐𝑐𝑐𝑐𝑐𝑐𝜃𝜃𝐴𝐴 �

𝑅𝑅
𝑟𝑟∗
�
2

�
𝑅𝑅
𝑟𝑟∗ − 𝑐𝑐𝑐𝑐𝑐𝑐𝜃𝜃𝐴𝐴

𝑔𝑔
− 1�          (4.4) 
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     𝑔𝑔 = �1 + (𝑅𝑅
𝑏𝑏∗

)2 − 2𝑐𝑐𝑐𝑐𝑐𝑐𝜃𝜃𝐴𝐴
𝑅𝑅
𝑏𝑏∗

     (4.5) 

 

Where θA is the advancing contact angle. 

 

Figure 4. 1 Nucleation on a substrate with a dimension of R. The substrate is simplified as a sphere with 
a radius of R. 

Moreover, nucleation is also affected by the wedge-like structure between 

two nanostructures (Figure 4.2)23, 115. The normalized energy barrier of 

nucleation in a wedge-like structure is expressed as: 

 
∆𝐺𝐺ℎ𝑤𝑤𝑤𝑤𝑤𝑤𝑏𝑏𝑏𝑏𝑠𝑠𝑤𝑤𝑏𝑏𝑤𝑤𝑏𝑏𝑏𝑏𝑠𝑠∗

∆𝐺𝐺ℎ𝑏𝑏𝑚𝑚𝑏𝑏𝑠𝑠𝑤𝑤𝑏𝑏𝑤𝑤𝑏𝑏𝑏𝑏𝑠𝑠∗

=
1

4𝜋𝜋
[𝑐𝑐𝑐𝑐𝑐𝑐𝜃𝜃𝐴𝐴𝑐𝑐𝑠𝑠𝑙𝑙𝜃𝜃𝐴𝐴2𝑐𝑐𝑠𝑠𝑙𝑙𝜀𝜀 − 𝑐𝑐𝑐𝑐𝑐𝑐𝜃𝜃𝐴𝐴�3 − 𝑐𝑐𝑐𝑐𝑐𝑐𝜃𝜃𝐴𝐴2�𝜀𝜀

+ 4 𝑐𝑐𝑠𝑠𝑙𝑙−1(𝑐𝑐𝑠𝑠𝑙𝑙
𝜀𝜀
2
𝑐𝑐𝑠𝑠𝑙𝑙

𝜒𝜒
2

)]       (4.6) 



75 
 
 

𝑐𝑐𝑐𝑐𝑐𝑐
𝜀𝜀
2

= 𝑐𝑐𝑐𝑐𝜕𝜕𝜃𝜃𝐴𝐴𝑐𝑐𝑐𝑐𝜕𝜕
𝜒𝜒
2

     (4.7) 

Where θA is the advancing contact angle; χ is the angle of the wedge.  

From Figure 4.3 (a), it can be inferred that nucleation is easy to occur on hydrophilic substrates 

and that nucleation is difficult to occur on hydrophobic structure with size dimension 

comparable to critical nuclei size (i.e., R/r* close to 1, inserted images Figure 4.3(a) 

representing homogeneous condensation when R=0 and heterogeneous condensation when 

the size is comparable to r*). Thus, it can be deduced that nucleation can occur on a substrate 

with a larger dimension under low supersaturation condition more easily, which is similar to the 

easier occurrence of nucleation on hydrophilic sites 50.  

 

Figure 4. 2 Nucleation on wedge-like structures with angle χ 

Figure 4.3 (b) shows the normalized Gibbs free energy barrier for nucleation to occur on 

wedges of different angle (600,900 and 1800, see inserted images in Figure 4.3(b)). It shows that 

heterogeneous condensation should be usually more easily observed than homogeneous one, 

especially in cavities-like structures. For example, the nucleation energy barrier within a 600 

wedge is much lower than that on a flat surface (a 1800 wedge).  

In addition, as sketched in Figure 4.3(c), water vapor can penetrate through larger cavities 

among nanostructures more easily than small cavities. Simulation and experimental works 
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showed that nanostructure assembly has an impact on vapor diffusion, which further impacts 

water condensation88, 111.  For example, it was shown that condensation tended to occur on top 

of nanostructures with high length to inter-distance ratio111. 

 

Figure 4. 3. (a) Relationship between normalized nucleation energy barrier and the ratio of substrate 
dimension to critical nuclei size; (b) relationship between normalized nucleation energy barrier and 

nano-substrate geometrical angle at different contact angles; (c) sketch showing the limited diffusion of 
vapor into confined nano-structures. Note: the insets in Fig. 1(a) represent homogeneous condensation 

when R=0 and heterogeneous condensation when the size is comparable to r*.  

 

4.2 Material and Method 

4.2.1 Preparation of superhydrophobic nano-cones array 

The method for preparing nano-cones array involves crystal growth from chemical bath 

deposition (CBD). Solutions for the CBD process were prepared by dissolving CoCl2 (0.15 mol/L) 

and urea (5 g) in water resulting in a 25 mL solution. Various substrates including glass, copper 

and plastic were used as substrates for deposition. The substrates were put into bottles filled 

with the solutions, sealed, and kept at 60 °C for 16h in a drying oven. 
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Perfluorooctyltriethoxysilane was coated on the nano-cones array by chemical vapor deposition 

in the oven at 120 °C for 2h. 

4.2.2 Characterization of nano-cones array   

SEM images of the nano-cones array were taken with Zeiss Merlin at 5kv with 3nm iridium 

coating. Working distance is adjusted to 5mm. TEM images were taken with Tecnai Twin at 

30kv.  

Energy disperse x-ray spectroscopy (mapping mode) was done with Zeiss Merlin at 15kv.  

XRD was done with Bruker d8 advance. The contact angle was measured with a commercial 

contact angle system (OCA 35, DataPhysics, Filderstadt, Germany) at ambient temperature 

using a 4 μL water droplet as a probe. Advancing and receding contact angle measurements 

were conducted by adding and withdrawing the probe water with a speed of 0.5 μL s−1, 

respectively.  

4.2.3 E-SEM experiment 

E-SEM was conducted with Quanta 600. The substrate was attached to a titled or horizontal 

stub with conductive carbon tape. The stub was placed on a Peltier cooling system whose 

temperature is set at -2 ºC and the chamber pressure was maintained at around 600 Pa. The 

electron gun voltage was fixed at 15 kv and the working distance was adjusted between 5-6 

mm.  

4.2.4 Condensation in the ambient environment   

Condensation in the ambient environment was done by attaching our as-prepared surface on a 

cooling stage whose temperature can be adjusted by chilly water. Hot vapor (100% humidity) 
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was supplied by blowing air through heated water. The final temperature difference between 

surface and vapor is around 6 0C. Then observation under an optical microscope (Nikon) was 

conducted. Droplet jumping was captured by a high-speed camera (Make Model) using a 

custom-built imaging platform. The high-speed camera was vertically mounted on the camera 

port of a microscope (built) by replacing the installed low-speed camera on the microscope. The 

built-in light source of the microscope was also replaced by a telescopic light source which 

provided enough light source to image the droplet jumping in the size range of 10-50 μm.  

Images were taken at 10000- 30000 frames. As the high-speed camera was mounted upside 

down in vertical position, nano-cones array substrate was placed on an inclined mount of 700 

which allowed us to visualize the droplet condensation and jumping from the surface.  Due to 

the large variation in droplet size, orientation, jumping velocity scales and limited illumination, 

it is challenging to capture high-quality images with a maximum pixel resolution and image 

brightness.  

As the jumping droplet usually moves away from the camera focused plane, it is challenging to 

compute the actual position vector of the droplet immediately when it leaves the substrate (the 

distance required to calculate jumping velocity). Therefore, the depth-from-defocus (DFD) 

technique was utilized to approximately gauge the position vector of the jumping droplet116. 

DFD works on the principle that the amount of defocus or blurring in the image depends only 

on characteristics of the imaging system and at the exact focus plane the blur on a sharp 

discontinuous edge would be minimum.  The imaged objects become progressively more 

defocused as it moves away from the exact focus plane. The depth distance (D) to an imaged 
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point can be expressed in terms of lens parameters and defocus or blur function at a point 

which is given by: 

                                                               𝐷𝐷 =  
𝐴𝐴𝑣𝑣𝑏𝑏 

𝑣𝑣𝑏𝑏 − 𝐴𝐴 − 𝜎𝜎𝑓𝑓
                                                                      (4.8) 

Where vo is the distance between the lens and the exact focus image plane, F the focal length 

of the lens system, f is the f-number of the lens system, and σ is the spatial constant of the 

point spread function that represents how an image point is blurred by the imaging optics. The 

point spread function is approximated by a two-dimensional Gaussian G(r, σ) function with a 

spatial constant σ and radial distance r (radius of blur circle or region). The lateral distance (L) 

from the substrate to the droplet was measured using ImageJ software. With depth distance (D) 

and lateral distance (L) known the position, the vector can be easily determined. The 

corresponding jumping velocities for each jumping droplets were then computed using values 

of the corresponding position vectors. 

4.2.5 Navier-Stokes calculation 

A coupled Volume of Fluid (VOF) and level-set technique is utilized to capture droplet 

coalescence and jumping dynamics. This method is primarily designed to capture transients of 

the interfaces in two-phase immiscible fluid flows. In our approach, a level-set method was 

used to capture the interface by tracking a level-set function, which was defined at an assigned 

distance from the interface117. As the level-set function is smooth and continuous, its spatial 

gradients can be accurately calculated. Therefore, we were able to obtain accurate estimates of 

the interface curvature and the surface tension force caused by the curvature. However, the 

level-set method has difficulty preserving the volume conservation 118. The VOF method is 
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naturally volume-conserved, as it computes and tracks the volume fraction of a particular phase 

in each cell rather than at the interface itself. The weakness of the VOF approach lies in the 

calculation of its spatial derivatives; the VOF function (the volume fraction of a particular phase) 

is discontinuous across the interface. To overcome the deficiencies of the level-set method and 

the VOF method, we utilized a coupled level-set and VOF approach in the present work. 

The level-set function is defined at an assigned distance from the interface. Accordingly, the 

interface is the zero level-set, and can be expressed as in a two-phase flow system: 

 

𝜑𝜑(x,t)= �
+|L|     if x ∈ the secondary phase

0     if x ∈ interface             
     -|L|     if x ∈ the secondary phase

              (4.9) 

where L is the distance from the interface. The normal 𝑙𝑙�⃗  and curvature 𝜅𝜅 of the interface are 

estimated as: 

n�⃗ = ∇φ
|∇φ|     at φ=0              (4.10) 

κ⃗= ∇. ∇φ
|∇φ|   at φ=0                (4.11) 

The evolution of the level-set function is given by: 

∂φ
∂t

+ ∇ . (u�⃗  φ )=0                      (4.12) 

Where u�⃗  is the underlying velocity field. Then, the momentum equation can be written as 
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∂(ρu)���⃗

∂t
+ ∇ . (ρ u�⃗  u�⃗  )= -∇P + ∇ . μ �∇ u�⃗  +(∇u�⃗  )T�-  𝛾𝛾κδ(φ)𝑙𝑙�⃗  + ρg�⃗              (4.13) 

δ(φ)= 
1+cos(πφ

a )

2a
     if |φ|<a and a=1.5 h 

where a is the unit finite volume height. 

The computation domain is discretized into small control volumes and the governing equations 

are solved using a finite volume approach in ANSYS-Fluent (ANSYS, Inc., Canonsburg, PA, USA). 

For computations, a periodic box boundary conditions were utilized on all side faces, expect 

base, which is modeled as wall (with a static contact angle of 179.7◦) and top, which is modeled 

as pressure outlet boundary condition. 

4.3 Result and Discussion 

We test our above analysis by conducting condensation on nano-cones array prepared from 

Co(OH)2 deposition on the substrate . Chemical composition of the as-prepared nano-cones 

array is analyzed by energy dispersive x-ray spectroscopy (EDS) under SEM. Figure 4.4a  

presents the elemental mapping of the cross-section of the as-prepared sample showing that 

the main compositional elements are Co, O, C and Cl, which come from the precursors (CoCl2 

and urea). XRD pattern of the as-prepared array (Figure 4.4(b)) matches well with the 

previously reported α-Co(OH)2
119. All the results indicate that the material prepared is cobalt 

hydroxide with carbonate and chlorine intercalated between the lattice spaces120 
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Figure 4. 4 (a) Elemental mapping of a cross section of as prepared nano-cones array; (b) XRD pattern of 
the as-prepared nano-cones array on the glass substrate. 

 

Fig. 4.5(a) and (b) show the top view and cross-section view SEM images of the as-grown nano-

cones array. It is observed that the nano-cones are closely packed together. Another important 

characteristic of the closely packed nano-cone array is that single nano-cone is not always well 

aligned perpendicularly to the substrate. Majority of the nano-cones are slanted to different 

extents, giving rise to cavities with varying sizes among nano-cones (delineated by the yellow 

circled lines in Figure 4.5(a)). These cavities with different sizes are very important in the 

following condensation experiment. From both Figure 4.5(b) (SEM) and Figure 4.5(c) (TEM), the 

length, tip diameter, and a base diameter of a typical nano-cone are determined to be 2 µm, 

10nm and 350nm respectively.  A monolayer of a hydrophobic coating (perflouro-silane) is then 

deposited on the nano-cones by a simple chemical vapor deposition (CVD) method. After 
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modification, the advancing, static and receding contact angles of the sample are 179.8º, 179.7 

º and 179.7 º respectively (Figure 4.5(d)-(f)), indicating a superhydrophobic state with an 

extremely small hysteresis.  

 

Figure 4. 5 (a) Top view and (b) cross-sectional view SEM image of the as-prepared nano-cones array; (c) 
TEM images of individual nano-cone; (d) advancing, (e) static and (f) receding contact angle of the as-

prepared nano-cones array after the hydrophobic coating modification. 

 

Water condensation experiment under environmental SEM (E-SEM) is then conducted to 

observe the condensation processes down to microscale on the as-prepared superhydrophobic 

nano-cones array. Both side and top views of single droplet growth in Figure 4.6(a) show that 

the first step of an individual droplet growth starts from filling a cavity with a certain size 

among nano-cones. Then water inside the cavities starts to extrude upwards, forming a 
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spherical droplet on the surface. The apparent contact angle of the spherical droplet is almost 

180º. From Figure 4.6(a), a partial Cassie state is clearly observed, which is a prerequisite for 

coalescence induced jumping. During E-SEM experiments, it is found that droplets initially 

appearing are always in partial Cassie state similar to droplet shown in Figure 4.6(a) (Figure 4.7). 

The benefit of partial Cassie state over complete Cassie state is proved previously to facilitate 

faster individual droplets growth121. A statistical analysis of size distribution of the water-filled 

cavities is shown in Figure 4.6(b), indicating that the area of the filled cavities mostly lies in the 

range of 3-9 µm2, which is far beyond the areas of small cavities. These results indicate that 

droplets preferentially grow from large cavities on our prepared surface. The phenomenon is 

well correlated to the theory discussed above. Due to the small dimension and hydrophobic 

nature (advancing contact angle is 1150) of nano-cones tips, it is difficult for nucleation to occur 

on the top of the nano-cones array under low supersaturation condition such as the present E-

SEM experiment (Cooling stage temperature: -20C; vapor pressure: around 600 Pa). Meanwhile, 

wedge structures at the bottom of larger cavities give rise to lower nucleation energy barrier 

and easy diffusion. Thus, it seems that nucleation prefers to occur at the bottom side of larger 

cavities. 
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Figure 4. 6 (a) E-SEM images showing side view and top view of growth process of individual droplet on 
the nano-cones array; (b) bar graph showing the distribution frequency of cavities area where water film 
extrudes from; (c) schematic showing contact line frontier of lateral and upward growth in larger cavities; 
(d) figure showing ratio of lateral growth Laplace pressure (∆Pl) to upward growth Laplace pressure (∆Pu) 

as a function of parameter α and Z; (e) figure showing ratio of lateral growth Laplace pressure (∆Pl) to 
upward growth Laplace pressure (∆Pe) as a function of parameter α and θ’. 
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After the formation of stable nuclei, individual droplets start to grow within the cavities. The 

growth direction of the individual droplet within the cavities is limited by Laplace pressure 

difference. The nano-cones array is characterized by larger cavities surrounded by closely 

packed nano-cones. Thus, we reasonably establish a simplified model to study the growth 

direction of water inside the cavities. The model structure consists of 36 closely packed 

individual nano-cones forming a circular large cavity (Figure 4.6c and Figure 4.8 ). 

 Figure 4.6(c) shows water growth (in orange) inside the model structure both from side view 

(upward growth and extrusion) and top view (lateral growth). The liquid advancing front needs 

to overcome Laplace pressure to squeeze into space between two neighboring nano-cones in 

order to grow laterally. As is shown in Fig. 4.6(c), lateral growth of droplets needs to overcome 

the Laplace pressure induced by curvature which can be expressed as: 

 ∆𝑃𝑃𝑠𝑠 =
2𝛾𝛾

𝐿𝐿
2 + [1 − sin(𝛼𝛼 + 𝜑𝜑)]𝑟𝑟
sin(𝜃𝜃𝐴𝐴 +𝛼𝛼 + 𝜑𝜑 − 𝜋𝜋)

           (4.14) 

The liquid front contains a Laplace pressure defined by temporal cavity size when the liquid 

front is moving upwards. Upward growth inside cavities needs to overcome Laplace pressure: 

∆𝑃𝑃𝑏𝑏 =
2𝛾𝛾
𝐿𝐿′/2

𝑐𝑐𝑐𝑐𝑐𝑐(𝜋𝜋-𝛽𝛽/2-θA )

                           (4.15) 
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Extrusion out of cavity needs to satisfy the condition where θ’ is larger than the advancing 

contact angle (θA). Upward extrusion needs to overcome the Laplace pressure which can be 

expressed as: 

∆𝑃𝑃𝑤𝑤 =
2𝛾𝛾

𝐿𝐿𝑤𝑤𝑏𝑏𝑎𝑎′

2 / sin𝜃𝜃′
                                       (4.16)         

The value of ∆Pl, ∆Pu, ∆Pe at the same moment should be compared in order to predict the 

growth direction. If ∆Pl >∆Pu, upward growth inside cavities is favorable. If ∆Pl >, ∆Pe, upward 

extrusion is favorable. Figure 4.6d shows the plot of ∆Pl /∆Pu as a function of angle α and height 

z as sketched in Figure 4.6(c). It is clear that ∆Pl is larger than ∆Pu for any given α and z. Figure 

4.6(e) shows the plot of ∆Pl /∆Pe as a function of angle α and θ’ as sketched in Figure 4.6(c). In 

order to grow laterally, angle α needs to be larger than π. However, ∆Pl /∆Pe increases with 

increasing α, resulting in values larger than 1 before angle α reaches π.  Thus, it is clear that 

upward growth and extrusion is favorable. 
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Figure 4. 7 E-SEM images showing the initial growing cavities indicated by red dashed circles. 
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Figure 4. 8 Sketch showing the model cavity structure. 

 

Fig. 4.9(a) shows typical E-SEM images of droplets growth with time. From the images, droplets 

of different size exist before the very first coalescence event occurs. Interspace among droplets 

is at the magnitude of 10 µm under present supersaturation condition.  Relationship between 

cavities size and mass growth rate of typical droplet 1-7 marked by a red number in Fig. 4.9(a) is 

shown in Fig. 4.9(b). It is obvious that the mass growth rate is almost linearly proportional to 

the cavity area. The mass growth rate of droplets corresponds to the heat flux transferred. 
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Faster growth rate within larger cavities indicates larger heat flux transferred. From image 

inserted in Fig. 4.9(b), larger cavities provide larger heat transfer area both from surrounding 

solid nano-cones and from the liquid within cavities than smaller cavities.  

 

Figure 4. 9 (a)E-SEM images showing droplets growth with time before the first coalescence event 
occurs; (b) relationship between cavity area and droplet mass growth rate. (inserted image showing 

higher heat flux from larger cavities) 

 

Condensation experiment in the ambient environment (subcooling degree: 6 0C, Supporting 

Information S6) is also conducted on the superhydrophobic nano-cones array. Observation 
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under the optical microscope shows that the droplets initiate their first coalescence at a 

diameter of around 6.5 µm (Figure 4.10(a), red circle). At low supersaturation condition such as 

the present experiment, nucleation density is at the magnitude of 105/mm2. Thus, the first 

droplet coalescence normally occurs when droplets size is around several microns. Coalescence 

induced droplets jumping indeed occurs on the surface with droplets disappearing from the 

view after coalescence. It is observed that droplets jumping can occur when the very first 

coalescence event happens including two droplets and multi-droplets coalescence (Figure 

4.10(a), red circle). Jumping also occurs following two or more coalescence events (Figure 

4.10(a), orange circle). Although it is impossible for us to get jumping velocity of the droplet 

from the very first coalescence due to resolution limit, it should be affected by adhesion force 

from cavities, which would result in lower jumping velocity compared to previous predictions27. 

Typical high-speed camera images in Figure 4.10(b) confirm two droplets coalescence induced 

jumping after multiple coalescences (droplet size is around 12 µm). A three-dimensional 

Volume of Fluid (VOF) simulation of two spherical drops on a flat superhydrophobic surface 

with a contact angle of 179.70 is also performed. Figure 4.11 shows the volume fraction of liquid 

droplet undergoing coalescence and jumping.  During the initial stage of coalescence, a liquid 

bridge between the coalescing droplets is formed (t=0.1 μs).  The axisymmetric motion of the 

capillary bridge continues, until due to inertial effect the center of the capillary bridge touches 

the substrate wall (t=1.0 μs). The extreme edges of the bridge collapse due to surface tension 

forces resulting in the inward motion of the liquid which pushes the liquid inside the droplet to 

expand in the direction perpendicular to the capillary bridge. In this stage, the solid surface 

forces provide upward lift to the droplet, which is maintained by the contraction of the merged 
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droplet (t =3.2 μs). The upward motion leads to the reduction in the contact area of the droplet 

and the superhydrophobic surface. At this stage, the inertial forces dominate the viscous 

dissipation and adhesive forces which results in droplet detachment and jump from the surface 

(t = 5.1 μs). The propulsion of the coalescence droplet in the air is supported by interfacial 

oscillations as surface tension forces try to equilibrate the droplet to achieve spherical shape (t 

= 5.1 μs). The velocity of jumping after multiple coalescence events is well correlated by 

previous predictions27and our own VOF simulation (Figure 4.10(c), Figure 4.11) because 

droplets from multiple coalescences are at complete Cassie state.                                                                                                                                       
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Figure 4. 10 (a) Microscope images showing first coalescence induced jumping (red circles) and jumping 
after multiple coalescence (yellow circles); (b) high speed camera images showing two droplets 

coalescence induced jumping after multiple coalescence events; (c) relationship between the initial 
droplet jumping velocities and coalesced jumping droplet diameters 
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Figure 4. 11 Typical images showing processes of two droplets coalescence induced jumping with time. 

 

In conclusion, we theoretically and experimentally demonstrate that condensation 

preferentially occurs within larger cavities among nano-cones and forms partial Cassie state. 

Growth rates of droplets from larger cavities are larger than those from smaller cavities due to 

larger heat transfer interfaces.  Meanwhile, efficient removal of droplets by coalescence 

induced jumping (at tens of microns) is observed.   
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CHAPTER 5. Highly Flexible and Washable Nonwoven Photothermal Cloth for 
Efficient and Practical Solar Steam Generation 

5.1 Introduction 

Given the vast abundance and inexhaustibility of sunlight, tapping into solar energy to produce 

clean water seems a viable solution to current global challenges of water scarcity and energy 

shortage. 122, 123 Among all possible solar energy utilization methods, solar driven water 

evaporation, which uses photothermal materials to capture and convert sunlight to heat so to 

generate water vapor, is quite promising for getting potable water from a variety of source 

waters.  

Thanks to the newly rejuvenated interfacial heating concept3 and the fast advancement of 

rational photothermal designs, the solar-driven water evaporation efficiency has been 

significantly improved in the past few years. 4 While the pool of photothermal materials keeps 

growing, with black titanium oxide, 124-126 MXene, 8 Fe3O4, 
127, 128  Cu7S4, 11 germanium, 129 Al 

nanoparticles130 and MoO3−x quantum dots131 being very recently added into the photothermal 

material library, the conventional photothermal materials have been well investigated, majorly 

including such inorganic materials as plasmonic nanoparticles (Ag and Au), 4,132-1425 carbon black, 

143-145 carbon nanotube, 146, 147 graphene-based materials, 31-38 etc. When designed properly, 

these conventional materials are capable of producing the state of the art solar to water 

evaporation efficiency at lab scales, which, to a big extent, disincentives the further search for 

new photothermal materials.  

Therefore, instead of looking for new materials, the challenge facing the solar driven water 

evaporation is now how to push these lab designs/materials into practical applications. At the 
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status quo, the photothermal materials with good light absorptivity are typically deposited onto 

substrates with high mechanical strength via the weak interaction. This configuration 

unfortunately leads to an easy loss of the photothermal materials to their surroundings in 

response to external mechanical forces (e.g., abrasion and washing) or due to corrosion in 

harsh environment， which decreases the lifetime of the photothermal materials and may 

cause environmental concerns due to the toxicity of these materials. Furthermore, the 

mechanically strong substrates are typically inflexible and fragile, which makes them not 

durable and hard to clean once contaminated or fouled during practical applications. To this 

end, polymeric photothermal materials, including polypyrrole148 , polydopamine, 40 and latex 

41have recently been proposed and investigated as a potential solution to provide flexibility. 

However, the photo-stability and light absorption ability of them are the major obstacles in the 

way of their practical applications. So far, the choices of water stable, photostable and effective 

light absorbing polymers are limited and the chemical stability, photo-stability and light-to-heat 

conversion performance of inorganic photothermal materials are still superior to those of the 

organic ones.  

However, widely available are a variety of chemically stable, mechanically stable, and 

photostable polymers which have poor light absorptivity (e.g. polyamide, polystyrene, 

polyacrylonitrile). These polymers, when combined with inorganic photothermal materials, may 

offer certain potential in presenting chemical, mechanical, photostable, and, at the same time, 

flexible and durable photothermal materials.   
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Herein, we rationalize that encapsulating inorganic photothermal material within a polymeric 

fibrous matrix would offer anti-photothermal-material-loss, mechanical strength, structural 

flexibility, and at the same time, effective photothermal conversion as illustrated in Figure 5.1a. 

The composite material, once made, should provide significant advantages in practical 

applications of solar driven water evaporation.  

As a proof of concept, we choose inexpensive carbon black as photothermal material and use 

electrospinning to encapsulate the carbon black into polymer nanofibers (e.g., nylon 6). The 

thus-prepared composite photothermal materials in the form of highly flexible and durable 

nonwoven clothes exhibit an excellent full solar spectrum absorption (>94%) and the state of 

the art solar driven water evaporation efficiency under one sun irradiation (~83%). Moreover, 

the clothes are very light, mechanically and chemically stable in various harsh environments 

and they can be mechanically washed for hundreds of times without any degraded 

photothermal performance, which the previous photothermal materials fail to do. We believe 

that the design of the polymeric-inorganic-photothermal composite in this work provides 

insight towards utilization of photothermal materials towards practical applications.  

5.2 Methods and Materials 

5.2.1 Materials 

Nylon 6 pellets, PAN (polyacrylonitrile, MW 150000), PS (polystyrene, MW 192000), DMF (N, N-

dimethylformamide, anhydrous, 99.8%) and NaCl (≥98%) were purchased from Sigma-Aldrich. 

Formic acid (88%) was purchased from Mallinckrodt Baker Chemicals. Carbon black (acetylene, 

100% compressed) was purchased from Alfa Aesar. HCl (36.5%-38%) was purchased from Fisher 
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Chemicals. NaOH (≥98%) was purchased from Fluka and chloroform (for HPLC) was purchased 

from VWR Chemicals. These chemicals were used without further purification.  

5.2.2 Preparation of electrospun nonwoven polymer/carbon black cloth 

3.0 g nylon 6 pellets were dissolved in 10 ml formic acid, resulting in 30% nylon 6 formic acid 

solution. Different amount of the carbon black (0.03, 0.15 and 0.20 g) was dispersed in the 

above nylon 6 formic acid solution with the assistance of ultra-sonication, resulting in different 

ratio of the carbon black to nylon 6 (1.0, 5.0, 6.7%). For PAN, 1.0 g PAN was first dissolved in 10 

ml DMF and different amount of the carbon black (0.01, 0.05 and 0.10 g) was dispersed in the 

above PAN/DMF solution. Similarly, 4.0 g PS was dissolved in 10 ml DMF with different amount 

of carbon black (0.02, 0.10 and 0.20 g) being added thereafter following the same procedure. 

The polymer/carbon black mixture was then electrospun by Esprayer (E-2000s). The 

electrospinning conditions for nylon 6/carbon black were as follows: applied voltage of 30 kV, 

the distance between syringe tip and substrate (aluminum foil) of 5.0 cm, and the injection rate 

of 0.2 ml/h. The electrospinning conditions for PAN/carbon black were: 20kv voltage, 15 cm, 

and 0.6 ml/h while those of PS/carbon black being 30kv, 15cm, and 1.2 ml/h in the same 

categories.   

5.2.3 Characterizations 

Absorption and reflection of UV-Vis-NIR spectrum were obtained with UV-Vis Cary 5000. The 

data was smoothened in OriginPro 2015 by Savitzky-Golay method (points of window: 50 and 

polynomial order: 1). SEM images were obtained with Quanta-600 FEI and TEM images were 

obtained with Tecnai Twin at 120kv.  Phosphotungstic acid staining was performed by 
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dissolving phosphotungstic acid in ground nylon-c cloth water suspension resulting in 1% 

concentration. Let the suspension stand for 1 min.  The tensile strength test was performed by 

Instron 5942 with a speed of 0.1 mm/s. As a control for the abrasion test, carbon black 

membrane was prepared by evaporation of ethanol-carbon suspension directly on a filter paper 

(Whatman, Qualitative 90mm, 100 Circles), which produced carbon-deposited membrane. 

5.2.4 Photothermal evaporation experiments 

Simulated sunlight (1000 W m-2, Newport Solar 1) perpendicularly irradiated on the 

photothermal cloth which was placed right on top of an expanded polystyrene heat barrier. The 

heat barrier was connected with a small capillary water conduit drawing water upwards. The 

area of the nylon-c composite was around 11 cm2. Synthetic seawater was prepared by 

dissolving a certain amount of NaCl in DI water, resulting in a concentration of 3.5%. The 

ambient temperature and humidity were 21 0C and 60% respectively during the measurements. 

The temperature profile was recorded by an infrared camera (FLIR A655sc) with an emissivity of 

0.95 (emissivity of water). 

 

5.3 Results and Discussions      

5.3.1 General design concept, material synthesis and characterizations 

In this work, electrospinning is employed to prepare the composite photothermal materials, 

with nylon 6 (nylon) being polymer matrix and carbon black being photothermal material. 

Before electrospinning, the carbon black nanoparticles are dispersed uniformly in polymer 

solution by ultra-sonication.  Aluminum foil substrate is used as the collector and the mass ratio 

of the carbon black to the polymer is adjusted and optimized.  
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Figures 5.1 b presents SEM image of the electrospun composite photothermal materials with 5% 

mass ratios of carbon black to nylon 6. Clearly, the electrospun material takes on a form of a 

nonwoven cloth composed of stacked individual nanofibers (Figure 5.1b and Figure 5.2a). 

Figure 5.1c presents the SEM image of nylon-c cloth with a higher magnification, which shows 

that the diameter of the composite fiber largely ranges from 100 to 400 nm. The SEM images 

show that the electrospun material is uniformly composed of nanofibers, indicating that there 

is no phase separation between nylon 6 and carbon black. A closer look at the nylon-c cloth 

nanofibers under TEM (Figure 5.1d) reveals a rather smooth surface. Till now, it is obvious that 

carbon black is encapsulated inside the nylon 6 nanofibers. In order to directly observe the 

encapsulation structure, the fibers are stained with phosphotungstic acid which can react with 

nylon 6 rather than carbon black. Thus, nylon 6 shows darker than carbon black under TEM. As 

show in Figure 1e, it is obviously seen that carbon black nanoparticles (lighter round shape 

indicated by red arrows) are distributed with nylon 6 phase. The size of lighter stains matches 

well with the size of carbon black directly observed under TEM (Figure 5.1f, less than 50 nm).  
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Figure 5. 1 (a) Illustration of the design of the composite photothermal material with inorganic 
photothermal material encapsulated inside fibrous polymeric matrix; (b) SEM images of the electrospun 

nylon/carbon cloth, (c) High resolution SEM images of the electrospun nylon/carbon cloth; (d) TEM 
image of a single nanofiber of the nylon/carbon black fiber; (e) TEM image of nylon/carbon black fiber 

after being stained with phosphotungstic acid( red arrows indicated carbon black) ; (f) TEM image of the 
carbon black nanoparticles. 

 

Other polymers such as polyacrylonitrile (PAN) and polystyrene (PS) were also used as a 

polymer matrix for electrospinning. Similarly, the electrospun materials also take on the form of 

a nonwoven cloth composed of stacked individual nanofibers (Figure 5.2b and 5.2c).  However, 

the mechanical strength of these clothes varies dramatically. The clothes prepared from PAN 

and PS could be easily tear-broken with a weight of 0.2 kg while the nylon 6 composite cloth 

shows a much stronger strength under otherwise the same test condition due to the intrinsic 

mechanical strength of nylon (Figure 5.2d). Considering real-world application, the cloth of 

nylon/carbon, denoted as nylon-c thereafter, is then chosen as the candidate for photothermal 

applications presented in the following sections.  
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Figure 5. 2 Optical and SEM images of the electrospun (a) nylon 6/carbon cloth; (b) PAN/carbon cloth; (c) 
PS/carbon cloth; (d) images show that the nylon-c cloth can easily hold 200g weight while the PAN and 

PS ones cannot. The width of the tested clothes is 2 cm in all cases. 

 

5.3.2 Unique light reflection and absorption properties by nylon/carbon cloth in their wet and 
dry states 

The nylon-c nonwoven cloth shows a very interesting light absorption and reflection transition 

from their dry to wet conditions. As shown in Figure 5.3a, the nylon-c cloth (ratio of carbon 

black to nylon 6: 5%) presents a quite contrasting and interesting coloration comparison in their 

dry and wet states, namely, when wetted by water. The wet clothes show much darker color, 

indicating the changes in their light absorption or reflection at least in the visible range. Since 

the wet conditions are more relevant to the application of photothermal material to water 

evaporation, the dark black color of the wet composite clothes implies their great light 

harvesting property.    

The light absorption by water in the wet composite photothermal materials can be excluded as 

a significant contributor to the enhanced light absorption by the wet materials since at least 

water is transparent across the visible light spectrum.  
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Light travels in different media with different velocities, which can be characterized by the 

specific refractive index (n) for the light and medium. The refractive index of air, water and 

nylon 6 are 1.00, 1.33, and 1.53 respectively, presenting a refractive index gradient (Figure 

5.3b). Fresnel equation determines the intensity of electromagnetic waves reflected or 

transmitted by the interface when electromagnetic waves travel from one medium to another 

and according to Fresnel equation, the reflectivity (R) is calculated as:  

𝑅𝑅 = �
𝑙𝑙1 − 𝑙𝑙2
𝑙𝑙1 + 𝑙𝑙2

�
2

        (5.1) 

Where n1 and n2 are the refractive index for medium 1 and medium 2.  From Equation 5.1, it 

can be inferred that adding an intermediate layer whose refractive index is between medium 1 

and 2 would reduce the total reflection loss.  

In the case of the dry composite photothermal materials, there are air/polymer and 

polymer/carbon interfaces while in the case of the wet photothermal materials, there are 

air/water, water/polymer, and polymer/carbon interfaces. From Equation 5.1, the nylon-c cloth 

gives rise to Rair-nylon/c=4.4% in dry condition while Rair-water-nylon/c=2.5% in wet condition, showing 

reduced light reflection in wet condition, which well explains the color difference in Figure 2a. It 

has to be pointed out that this calculation does not consider the incident light angle effect (i.e., 

assuming 90o uniformly) and interference between reflected waves and it is just a rough 

estimation to aid further discussions.   

To confirm the above analysis, measurements of their light reflection and absorption are 

conducted. During these measurements, there is no light transmission through the composite 

clothes and thus the light reflection and adsorption add up to unity. The results show that the 
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light reflection of the wet nylon-c composite in the whole range (i.e., 350 to 2000 nm) is smaller 

than that of the same composite in a dry state for all three carbon to polymer mass ratios 

(Figure 5.3c). This is especially true in the visible range (i.e., 400-800nm). As expected, the light 

absorption of the same materials shows the opposite trend, with much higher light absorption 

in the wet state than in the dry state (Figure 5.3d). Similar results are also observed in the cases 

of the electrospun composite carbon and PAN and PS clothes (Figure 5.4 and Figure 5.5).   

By comparing different carbon to polymer mass ratios, it seems that the mass ratio of carbon to 

the polymer of 5.0% is an optimal one as a further increase to 6.7% does not lead to an obvious 

benefit of enhanced light absorption (Figure 5.3c and 5.3d). Considering the majority of solar 

irradiation energy lies in the range of 350-2000nm, it is estimated that the wet carbon-polymer 

would absorb nearly 94% of the total solar energy, which is comparable to the absorption of 

pure carbon black (around 95%, Figure 5.6). Thus, our results clearly show that the composite 

carbon black encapsulated polymeric fibrous clothes have unimpaired and excellent light 

adsorption property, which is an essential prerequisite to a successful photothermal design.  



105 
 
 

 

Figure 5. 3 Optical images comparing the colors of the nylon-c (5%) clothes in their dry and wet 
conditions; scale bar: 1cm; (b) schematic showing refractive index gradient; UV-Vis-NIR (c) reflection and 

(d) absorption of the nylon-c clothes with different carbon black to nylon 6 ratios in their dry and wet 
conditions 

 

Figure 5. 4 UV-Vis-IR reflection of the nonwoven clothes composed of different carbon black to PAN 
ratios in dry and wet conditions 
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Moreover, the porous nano-fibrous structures of the electrospun clothes help increase light 

absorption by creating multiple reflections inside the pores. Thus, the special dry-to-wet light 

absorption transition property of the composite materials makes the composite possess 

outstanding light capture ability in spite of the carbon black being embedded inside the 

polymer in this work.  

 

Figure 5. 5  UV-Vis-IR reflection of a nonwoven cloth composed of different carbon black to PS ratios in 
dry and wet conditions 
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Figure 5. 6 Light absorption of pure carbon black versus the wet nylon-c cloth 

 

5.3.3 Mechanical stability, flexibility, chemical durability and thermal stability of the composite 
cloth 

Due to the rationally designed structure and intrinsically excellent mechanical property of nylon 

6, the photothermal clothes in this work show some prominent properties which the previous 

photothermal materials do not possess. 

First, the cloth is light in weight because of the low-density materials used and high porosity of 

the clothes. As shown in Figure 3a, the 283 cm2 dry nylon-c cloth weighs only 0.0627 g. 

Considering that the thickness of the cloth is around 30 µm (upper panel of Figure 5.7a), the 

density of the cloth is only 70 mg cm-3. The lightweight of a photothermal material is 

advantageous for storage and transportation purposes. However, although light, the tensile 

strength of the nylon-c cloth is high. The maximum tensile stress of the nylon-c cloth is around 

17 MPa, which is partially due to the inherent tensile strength of nylon 6 (Figure 5.7b, red line). 
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It means that the nylon-c cloth with 2 cm width can easily hold 0.2 kg weight as shown in the 

inset image of Figure 5.7b. Compared to the original nylon 6 cloth without carbon, the nylon-

carbon composite cloth can withstand more energy input (integration of stress over the strain) 

before breaking. This greater tensile strength of the composite is beneficial for their practical 

applications. Moreover, the nylon-c cloth is very flexible (Figure 5.7c) and they can withstand 

repeated folding and unfold to their initial state for several hundred times.  

Chemical durability is also an important requirement for photothermal materials when they are 

applied to practical applications during which they may encounter various kinds of harsh 

conditions. Many previous photothermal materials suffer from poor durability and due to their 

inherent weak interaction with the matrix materials, the photothermal materials can be easily 

wiped off their hosting matrix by external forces and be lost permanently. For the purpose of 

comparison, in this work, the same carbon black nanoparticles are deposited directly onto a 

filter paper and the durability of the photothermal particles in the filter paper is then compared 

with that of the nylon-c cloth. Figure 5.7d compares the scenarios of two materials being 

sonicated for 5 minutes. Clearly, there are no visible black particles in the water vial of the 

nylon-c cloth after the sonication while the aqueous solution in the vial of the carbon and filter 

paper composite becomes very dark, indicating huge loss of the carbon black particles in the 

latter case. Figure 5.7e compares the scenarios of two materials subjected to physical abrasion 

by finger and presents the convincing result of the nylon-c cloth having anti-particle-loss 

mechanism while the other material has none. The encapsulated carbon particles inside the 
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polymeric matrix in our material guarantees no photothermal component loss during practical 

applications.   

Furthermore, Figure 5.7f shows the optical and SEM images of the nylon-c cloth being exposed 

to various chemically harsh conditions (1 M HCl, 1M NaOH, chloroform solvent and 3.5% NaCl 

solution) for 3 weeks and heat treatment at 100 ºC in 3.5% NaCl solution for 1 week. Due to the 

inherent chemical stability of nylon 6, the nylon-c cloth survives the harsh conditions, showing 

no obvious visual and mechanical changes. There are no black particles identified in the 

solutions after the 3-week treatments in all cases. The SEM images confirm the nanostructure 

integrity after the treatments (Figure 5.7f).  

Thus, in our design, the selection of nylon 6 as the hosting polymeric matrix and carbon black as 

light absorbing photothermal component perfectly solves many stability problems that many of 

the previous materials have. The enhanced mechanical stability, high flexibility, and durability 

of the nylon-c enable its washability. The nylon-c cloth can be hand washed and machine 

washed for many times without showing any structural damages. The washability of the nylon-c 

cloth enhances its reusability during real-life applications where they can be contaminated and 

fouled.   
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Figure 5. 7 (a) SEM image showing cross section of nylon-c cloth (up) and photo showing the weight of 
283 cm2 nylon-c cloth (down); (b) stress-strain curves of pure nylon 6 cloth and nylon-c dry cloth; (c) 
photos showing the flexibility of nylon-c cloth; (d) Stability comparison of nylon-c cloth and carbon 

black/filter paper composite which are sonicated for 5minutes; (e) images showing fingertip abrasion 
test of nylon-c cloth and carbon black/filter paper composite ; (f) optical and SEM images of nylon-c 

cloth exposed to 1M HCl, 1M NaOH, chloroform and 3.5% NaCl solutions for 3 weeks and heated at 100 
0C in 3.5% NaCl solution for 1 week.  

5.3.4 Photothermal water evaporation test 

Given the excellent light absorption performance of the nylon-c cloth, its water evaporation 

performance is then investigated. Figure 5.8a presents the schematic solar-driven water 

evaporation measurement setup in this work. In more details, a solar simulation with an 

intensity of 1000 W m-2 provides light illumination. The nylon-c cloth is placed on top of a heat 

barrier of polystyrene foam with a heat conductivity of 0.029- 0.039 W m-1·K-1. A small capillary 
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water conduit is provided by using a nonwoven cotton cloth to pull water from a bulk water 

container upwards through a hole in the heat barrier all the way to the photothermal nylon-c 

cloth. The capillary water conduit easily delivers water to the nylon-c cloth and the water, once 

there, wets entirely the cloth due to the porous and hydrophilic nature of the nylon-c. The 

entire system is placed on a digital scale to monitor the water evaporation rate of the material 

continuously and in real time. This design guarantees minimum heat transfer from the 

photothermal nylon-c cloth layer to the underneath bulk water body. Once the light is on, 

temperature profiles of the nylon-c clothes with carbon to nylon ratios of 0%, 1%, and 5% are 

recorded by an infrared camera. Figure 5.8b shows the optical images and corresponding 

infrared images under one sun illumination in an equilibrium state. From these images, it can 

be qualitatively concluded that the surface temperature increases with the light absorption of 

nylon-c cloth increases. Figure 5.8c gives quantitative surface temperature profile of all nylon-c 

cloth with different carbon black to nylon 6 ratios.  

As seen, all three samples respond to light irradiation rapidly when light is on. Within 100 s, all 

samples reach their equilibrium temperatures. The equilibrium temperatures of the samples of 

0%, 1% and 5% carbon mass ratios are around 270C, 37.30C and 380C, respectively. The 

equilibrium temperature is a result of energy balance. With input solar flux being fixed, the 

output energy at equilibrium, including radiation heat loss, convection/conduction heat loss 

and water evaporation heat loss, is constant and should be equal to the incoming solar flux. All 

the three energy output means, heat radiation, convection/conduction, and water evaporation 

are strong functions of the equilibrium temperature.  
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In our measurement system where the ambient environment is stable with no forced 

convection, the scenario can be simplified as a horizontal natural convection problem in which 

radiation, natural convection and evaporation occur (Figure 5.8d). In a typical horizontal natural 

convection scenario, energy balance in the system can be expressed as: 42 

𝛼𝛼𝑞𝑞𝑠𝑠𝑏𝑏𝑠𝑠𝑎𝑎𝑏𝑏 = 𝑚𝑚𝑤𝑤ℎ𝑤𝑤 + 𝜀𝜀𝜎𝜎(𝑇𝑇𝑠𝑠4 − 𝑇𝑇∞4) + ℎ𝑐𝑐(𝑇𝑇𝑠𝑠 − 𝑇𝑇∞)       (5.2) 

    

Where α is the solar absorbance, qsolar (W m-2) is the solar energy flux, me (g m-2 s-1) is water 

evaporation rate, he (J g-1) is latent heat of water evaporation, ε is emissivity of the wet 

composite, σ is Stefan-Boltzmann constant (5.67 × 10-8 W m-2 K-4), Ts (K) is wet composite 

temperature, T∞ (K) is ambient environment temperature and hc (W m-2 K-1) is convective heat 

transfer coefficient. Note that heat conduction to bulk water is reasonably neglected due to the 

design of the evaporation setup.  

Based on these analyses, it is identified that the dominant energy loss in our case is the heat 

radiation due to the low Rayleigh number. (Figure 5.8d). Detailed analysis is as follow:  

In a horizontal natural convection problem, a dimensionless number, Rayleigh number (Ra), is 

critical in the determination of hc. Rayleigh number can be expressed as: 

𝑅𝑅𝑎𝑎 = 𝐺𝐺𝑟𝑟𝑃𝑃𝑟𝑟 =
𝑔𝑔𝛽𝛽(𝑇𝑇𝑠𝑠 − 𝑇𝑇∞)𝛿𝛿3

𝜈𝜈2
Pr       (5.3) 

       

 

Where Gr (=𝑠𝑠𝑔𝑔(𝑇𝑇𝑠𝑠−𝑇𝑇∞)𝛿𝛿3

𝜈𝜈2
 ) is the Grashof number which is a dimensionless number in fluid 

dynamics and heat transfer approximating the ratio of the buoyancy to viscous force acting on a 
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fluid. Pr is a dimensionless number defined as the ratio of momentum diffusivity to thermal 

diffusivity. g is the gravitational constant. β is coefficient of volume expansion, 1/T. δ is 

characteristic length of the geometry. ν is kinematics viscosity of the fluid.  

The substrate temperature Tw is 380C and the ambient environment temperature T∞ is 21 0C. 

The diameter of the substrate, D, is equal to 3.74 cm. 

Film temperature Tf= (Tw+ T∞)/2= 29.5 ºC=302.5K 

β= 1/ Tf=3.3 x10-3 K-1 

ν=1.6 x10-5 m2/s at 30 ºC 

g=9.8m/s2 

δ=Area/ Perimeter=r/2=0.0.94 x10-2 

Pr=0.71 at 29.5 ºC for air 

Ra=1783 

Nusselt number: Nu=0.59 xRa
0.25=3.9 

ℎ𝑐𝑐 = 𝑁𝑁𝑢𝑢×𝑘𝑘
𝛿𝛿

=1.1 

Note that humidity has little effect on the Pr and kinematic viscosity. Thermal conductivity of 

air at low temperature does not significantly vary with humidity. 

After applying all the parameters, Ra in our system is 1783 for an equilibrium temperature of 38 

0C, which is quite small. At even lower equilibrium temperature (27 0C), the main heat transfer 
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to the ambient air is by conduction which can be neglected due to the low thermal conductivity 

of air. This result indicates that major heat transfer from the nylon-c cloth is by the radiation 

loss (~105 W/m2) and heat convection loss is small (19 W/m2). Thus, the overall solar energy 

utilization efficiency is around 82% for the nylon-c cloth with a 5% carbon ratio. The efficiency 

of the cloth with1% carbon black ratio is smaller than 5% due to its poor light absorption in the 

visible range. 

Figure 5.8e shows the experimental results of pure water evaporation kinetics of the nylon-c 

clothes under one sun radiation (1000 W m-2). Clearly, the water evaporation rate increases 

with increasing carbon black amount from 0% to 1% and further to 5%. The evaporation rate for 

0%, 1% and 5% are 0.407, 1.22 and 1.24 kg/m2/h respectively. Based on the water evaporation 

rates, the energy efficiency, or more accurately, solar-to-water-evaporation efficiency, is then 

calculated to be 27.7%, 81.4%, 83.1% for the nylon-c clothes with 0%, 1% and 5% carbon black 

respectively (latent heat of water evaporation at 25 0C and 40 0C is 2444 and 2408 KJ kg-1 

respectively). 

More importantly, since the purpose of this work is to produce durable and effective 

photothermal materials toward long-term and practical applications, we measure the water 

evaporation rates and further energy efficiency of the nylon-c clothes with 5% carbon black 

after hand-washing for multiple times and after being treated in various harsh chemical 

environments. Figure 5.8f shows that after 100 hand-washing cycles and being soaked in 

various harsh conditions for 3 weeks, the solar-to-water-evaporation efficiency of the nylon-c 
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cloth remains the same. The fact that this essential performance remains unchanged in all cases 

agrees with the previous demonstration of the durability of the nylon-c cloth.  

The left image in Figure 5.8g presents a digital photo of the nylon-c cloth being covered by 

crystallized NaCl salt after 24 hours of solar-driven synthetic seawater (i.e., 3.5% NaCl solution) 

evaporation using the otherwise the same measurement system. Clearly, the salt deposition on 

photothermal material is a common occurrence during practical seawater and the deposited 

salt needs to be cleaned off the photothermal material surface as soon as it affects the light 

absorption by the material and thus lowers the evaporation efficiency (Figure 5.9). However, 

cleaning salt solids off the surfaces of the conventional photothermal materials has been 

problematic because the physical cleaning, for example, from simple water soaking to 

sonication, would lead to structural damages and/or photothermal component loss.  

The high durability of the nylon-c cloth in this work is made to perfectly fit into a salt removal 

scenario. The right image in Figure 4g presents a digital photo of the previously salt-fouled 

nylon-c cloth after being hand washed to have the salt deposit removed. The washed nylon-c 

cloth shows its original black color when wet and the synthetic seawater evaporation rate after 

washing remains the same (Figure 5.9)   



116 
 
 

 

Figure 5. 8 (a) Schematic representation of the water evaporation experimental setup; (b) Optical 
images and infrared images of nylon-c clothes with different carbon black to nylon 6 ratios (0%, 1%, 5%) 
under equilibrium states; (c) temperature profiles of the wet photothermal clothes containing 0%, 1% 

and 5% carbon black; (d) schematic showing the nature convection regime with low Rayleigh number; (e) 
pure water evaporation kinetics of the clothes (0%, 1% and 5%); (f) solar-to-water-evaporation efficiency 

of the nylon-c cloth after washing and exposure to various harsh environments; (g) surface solid 
accumulation after the seawater evaporation (left) and  the nylon-c cloth after the salt removal by 

physically hand washing thoroughly (right). 
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Figure 5. 9 Synthetic seawater evaporation by the salt-fouled nylon-c cloth and the same cloth after 
being hand-washed to have cleaned the salt off. 

 

5.4 Conclusions 

In conclusion, we successfully demonstrate the concept of durable, flexible, washable, and 

effective nonwoven photothermal cloth by encapsulation of inorganic photothermal material 

into polymeric nanofibers. The as-prepared composite photothermal cloth is an excellent light 

absorber over the solar spectrum. Over 94% of the solar light can be absorbed by the 

composite material, leading to a solar-to-water-evaporation efficiency of around 83%. 

Moreover, the photothermal cloth is light, mechanically strong yet durable, chemically and 

thermally stable in a harsh environment. The attractive properties of the photothermal cloth 

make it a promising material for long-term and practical applications.  
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CHAPTER 6 PERSPECTIVE AND FUTURE WORK 

6.1 Designing substrates for enhanced air gap membrane distillation 

Air gap membrane distillation is a promising technology which can utilize low-grade thermal 

energy and provide an alternative solution to the reliable access to potable water. Thus, 

improving energy utilization is desired. During the membrane distillation process, energy 

balance is achieved between the loss to the environment (including loss to ambient 

environment and loss to cooling fluid due to conduction) and latent heat transfer. In order to 

achieve higher energy efficiency, faster mass transfer is preferred while maintaining a 

minimized heat conduction from hot feed to cooling liquid also needing consideration. In 

traditional air gap configuration, hot vapor commonly condenses on a flat surface. We believe 

that the condensation rate can be enhanced by rationally designing the geometry of the 

condensation surface. Enhanced condensation rate can thus minimize the scale of the air gap 

configuration, which can help reduce the energy loss to the ambient environment as well as the 

cost of production. 

6.2 Electrospun nano-web coating for thin film condensation 

In pure vapor condensation regime, faster removal of condensed droplets by coalescence 

induced jumping is beneficial to the heat transfer. However, a major problem is that the 

jumping phenomenon will disappear when the supersaturation degree is only slightly increased. 

This will prevent the application to situations where larger supersaturation exists. In order to 

solve the problem, a new condensation regime called thin film condensation is proposed149. 

Generally, the surface is composed of a porous structure whose top surface is hydrophobic 

while the remaining is hydrophilic. The condensed liquid will be constrained and transported 
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laterally by the hydrophilic structure. The major challenge faced by thin film condensation is the 

simultaneous requirement of high permeability and high thermal conductivity as well as high 

breakthrough pressure of the porous structure. We propose to combine copper foam and 

electrospun polymer web to fabricate the porous structure which can solve all the problems 

mentioned above. 

6.3 Manipulation of condensation by tuning the nanostructures 

As showed in chapter 4, condensation behavior is affected by the nanostructure of the 

condenser surface. We believe that there exist various kinds of nanostructures which can 

manipulate the condensation behavior. One of the examples is the structure from the 

deposition of candle soot. Our preliminary experiment shows that the structure has an anti-

condensation property which we will further study.  
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