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Vapor condensation is routinely used as an effective means of transferring heat or separating fluids for 

applications ranging from personal electronic device thermal management to natural gas processing and 

electric power generation.  Filmwise condensation, where the condensed fluid forms a liquid film, is 

prevalent in typical industrial-scale systems.  Conversely, dropwise condensation, where the condensate 

forms discrete liquid droplets, results in an improvement in heat transfer performance of up to an order of 

magnitude compared to filmwise condensation.  We explored rare earth oxides (REOs) as a potential 

coating to induce dropwise condensation of water; specifically, we experimentally demonstrated that the 

mechanism for REO hydrophobicity results from adsorption of contaminants from the atmosphere. We 

also used graphene, which is hydrophobic in nature, as a coating to achieve robust dropwise water 

condensation.  With a graphene coating, we demonstrated a 4x improvement in water condensation heat 

transfer compared to filmwise condensation with robustness superior to state-of-the-art hydrophobic 

monolayer coatings.  Meanwhile, low surface tension condensates pose a unique challenge since they 

often form a film, even on hydrophobic coatings. Lubricant infused surfaces (LIS) represent a potential 

solution, where a lubricant immiscible with the low surface tension condensate is infused into a rough 

structure on the condenser surface to repel the condensate. We developed a detailed surface-energy-based 

model to provide design guidelines for any arbitrary LIS system.  We then characterized heat transfer 

coefficients during condensation of low surface tension fluids on LIS in a controlled environmental 

chamber for the first time, where a 5x improvement was demonstrated compared to filmwise 

condensation.  The improved condensation heat transfer coefficients realized by LIS for low surface 

tension fluids and by REOs and graphene for water present opportunities for significant energy savings in 

device thermal management, heating and cooling, and power generation. 
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Chapter 1 

1. Introduction 

1 . 1  M O T I V A T I O N  

Vapor condensation is a familiar phenomenon which routinely occurs in nature
1-4

. An everyday example 

of condensation is the droplets of water which form on the container of a cold beverage left out on a 

warm, humid day. Condensation is also an essential consideration in industry for power generation
5
, 

thermal management
6,7

, water desalination
8,9

, and environmental control
10

. For example, the steam cycle 

is responsible for over 90% of electrical power generation worldwide, and condensation heat transfer 

performance directly influences the thermal efficiency of the steam cycle
11

.  If the heat transfer 

performance of the condenser shown schematically in the steam cycle in Figure 1 were improved, the 

bottoming cycle temperature, TLOW, could be lowered while keeping THIGH the same.  The efficiency of the 

cycle is related to the ratio of the high to the low temperature, where a higher temperature ratio 

THIGH/TLOW is expected to result in higher cycle efficiency.  Therefore, lowering TLOW increases THIGH/TLOW 

and translates to an efficiency improvement.  In addition to improved cycle efficiency, a higher 

condensation heat transfer rate could mean that a smaller condenser is required, potentially decreasing the 

capital cost associated with construction of power plants that operate with steam cycles. 

 

Figure 1. Schematic representation of an ideal steam cycle.  Starting from the liquid phase inside of 

the condenser, the fluid is pumped to high pressure, converted to vapor by the addition of heat at 

THIGH in the boiler, expanded through the turbine back to the condenser pressure while producing 

work, and then condensed from vapor back to the starting liquid phase by removal of heat at TLOW. 
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Heating, ventilation, and air conditioning (HVAC) systems, which account for ≈20% of the total energy 

consumption in developed countries
12

, also must be designed with condensation heat transfer performance 

in mind to limit the buildup of condensate and improve efficiency. Yet another area where condensation 

is important is in the transmittance of light into greenhouses, where condensate formation on windows 

can result in losses of up to 40% during the winter
13

. 

 

1 . 2  B A C K G R O U N D  

For these applications, heterogeneous condensation occurs on condenser walls as opposed to directly in 

the vapor phase because of reduced energy barriers for heterogeneous nucleation relative to homogeneous 

nucleation
14

. In typical industrial systems, the condensed vapor forms a thin liquid film on the condenser 

surface due to the high surface energy associated with the majority of industrial heat exchanger materials 

(i.e., clean metals and metal oxides). This mode, known as filmwise condensation, (Figure 2), is not 

desired due to the large thermal resistance to heat transfer
15

. However, on low surface energy materials, 

the condensed vapor forms discrete liquid droplets. During this dropwise condensation, droplets roll off at 

sizes approaching the capillary length (≈2 mm for water) and clear the surface for re-nucleation as shown 

in Figure 2
16

.  

 

Dropwise condensation can be achieved if the condensing surface is functionalized with a hydrophobic 

coating, for example a long-chain fatty acid, wax, or polymer coating
17-20

. Compared to filmwise 

condensation, dropwise condensation allows 5–7x higher heat transfer performance, as illustrated in 

Figure 3. The heat flux, q”, is the most commonly used metric for quantifying the amount of latent heat 

 

 

Figure 2. Filmwise condensation of water on a bare copper condenser tube (left) and dropwise 

condensation on a copper tube functionalized with a monolayer hydrophobic coating (right). 
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Figure 3. Condensation mode regime map shown with heat flux as a function of temperature 

difference between the condenser surface and surrounding vapor.  The green area indicates 

potential improvement in heat transfer coefficient over state-of-the-art dropwise condensation. 

 

of phase change removed by the surface during condensation at a given driving potential (temperature 

difference), ΔT  = Tsat(Pv) – Twall, where Tsat(Pv) is the saturation temperature of the surrounding vapor and 

Twall is the condenser wall surface temperature.  This ΔT is often referred to as the subcooling. 

 

Achieving dropwise condensation on common industrial materials has been a topic of significant interest 

for the past eight decades
21,22

 with an emphasis on creating non-wetting surfaces via application of 

promoter coatings for easy droplet removal. While robust coatings continue to pose a challenge and 

require further development,
21

 recent advancements in nanofabrication have allowed for further tailoring 

of surface wetting properties and condensation behavior to enhance heat transfer performance above that 

of dropwise condensation on a flat surface. Three important properties that affect the condensation heat 

transfer coefficient, hc = q”/ΔT, are nucleation density, advancing contact angle, and departure radius.
23,24

  

Heat transfer increases with nucleation density due to the increasing number of small droplets that have 

low conduction thermal resistance due to their size. Conversely, high apparent contact angle can lead to 

an increase in conduction resistance through the droplet due to the reduced size of the droplet base,
23,25
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which hinders the overall heat transfer performance.  Finally, larger droplets have increased thermal 

resistance and thus larger droplet departure size results in a lower overall condensation heat transfer 

coefficient. 

 

1 . 3  O B T A I N I N G  H Y D R O P H O B I C I T Y  

Since most industrial metals, such as aluminum, copper, titanium, and stainless steel (and their 

corresponding oxides) have high surface energy, surface functionalization via a coating that can reduce 

surface energy is required on these materials to obtain dropwise condensation. This is a particularly active 

area of research, as no solution has yet been proposed which satisfactorily addresses durability, cost, and 

performance concerns. Several approaches to obtaining suitably low surface energies are presented here 

with their advantages and disadvantages highlighted. 

 

Self-assembled monolayers (SAMs) result from spontaneous physi- or chemisorption of a thin molecular 

film (~1 nm) comprised of individual molecules on the condensing surface. These molecules have 

hydrophobic tails pointing away from the surface that interact with the condensate and ligand heads that 

bind to the surface. This functionalization method does not introduce a significant thermal resistance; 

however, durability is a primary concern. Two common types of SAMs are sulfur-based ligand thiols and 

silicon-based ligand silanes. Thiols have been found to oxidize over short time scales upon exposure to 

ambient conditions or UV radiation and reduce to disulfides and sulfonates which can wash away from 

the surface with polar solvents such as water.
26

 Thiols are also less thermally stable than silanes.
27

 Silanes 

show better stability due to covalent bonding with the surface.
28

 Furthermore, self-healing strategies have 

recently been demonstrated based on fluorinated silane chemistries that could increase the longevity of 

these coatings.
29,30

 However, durability is still currently a major concern with silanes.
31

 

 

Polymer coatings such as polytetrafluoroethylene (PTFE), parylene, and silicones have been used as a 

functional coating to promote dropwise condensation.
18,32-34

 However, the required coating thickness to 

realize satisfactory durability results in an added thermal resistance which offsets the heat transfer 

improvement due to DWC.
18

 This thickness requirement may be reduced with new binder materials to 

form a stronger bond between the polymer and substrate. In addition, initiated CVD of fluoropolymer thin 

films is another potential functionalization method which offers high coating conformality and potential 

robustness.
31,35

 

 

Ion implantation promotes dropwise condensation through carbon, nitrogen, and oxygen ion implantation 

in copper, aluminum, titanium, and steel surfaces.
36-38

 Sustained dropwise condensation was achieved on 
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these surfaces over periods of multiple months.
39

 However, this method is not commonly used because it 

is relatively expensive compared to SAMs and polymer coatings. 

 

Noble metals applied as a thin functional coating are a robust approach to achieve dropwise condensation, 

with one paper demonstrating continuous DWC on gold for over five years.
40

. Initially, gold was thought 

to be intrinsically hydrophobic.
41

 However, subsequent experimental results showed that the contact angle 

on a clean gold surface with hydrocarbons desorbed and oxide removed by heating in a hydrogen gas 

stream with < 1ppm hydrocarbons was 0°.
42

. This claim was initially disputed,
43

 but subsequent studies 

demonstrated that gold, while intrinsically hydrophilic, rapidly adsorbs hydrocarbons from air resulting in 

increased contact angle and dropwise condensation.
44-46

 

 

1 . 4  T H E S I S  O B J E C T I V E S  A N D  O U T L I N E  

This thesis explores methods to improve the condensation heat transfer coefficient by promoting dropwise 

condensation of water and low surface tension fluids in a robust manner. 

 

In Chapter 1, the motivation for studying and improving condensation heat transfer was discussed. 

Previous contributions to the field and various types of hydrophobic coatings were explored. 

 

In Chapter 2, rare earth oxides (REOs) are explored as a potential coating to induce dropwise 

condensation of water; specifically, the mechanism for REO hydrophobicity is experimentally 

demonstrated to result from stable adsorption of contaminants from the atmosphere. 

 

In Chapter 3, graphene is used to achieve robust dropwise water condensation.  A 400% improvement in 

water condensation heat transfer compared to filmwise condensation with robustness superior to state-of-

the-art monolayer hydrophobic coatings is demonstrated with graphene. 

 

In Chapter 4, the heat transfer coefficient for low surface tension fluids condensing on lubricant infused 

surfaces, where a lubricant immiscible with the low surface tension condensate is infused into a rough 

structure on the condenser surface to repel the condensate, is experimentally measured 

 

In Chapter 5, a detailed surface-energy-based model which provides design guidelines for any arbitrary 

lubricant infused surface is described and insights from the model are presented. 

 

In Chapter 6, perspectives on the work are presented and future directions are proposed.  
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Chapter 2 

2. Effect of Hydrocarbon Adsorption on the Wettability of 

Rare Earth Oxide Ceramics 

State-of-the-art techniques to promote dropwise condensation rely on functional hydrophobic coatings, 

which are often not robust and therefore undesirable for industrial implementation.  Natural surface 

contamination due to hydrocarbon adsorption, particularly on noble metals, has been explored as an 

alternative approach to realize stable dropwise condensing surfaces.  While noble metals are prohibitively 

expensive, the recent discovery of robust rare earth oxide (REO) hydrophobicity has generated interest for 

dropwise condensation applications due to material costs approaching 1% of gold; however, the 

underlying mechanism of REO hydrophobicity remains under debate.  In this work, we show through 

careful experiments and modeling that REO hydrophobicity occurs due to the same hydrocarbon 

adsorption mechanism seen previously on noble metals.  To investigate adsorption dynamics, we studied 

holmia and ceria REOs, along with control samples of gold and silica, via X-Ray photoelectron 

spectroscopy (XPS) and dynamic time-resolved contact angle measurements.  The contact angle and 

surface carbon percent started at ≈ 0 on in-situ argon-plasma-cleaned samples and increased 

asymptotically over time after exposure to laboratory air, with the rare earth oxides displaying 

hydrophobic (> 90 degrees) advancing contact angle behavior at long times (> 4 days).  The results 

indicate that REOs are in fact hydrophilic when clean, and become hydrophobic due to hydrocarbon 

adsorption. Furthermore, this study provides insight into how REOs can be used to promote stable 

dropwise condensation, which is important for the development of enhanced phase change surfaces. 

 

2 . 1  I NTRO DUCTION  

Condensation is observed frequently in our environment and routinely used in industry as an effective 

means of transferring heat. Water condensation on typical industrial condenser metal surfaces and their 

respective high-surface-energy oxides, e.g., CuO, Al2O3, and Fe2O3, results in the formation of a film of 

condensate that spreads over the condenser surface, termed filmwise condensation.
15

  This filmwise mode 

of condensation imposes a thermal resistance across the film, which limits heat transfer.  Conversely, 

water condensation on a low-surface-energy material, e.g., PTFE, parylene, and PFDA, results in the 

formation of discrete condensate droplets that, when under gravity-driven convection, shed as their size 

approaches the capillary length (≈2 mm for water), termed dropwise condensation.
16

  The shedding of 
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droplets refreshes the surface for renucleation and offers an improvement in heat transfer performance of 

5 – 7x compared to filmwise condensation.
21

   

 

State-of-the-art techniques to promote dropwise condensation rely on the application of low-surface-

energy hydrophobic coatings to the condenser surface.
21,47

 Coatings as thin as a monolayer (≈1 nm) of 

long-chain fluorocarbon molecules or fatty acids can be applied to induce hydrophobicity, but these are 

often not robust over extended periods of time and therefore unsuitable in industrial applications.
48

  

Thicker polymer coatings, e.g., ≈ 20 µm coating of PTFE, have shown the potential to maintain robust 

hydrophobicity, but have a characteristically large thermal resistance that can negate the advantage gained 

by achieving dropwise condensation.
21

  More recently, plasma enhanced chemical vapor deposition 

(PECVD) and initiated chemical vapor deposition (iCVD) have been used to grow ultra-thin (< 40 nm) 

conformal coatings of polymer on surfaces with success in achieving dropwise condensation.
48,49

  

However, the longevity of these ultra-thin coatings remains a question due to the lack of extended or 

accelerated testing to assess mechanical durability and long-term stability.   

 

An alternative to the direct application of low-surface-energy coatings relies on surface contamination 

due to energetically favorable hydrocarbon adsorption, particularly on high thermal conductivity noble 

metals (i.e., gold and silver).
50

  These metals are wetting when clean, but reduce their surface energy by 

adsorbing hydrocarbons from air, enabling dropwise condensation when used as condenser surfaces.  The 

robustness of this approach is well-documented, with one paper demonstrating continuous dropwise 

condensation on gold for over five years in a closed system.
40

  Unfortunately, the high price of noble 

metals prohibits this approach in practice. 

 

Researchers have recently demonstrated rare earth oxides (REOs) as potential candidates for condenser 

surface coatings due the their apparent intrinsic hydrophobicity
51

 and costs approaching 1% of gold.
52

  

However, reported contact angles on REOs are inconsistent.  Advancing contact angles ranging from 17 – 

134° have been observed, with a study reporting 94 - 134° on rough electroplated ceria coatings
53

.  

Meanwhile another study reports 120° on a rough ceria membrane, but 17° on ceria after oxidation by 

heating cerium foil in air and 31° on a rough ceria membrane which has been sonicated in ethanol to 

destroy the nanostructure.
54

 

 

Furthermore, the underlying mechanism of REO hydrophobicity does not seem to be well-understood. 

The initially reported intrinsic hydrophobicity of REOs asks for a comparison with the debate in scientific 

literature regarding the intrinsic wettability of gold in the 1960s.
51

  Erb and Fowkes asserted that gold was 
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intrinsically hydrophobic in 1964,
40,41

 which Zisman contradicted the following year with experiments 

demonstrating that the contact angle on a gold surface with hydrocarbons desorbed and oxide removed 

(by heating in a hydrogen gas stream with < 1ppm hydrocarbons) was ≈ 0°.
42

  Though Erb initially 

disputed the claim,
55

 subsequent studies determined that gold is intrinsically hydrophilic but rapidly 

adsorbs hydrocarbons from the ambient environment, resulting in an increased contact angle.
44-46,56-58

  The 

idea of achieving hydrophobicity via hydrocarbon adsorption has been extended for a wide class of 

materials, including ceramic metal oxides
59,60

 as well as pristine monolayer graphene.
61

  However, in the 

case of REOs such as ceria, while previous work has shown that methane adsorbs to the surface
62

 and 

hydrocarbon adsorption increases on roughened surfaces with more available surface area,
63

 adsorption of 

hydrocarbons besides methane and the subsequent effect on contact angle have not been investigated.  In 

this work, we show through experiments and modeling that REO hydrophobicity occurs due to a similar 

hydrocarbon adsorption mechanism observed previously on noble metals.  To investigate adsorption 

dynamics under ambient conditions, we studied two REOs with different oxidation states, holmia (Ho2O3) 

and ceria (CeO2), along with control samples of silica on a silicon wafer substrate and gold; both chosen 

because literature values on the effect of hydrocarbon adsorption were readily available. 

 

2 . 2  S AMP LE P REP ARATIO N  

REO samples were fabricated by pressing and sintering powders (Sigma-Aldrich: holmia, 99.9% pure, 

100 nm; ceria, 99.9% pure, 5 µm) in accordance with the procedure described in the study which first 

reported REO hydrophobicity.
51

  First, the powders were dry-pressed into ≈ 2 mm thick chips at 270 MPa 

and then at 350 MPa in a 13-mm-diameter steel pellet die (REFLEX evacuable pellet die).  The chips 

were then sintered for 4 hr at 1600 °C and 1560 °C for holmia and ceria, respectively, in a box furnace 

(Blue-M, Thermo Scientific).  Field emission scanning electron microscopy images of the grains formed 

during sintering are shown in Figure 4 along with atomic force microscopy (AFM) scans of the surface.  

The surface roughness, defined as the ratio of actual surface area to projected surface area, was 

determined from AFM to be less than 1.05 for both samples, which indicates that surface roughness did 

not significantly impact wettability.  
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Figure 4. (a) Holmia (Ho2O3) and ceria (CeO2) samples after dry-pressing and sintering.  The 

holmia fracture shows the brittle nature of the REOs.  Field emission scanning electron microscopy 

images are shown for the (b) holmia and (c) ceria surfaces.  The average grain sizes are ≈1 μm and 

≈10 μm, respectively.  AFM scans of the surfaces are presented with height profiles along the 

dashed lines on these scans shown below for (d and e) holmia and (f and g) ceria.  The ratio of 

actual surface area to projected surface area was less than 1.05 for both REO samples. 

 

To ensure a pristine surface, the samples were cleaned with argon plasma (Harrick PDC-001) until no 

contaminants were present as evidenced by X-ray photoelectron spectroscopy (XPS) (Thermo Scientific 

K-Alpha), and the samples were further bombarded by argon ions inside of the XPS chamber before the 

first (pristine) measurement of surface composition.  Argon plasma was used because it is inert and 

removes contamination by physical bombardment as compared to oxygen-containing plasma, which 

reacts chemically with the surface.
64

  Furthermore, argon plasma has been shown to remove adsorbed 

hydrocarbons and does not significantly increase surface roughness.
65-67

  The pristine surfaces after argon 

ion bombardment showed that the surfaces exhibited the expected stoichiometric ratios for their 

respective oxidation states, with gold in its elemental state (Table 1). 

 

2 . 3  RES ULTS  AND DI SCUS SI O N 

After cleaning, the samples were exposed to laboratory air (MIT Rohsenow-Kendall Heat Transfer 

Laboratory, ambient temperature = 25 ± 2 °C, relative humidity = 35 ± 10%) and the advancing and 

receding contact angles and XPS spectra were measured at multiple time points. Contact angles were 

obtained by microgoniometric measurement (Kyowa MCA-3, see supplementary).  Droplet vibrations 

induced by the piezoelectric dispenser head
68-70

 did not affect the measurements.
71

  The advancing and 

receding contact angles are presented as opposed to the equilibrium contact angle to thoroughly describe 
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the surface wettability
72,73

 and to characterize the force needed to hold the droplet stationary on an 

inclined condensing surface against the force of gravity, which directly affects condensation heat 

transfer
21,74,75

 (see supplementary information). To determine the amount of adsorbed hydrocarbon, the 

surface carbon percent was measured from the relative peak magnitudes of the surface components 

observed from XPS spectra taken at each time point.  Representative XPS spectra for holmia and ceria are 

presented in Figure 5.  Comparison between the XPS spectra for pristine holmia and ceria and at 96 hours 

after cleaning reveals that a sharp carbon peak develops, often referred to as the “adventitious carbon” 

peak, which is indicative of adsorption of hydrocarbons onto the surface.
76

  Note that hydrogen cannot be 

explicitly detected by XPS because it only has valence electrons, which are indistinguishable from other 

elements upon excitation and for which the binding energy is influenced by environment; therefore, 

determination of the average hydrocarbon chain length was not possible.
77

 

 

 

 

Figure 5. Survey XPS spectra of (a) holmia and (b) ceria immediately after argon ion bombardment 

(0 hr) and after 4 days exposed to laboratory air (96 hr).  For both REOs, sharp carbon peaks 

developed by 96 hr which were not present at 0 hr, indicated here with arrows, which confirm the 

adsorption of hydrocarbons on the surface.  The 0 hr spectra were shifted upwards by a constant 

value for comparison between spectra. 

 



 

24 

 

Table 1. Elements present on pristine REO (ceria and holmia) and control (silica and gold) surfaces 

in stoichiometric ratios after cleaning by bombardment with argon ions; atomic percent 

determined by XPS. 

Sample Element Atomic % Element Atomic % 

Holmia (Ho2O3) Ho 41 O 59 

Ceria (CeO2) Ce    33  O 67 

Silica (SiO2) Si 34 O 66 

Gold (Au) Au 100 - - 

 

The average advancing contact angle measurements for each sample as a function of time after argon 

plasma cleaning started at ≈ 0° and increased asymptotically over time for every sample (Figure 6), with 

the REO’s displaying hydrophobic (θa > 90°) behavior after 4 days.  Note that both the advancing and 

receding angles for all of the surfaces except gold were less than 10° immediately after cleaning, and, as a 

result, the contact angle hysteresis was also initially less than 10° (the advancing/receding contact angles 

on gold were 46°/10° at the time of the first measurement).  At 2448 hours (102 days) after cleaning, the 

average advancing angle reached 103° for holmia and 95° for ceria, which are within 10% of the 

previously reported values.
51

  The advancing angles on gold and silicon reached 66° and 44°, respectively, 

which are in good agreement with the literature values for hydrocarbon contamination of these surfaces 

after cleaning to their pristine state and exposing to laboratory air.
40,55,78

  Representative images of the 

advancing contact angle increase over time on the REOs are shown in Figure 6(b, c).   

 

The increase in advancing contact angle over time suggests that the surface energy decreases over time, 

which can be attributed to the lower surface energy of the adsorbed hydrocarbons.
79

  This trend has been 

previously shown for a variety of non-noble metal oxide materials including zirconium dioxide (ZrO2) 

and titanium dioxide (TiO2), among others, and occurs due to physisorption of hydrocarbons to OH
-
 

groups and other energetically favorable sites present on the surface,
59,80

 where van-der-Waals and 

hydrogen bonding are typical
81

 but covalent bonding is also possible.
82-84

  The results of the XPS analysis 

conducted here show that the amount of carbon present on the surface is indeed increasing over time, 

indicating that hydrocarbons adsorb to the cleaned surface after exposure to air. As shown in Figure 7a, 

the surface atomic percent of carbon increased from ≈ 0% immediately after cleaning to an asymptotic 

value of between 12 – 34% depending on sample type. 
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Figure 6. (a) Average advancing contact angle as a function of time for the REO (holmia and ceria) 

and control (gold and silica) samples exposed to laboratory air (temperature ≈ 25 °C, relative 

humidity ≈ 35%) with t=0 at the instant of argon ion bombardment surface cleaning.  The average 

contact angle, defined as the mean of the contact angles measured on at least 5 spots on each 

sample, increased asymptotically with time for each sample.  The error bars for the average contact 

angle range from 3-7° due to error in the measurement and variance between data points.  

Representative time-lapse images of advancing contact angles observed via microgoniometer are 

shown for (b) holmia and (c) ceria samples. 

 

To explore the relationship between advancing contact angle and hydrocarbon adsorption, the measured 

advancing and receding angles are shown as a function of the surface atomic percent carbon for holmia 

and ceria in Figure 7(b, c).  The advancing and receding contact angles increased with surface atomic 

percent carbon, where the advancing and receding contact angles are positively correlated with surface 

atomic percent carbon with a Pearson product-moment of at least 0.93 for all of the samples studied here.  

This correlation is in agreement with previous work for metals and metal oxides (see supplementary 

information).  The mechanism for this relationship can be explained by considering the adsorbed 

hydrocarbons to be hydrophobic defects on an initially hydrophilic surface.
85

  If the hydrocarbons are 

approximated as circular hydrophobic defects, then the advancing angle is predicted by: 

 

 𝐜𝐨𝐬(𝜽𝑨) = 𝒇𝒎𝒂𝒙 𝐜𝐨𝐬(𝜽𝟏,𝑨) + (𝟏 − 𝒇𝒎𝒂𝒙) 𝐜𝐨𝐬(𝜽𝟐,𝑨) , (1) 
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where θA is the advancing contact angle as a function of the surface coverage of hydrocarbons, fmax, which 

is determined from the surface atomic percent carbon and the relative sizes of the adsorbed hydrocarbons 

and the surface atoms, θ1,A is the advancing contact angle of the hydrophilic surface with no adsorbed 

hydrocarbons (≈ 0°), and θ2,A is the advancing contact angle on the surface once it has become saturated 

with hydrocarbons (approximated as the advancing angle at 2448 hours) (See expanded explanation in 

supplementary information).  The curve obtained from this model is shown to fit well with the 

experimental data, indicating that hydrocarbon adsorption results in the observed increase contact angle.  

Modeling the receding angle in this case yields less useful information due to adhesion hysteresis of the 

adsorbed hydrocarbons and the variability in receding behavior as a function of time that the droplet 

remains on the surface.
86

 

 

This work demonstrates that the hydrophobicity of REOs is due to hydrocarbon adsorption, as shown by 

the relationship between the increasing contact angle and surface carbon percent over time upon exposing 

a pristine surface to atmosphere.  Similar to the noble metals and more typical metal oxides, pristine 

REOs have high surface energy, making them intrinsically hydrophilic. This study on the evolution in 

wetting behavior suggests that REOs can serve as coatings to induce dropwise condensation for improved 

heat transfer performance through the spontaneous adsorption of hydrocarbon material and subsequent 

effect on wetting behavior.   

 

2 . 4  S UMM ARY  

This study provides insight on the wetting mechanism of the REO material group that suggests potential 

for implementation in other fields which make use of hydrophobic materials, including self-cleaning 

surfaces,
87

 anti-icing surfaces,
88,89

 water desalination,
8,9

 and enhanced heat transfer surfaces.
47,90

  

Furthermore, our work highlights the importance of controlling hydrocarbon adsorption for material 

wetting characterization. 
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Figure 7. (a) Surface atomic percent carbon as a function of time for the REO and control samples 

exposed to laboratory air (temperature ≈ 25 °C, relative humidity ≈ 35%) with t = 0 at the instant of 

argon ion bombardment surface cleaning.  Surface atomic percent carbon was calculated based on 

the relative peak sizes from XPS spectra taken at each data point and increased asymptotically with 

time.  The error bars for surface atomic percent carbon range from 15-30% of the values shown 

due to error in the XPS measurement and the calculation of atomic percent from the spectra. The 

contact angle is shown as a function of surface carbon percent for (b) ceria and (c) holmia, and the 

advancing angle agrees well with a theoretical curve calculated from a model prediction accounting 

for hydrocarbons on a hydrophilic surface. 
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Chapter 3 

3. Scalable Graphene Coatings for Enhanced Condensation 

Heat Transfer 

In this chapter, we show the effectiveness of ultra-thin scalable chemical vapor deposited (CVD) 

graphene coatings to promote dropwise condensation while offering robust chemical stability and 

maintaining low thermal resistance.  Heat transfer enhancements of 4x were demonstrated compared to 

filmwise condensation, and the robustness of these CVD coatings was superior to typical hydrophobic 

monolayer coatings.  Our results indicate that graphene is a promising surface coating to promote 

dropwise condensation of water in industrial conditions, with the potential for scalable application via 

CVD. 

 

3 . 1  I NTRO DUCTION  

Graphene is a two-dimensional material composed of carbon atoms arranged in a hexagonal lattice which 

has received significant attention since 2004 due to its unique and remarkable physical properties.
91,92

  

Prominent examples of the applicability of graphene include electronic device interconnects due to high 

charge carrier mobility,
93

 transparent electrodes for solar cell devices,
94,95

 and membranes for water 

desalination.
8,96

  Graphene has also been used in thermal management applications due to its ability to 

improve device thermal conductivity and spread heat.
97-99

   However, with graphene being a relatively 

new material, many applications have not yet been thoroughly explored. 

 

One such application is the promotion of dropwise condensation. Graphene displays hydrophobic 

behavior
100,101

, and its inert chemical nature and demonstrated mechanical strength suggest that it will 

resist degradation under typical condenser conditions.
94,95,102,103

  Furthermore, the thermal resistance of a 

graphene coating is well-characterized
104-106

 and is negligible in condensation applications (see 

supplementary information), and it can be applied relatively scalably via CVD.
107,108

  Although graphene 

was initially suggested to have complete wetting transparency
109

, its hydrophobic nature has since been 

elucidated through careful experimental, numerical, and theoretical analysis.
100,101,110,111

  Past work
109

 also 

proposed graphene coatings to promote dropwise condensation, but the results of the experimental 

analysis did not show the expected improvement in heat transfer compared to filmwise condensation.  The 

presence of non-condensible gases in the experimental setup not only reduced the improvement gained by 
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promoting dropwise condensation to 30–40% as opposed to 500–700%, but also resulted in reported 

condensation heat transfer coefficients three orders of magnitude lower than typical values without 

noncondensible gases.
21

   Furthermore, the mechanism for the dropwise condensation behavior was 

attributed to the “transparent” graphene layer protecting the copper from oxidation and preserving the 

intrinsic hydrophobic behavior of copper, while it has been demonstrated that copper is actually 

intrinsically hydrophilic
112,113

 like other high-surface-energy materials.
42,44,58,114,115

 

 

In this work, we demonstrate the uniform coating of high-purity (> 99.99%) copper with graphene by 

both low and atmospheric pressure CVD.  Both the low-pressure CVD (LPCVD) and the atmospheric 

pressure CVD (APCVD) graphene were single-layer.  Subsequently, we experimentally demonstrated a 

4x higher heat transfer coefficient for dropwise condensation of water on copper coated by graphene 

(both LPCVD and APCVD) compared to filmwise condensation on bare copper, in good agreement with 

theoretical models used for each case.  The robustness of these graphene coatings was compared to a 

long-chain fluorocarbon monolayer commonly used to promote dropwise condensation, where 100°C 

steam was condensed on both samples continuously.  The fluorocarbon monolayer coating degraded 

completely in under 12 hours, while for the graphene coatings, dropwise condensation was observed over 

a two-week span without showing signs of degradation.  These results suggest that graphene is a robust 

and nonreactive coating material which enhances condensation heat transfer by promoting dropwise 

condensation. 

 

3 . 2  S AMP LE P REP ARATIO N  

The copper samples used as substrates for graphene CVD were high purity tubes (>99.99%, OD = 1/4 

inch, McMaster-Carr) and sections of sheet metal (>99.99%, thickness = 0.032 inch, McMaster-Carr).  

Prior to the CVD process, the copper samples were sonicated in acetone, triple-rinsed with deionized 

water, submersed in 2.0 M hydrochloric acid, again triple-rinsed with deionized water, and finally treated 

for 10 minutes with argon plasma (Harrick PDC-001), which removes hydrocarbons via physical 

bombardment.
64,66,67

 This process was also used to clean the bare copper samples for characterization of 

filmwise condensation under ideal conditions since past work has shown that bare copper exhibits 

filmwise condensation during continuous condensation.
40,116,117

 

 

The CVD process was then performed on the copper samples at both low and atmospheric pressure in a 1-

inch quartz tube furnace.  For both processes, the furnace was heated to 1000 °C, and hydrogen gas (with 

a flow rate of 10sccm) for the LPCVD process and argon gas (with a flow rate of 500 sccm) for APCVD 

process flowed over the samples for 30 min prior to graphene growth.  Methane gas was then introduced, 
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and the synthesis of graphene was performed over 30 min at 1.9 Torr and atmospheric pressure for the 

LPCVD (with a flow rate of H2/CH4 = 70/4 sccm) and APCVD (with a flow rate of Ar/CH4 = 500/3 sccm) 

coatings, respectively.
118-120

 Finally, the samples were cooled to room temperature under hydrogen (10 

sccm)/argon gas (500 sccm) for LPCVD/APCVD and then exposed to laboratory air (i.e., non-filtered).  

While exposure to air leaves the possibility for contamination, the difference in wettability is expected to 

be negligible across different laboratory environments as indicated in past work
114

 (Further 

characterization specifically for graphene contamination under several different environments is an 

important topic and should be investigated in future research).  

 

We characterized the samples using field-emission scanning electron microscopy (Zeiss Ultra-Plus) to 

determine the surface morphology, shown in Figure 8.  Copper grains are visible on both the LPCVD and 

APCVD surfaces, and it was observed that the graphene covered the entire surface of the copper. (The 

absence of visible copper grains on the bare copper surface is attributed to not heating the bare copper to 

 

 

Figure 8. Field emission scanning electron microscopy images for (a, b) the low-pressure CVD 

graphene coating and (c, d) the atmospheric pressure CVD graphene coating on high-purity (> 

99.99%) copper substrates.  During growth, the native copper oxide layer is reduced by H2 gas at 

high temperature, and the underlying copper forms pronounced grains.  Upon exposure to a CH4 at 

1000 °C, graphene islands nucleate and grow over the surface until colliding with other islands.  

The copper grains remain visible. (e) Representative Raman spectra for the CVD graphene layers 

after transfer to a silicon substrate, obtained with a confocal Raman microscope using a 532 nm 

laser, demonstrate the presence of single-layer graphene for both CVD methods.  (f) Optical 

characterization of the graphene transferred onto a transparent substrate indicated that both the 

LPCVD and APCVD graphene were predominately single-layer.
121
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1000 °C as is required during graphene CVD.) Further characterization of the samples was conducted 

with Raman spectroscopy using a confocal Raman microscope with a 532 nm laser.  Representative 

Raman spectra for the CVD graphene coatings after transfer onto a silicon substrate are shown in Figure 

1(e), where the ratio of 2D:G peaks (4–5x) and the full width at half maximum of the 2D peak (25–30 cm
-

1
) demonstrate the presence of single-layer graphene for both CVD methods.  Optical characterization of 

the CVD graphene after transfer onto a transparent substrate (see Supporting Information) was also 

performed to study the graphene thickness over a larger area than the Raman laser spot size (Raman spot 

size is ~1 μm while the transmittance measurement spot size is ~5 mm).  The optical characterization 

indicated that both the LPCVD and APCVD graphene were predominately single-layer.
121

 

 

We determined the surface wetting properties for water by goniometric characterization, where the 

advancing and receding contact angles in Figure 9 describe the surface wettability.
72,73

  Both the 

advancing and receding contact angles need to be considered to determine the force which holds a droplet 

stationary on an inclined condensing surface against the force of gravity, which directly affects droplet 

departure size and condensation heat transfer.
25,122-124

  The average advancing/receding contact angles 

were 87±5°/64±5° for the LPCVD graphene and 93±5°/56±5° for the APCVD graphene, determined from 

six points on each sample using a piezoelectric picoliter-scale droplet dispenser microgoniometer (Kyowa 

MCA-3) with the receding contact angle obtained during droplet evaporation and observed to exhibit 

constant receding contact angle behavior.
125

  The contact angle hysteresis was attributed to sporadic 

defects on the surface, possibly at graphene grain boundaries.  The droplet departure size during water 

vapor condensation, defined as the diameter at which droplets begin to slide down the condenser wall, is 

shown in Figure 9(c, f).  The average droplet departure diameters were 2.4 ± 0.1 mm on LPCVD 

graphene compared to 2.8 ± 0.1 mm on APCVD graphene, suggesting that the condensation heat transfer 

coefficient on LPCVD graphene will be slightly higher than on APCVD graphene as droplets shed at  

smaller sizes and refresh the surface for re-nucleation.  The contact angle on the clean bare copper surface 

was ≈0°, with no distinction between advancing and receding. 

 

3 . 3  H EAT TRANSF ER CH ARAC TERI ZATIO N  

We experimentally obtained the overall heat transfer performance of the graphene-coated copper tubes in 

a controlled vacuum chamber.  Prior to condensation experiments, the vacuum chamber was evacuated to 

a pressure of P < 1.0 Pa to eliminate the presence of noncondensable gases, which have been shown to 

severely degrade condensation heat transfer performance.
126,127

  Water vapor was then introduced from a 

canister of degassed, deionized water attached to the vacuum chamber.  The copper tube temperature was 
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Figure 9. Representative images of (a) advancing and (b) receding contact angles of water on 

LPCVD graphene grown on a high-purity copper substrate, obtained by goniometric measurement.  

A histogram of droplet departure size during water condensation on LPCVD graphene is shown in 

(c).  The advancing and receding contact angle for water on APCVD graphene are shown in (d) and 

(e), respectively, and a histogram of droplet departure size during water condensation on APCVD 

graphene is shown in (f).  The average droplet departure diameter during water condensation on 

APCVD graphene is 2.8 ± 0.1 mm compared to 2.4 ± 0.1 mm on LPCVD graphene, suggesting a 

slightly higher expected condensation heat transfer coefficient on LPCVD graphene than on 

APCVD graphene. 

 

regulated by an internal chiller water flow loop which was isolated from the interior of the vacuum 

chamber, and the heat transfer through the tube wall was determined as a function of the chiller water 

flow rate and chiller water temperature at the tube inlet and outlet.  As the copper tube was chilled 

internally, water vapor within the chamber condensed on the outer tube surface.  The water vapor pressure 

within the chamber was maintained at values ranging from 2 to 5 kPa (corresponding to saturated water 

temperatures of 17 to 33 ̊C), which are typical for industrial condenser applications.
128,129

   

 

Photographs of condensation on the exterior tube surfaces are shown in Figure 10.  The bare copper tube 

underwent filmwise condensation of water vapor regardless of the temperature difference between the 

tube and the surrounding water vapor due to the spreading nature of water on clean copper (Figure 

10(a,b)).  The LPCVD (Figure 10(c,d)) and APCVD (Figure 10(e,f)) graphene coated tubes have visible 

graphene layers when dry (Figure 10(c,e)), and these coated tubes exhibited dropwise condensation over 

the full range of experimental conditions. 
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The overall heat flux, determined by the change in sensible heat of the chiller water, was obtained along 

with the log mean temperature difference (LMTD) between the chiller water and the temperature 

corresponding to the pressure of the surrounding water vapor for the bare copper (diamonds), LPCVD 

graphene (squares), and APCVD graphene (circles) (Figure 11(a)).  The overall heat flux increased 

monotonically with the LMTD, where the local slope of this curve represents the overall heat transfer 

coefficient.  Figure 11(b) shows the condensation heat transfer coefficient extracted from the overall heat 

transfer coefficient (see Supporting Information) as a function of vapor pressure while holding the 

supersaturation S = Pvapor/Psat(Twall) constant (S = 1.2). The theoretical predictions (dashed curves) were 

obtained from the droplet growth and distribution model for the graphene-coated condenser and from the 

Nusselt model for filmwise condensation on the bare copper condenser, and were in good agreement with 

the experimental data (for model derivation and parameters, see Supporting Information).  The 

assumption of uniform wall temperature for the models was justified because the temperature variation in 

the chiller water from the inlet to outlet of the sample was over an order of magnitude less than the 

temperature difference from the sample to the surrounding vapor.  The condensation heat transfer 

 

 

Figure 10. Photographs of a clean high-purity copper condenser tube (a) under vacuum and (b) 

undergoing filmwise condensation of deionized and degassed water vapor in the experimental 

vacuum chamber.  Similarly, photographs of the graphene-coated high-purity copper condenser 

tubes are shown under vacuum and undergoing dropwise condensation of water, with the LPCVD 

graphene coating in (c) and (d) and the APCVD graphene coating in (e) and (f). 
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coefficient for the LPCVD and APCVD graphene coated copper tubes (≈60 ± 20 kW/m
2
K) was 4x greater 

than that measured for filmwise condensation on bare copper (≈15 ± 9 kW/m
2
K).  Note that the dropwise 

condensation heat transfer coefficient decreases at low subcooling because the interfacial heat transfer 

coefficient becomes a major resistance to heat transfer,
21,47,130

 while the filmwise condensation heat 

transfer coefficient increases at low subcooling as the film becomes thinner;
15

 consequently, while a 4x 

enhancement was expected for the subcooling range used to characterize the heat transfer coefficient in 

the present work (3.5-5 K), the typically reported 5-7x heat transfer coefficient enhancement
21

 would be 

realized at higher subcooling (over ≈10 K, see supplementary information).   

 

The error for the condensation heat transfer coefficient was determined by propagating uncertainties 

associated with the chiller water thermocouples and mass flow meter, the pressure sensor inside the 

chamber, the sample surface area, and the Gnielinski correlation for heat transfer from the chiller water  

 

 

Figure 11. Water condensation heat transfer performance for the copper tubes with and without 

graphene coatings.  The graphene-coated condensers exhibit dropwise condensation, while the bare 

copper undergoes filmwise condensation.  Overall surface heat flux (q”) is shown as a function of 

the steady state experimental chiller-water-to-vapor log mean temperature difference (ΔTLMTD) in 

(a), where the slope of the data trend represents the overall heat transfer coefficient, that is, the 

combination of the chiller water flow, copper tube, graphene coating (for coated tubes), and 

condensation heat transfer coefficients.  (b) Experimental (points) and theoretical (dashed curves) 

steady-state condensation heat transfer coefficient (hc), which includes graphene coatings where 

applicable, as a function of surrounding saturated vapor pressure (Pv).  Error bars indicate the 

propagation of error associated with the fluid inlet and outlet temperature differential (±0.2 K) and 

pressure measurement (±2.5%). Theoretical predictions were obtained from the droplet growth 

and distribution model for the graphene-coated condensers with droplet departure size as an input 

parameter (for model derivation and parameters, see Supporting Information) and from the 

Nusselt model for filmwise condensation on the bare copper condenser. 
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bulk to the internal surface of the sample.  Since the condensation heat transfer coefficient, hc, is not 

simply a function of a product of powers, the error must be determined from the first partial derivatives of 

hc with respect to its components along with the uncertainties of its components (described in detail in the 

supplementary information). 

 

3 . 4  ROB US TNES S  CH ARACTERI ZATIO N  

In addition to improved condensation heat transfer by promoting dropwise condensation, graphene 

coatings also exhibit inert chemical behavior and excellent mechanical strength, which are expected to 

result in improved resistance to routine wear during condensation and provide a robust alternative to 

current state-of-the-art dropwise functionalization coatings.  For direct comparison, a monolayer coating 

of trichloro(1H,1H,2H,2H-perfluorooctyl)silane (TFTS) was applied to a clean copper sample and, along 

with the graphene-coated samples, underwent an accelerated endurance test which consisted of 

continuous condensation of 100 °C steam.  The TFTS coating was applied via vapor-phase deposition, 

where the copper substrate was cleaned as described for the graphene CVD, but oxygen plasma was 

substituted for argon plasma.  The copper substrate was then placed in a dessicator immediately following 

the oxygen plasma treatment along with a vial containing 2 mL of TFTS.  The dessicator was evacuated 

with a vacuum pump for 90 seconds, after which the sample was left in the TFTS vapor for 10 minutes.  

The sample was then removed from the dessicator, solvent rinsed, and dried with a clean nitrogen stream.  

The advancing/receding contact angles were 120±5/82±5° on the TFTS-coated copper sample as 

fabricated. 
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Figure 12. Time-lapse images of continuous condensation of 100 °C steam on (a) LPCVD, (b) 

APCVD, and (c) TFTS coatings on high-purity copper samples.  The robust promotion of dropwise 

condensation by the graphene coatings is investigated over two weeks without showing signs of 

degradation, in contrast with the TFTS coating, which degraded and transitioned to filmwise 

condensation in less than 12 hours. 

 

 

The endurance test was performed in a controlled positive-pressure continuous condensation chamber 

(see supplementary information).  The samples were cooled to a surface temperature of 95±1 °C and 

exposed to a continuous supply of 100 °C steam provided from a reservoir of degassed, deionized water.  

Initially, dropwise condensation was observed on both the LPCVD and APCVD graphene coated samples 

and the TFTS coated sample (first column of Figure 12).  However, the TFTS coating degraded 

noticeably within the first 30 min of testing, with decreased advancing and receding contact angles 

observed, and completely transitioned to filmwise condensation within 12 hours (Figure 12(c)), likely due 

to stripping of the coating by oxidation (X-ray photoelectron spectroscopy (K-Alpha) revealed that only 

3% of the originally observed atomic percent of fluorine, a primary component of TFTS, remained on the 

surface after the continuous condensation experiment).
33,131

  Conversely, the LPCVD and APCVD 

graphene coated samples both sustained dropwise condensation for over two weeks with no signs of 
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degradation when the experiments were discontinued (Figure 12(a,b)).  Additionally, these graphene 

coatings can be altered to multi-layer graphene or even single-/multi-layer graphene composites
132

 

without drastic effect on the heat transfer (since the added thermal resistance is negligible, see 

supplementary information) and can thus potentially be tailored to better prevent oxidation if it poses a 

problem.  Further discussion on graphene’s chemical robustness is presented in the supplementary 

information.  

 

3 . 5  S UMM ARY  

While graphene offers a robust coating material to promote dropwise condensation on industrial metals, it 

is not a likely candidate to induce superhydrophobic behavior on micro- and nanostructured materials due 

to its relatively low advancing and receding contact angles compared to fluoropolymer coatings typically 

used for this application.  While this eliminates the ability of graphene-coated surfaces to promote 

jumping droplet condensation,
90,133-140

 the improvement in heat transfer coefficient of 4x provided by 

dropwise-promoting graphene coatings compared to filmwise condensation outweighs the marginal 

additional increase of 30-40% gained by jumping droplet condensation compared to dropwise 

condensation.  Another potential limitation of these graphene coatings is their inability to induce dropwise 

condensation in systems which use low-surface-tension working fluids such as pentane; these fluids are 

expected to exhibit low contact angles and spread on graphene-coated surfaces, resulting in filmwise 

condensation. 

 

This study demonstrates that graphene CVD coatings are a viable method to promote dropwise 

condensation of water in industrial conditions, with a demonstrated improvement in heat transfer 

performance of 4x compared to clean industrial metals and superior robustness compared to state-of-the-

art dropwise-promoting monolayer coatings as demonstrated under continuous condensation of 100 °C 

steam.  This result promises significant energy savings in applications such as water harvesting, thermal 

management, industrial power generation, and building heating and cooling.   
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Chapter 4 

4. Lubricant Infused Surfaces for Enhanced Condensation 

of Water and Low Surface Tension Fluids 

Low surface tension fluid condensates such as hydrocarbons pose a unique challenge since typical 

hydrophobic condenser coatings used to promote dropwise condensation of water often do not repel fluids 

with lower surface tensions.  Recent work has shown that lubricant infused surfaces (LIS) can promote 

droplet formation of hydrocarbons; we confirm the effectiveness of LIS in promoting dropwise 

condensation here by providing the first experimental measurement of heat transfer performance during 

hydrocarbon condensation on a LIS, which enhances heat transfer by ≈ 500% compared to an uncoated 

surface.  We also explore improvement through removal of noncondensable gases and address a failure 

mechanism whereby shedding droplets deplete the lubricant over time.  Improved condensation heat 

transfer for low surface tension fluids on LIS presents the opportunity for significant energy savings in 

natural gas processing as well as improved device thermal management, heating and cooling, and power 

generation. 

 

4 . 1  I NTRO DUCTION  

During water condensation, the dropwise mode is promoted with thin hydrophobic coatings.
141

  However, 

low surface tension fluid condensates such as hydrocarbons pose a unique challenge since the typical 

hydrophobic condenser coatings used to shed water (surface tension γ ≈ 73 mN/m) often do not repel 

fluids with lower surface tensions (γ < 30 mN/m).  Reentrant and doubly-reentrant surface designs have 

been proposed for repellency of low surface tension impinging droplets,
142,143

 but these schemes are not 

useful during condensation when the impinging fluid can nucleate within the structures and subsequently 

render the surface hydrophilic.
144,145

 

 

Meanwhile, lubricant infused surfaces (LIS) have found use in nanoscale research,
146

 fluid dynamics,
147

 

heat transfer,
148,149

 and the even the biological
150

 and lab-on-a-chip
151

 fields, among others,
152-156

 due to 

their impressive ability to shed impinging droplets.  A LIS is comprised of a rough structured solid 

surface into which a lubricant is “infused,” or spontaneously wicked,
157

 and on which an impinging fluid 

ideally forms discrete droplets which easily shed from the surface.  Crudely conceived in 1959
158

 and 

explored briefly in subsequent work,
159,160

 LIS were brought to prominence through developments 
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reported independently by LaFuma and Quere
161

 and Wong et al.
162

 in 2011 and have subsequently been 

described in more detail in applications including condensation enhancement,
24

 anti-icing,
154

 and paper-

based microfluidics.
153

   

 

LIS have also been shown repel low surface tension fluids,
162,163

 which is critical for applications in 

thermal management and hydrocarbon processing; for example, LIS can promote formation of highly 

mobile droplets of low surface tension fluids, including hydrocarbons with surface tensions as low as 

pentane (γ ≈ 16 mN/m).
162

  LIS have also been shown to improve condensation heat transfer of water in 

the dropwise mode.
24

  The natural combination of these two research directions is the use of LIS to 

promote dropwise condensation of low surface tension fluids.  The behavior during condensation of 

hydrocarbons and other low surface tension fluids on LIS has been reported qualitatively and suggests 

that LIS are a promising solution to promote dropwise condensation of hydrocarbons, but no 

experimentally-measured improvement in heat transfer has been reported.
163

 

 

In the present work, we quantitatively confirm the effectiveness of LIS in promoting dropwise 

condensation.  First, we report the experimentally-measured condensation heat transfer coefficients 

during water condensation in a controlled environmental chamber in the filmwise mode and during 

dropwise condensation on a flat hydrophobic surface and a LIS.  Then, the heat transfer performance was 

determined during condensation of the hydrocarbon toluene (γ ≈ 28 mN/m) on  bare surfaces in the 

filmwise mode and on LIS-coated tubes in the dropwise mode at a range of supersaturations typical for 

natural gas processing applications.  From these results, the heat transfer coefficient for hydrocarbon 

condensation on LIS was obtained experimentally.  The ≈ 500% experimentally observed improvement in 

heat transfer for low surface tension fluids condensing on LIS presents the opportunity for significant 

energy savings not only in natural gas processing but also applications such as thermal management, 

heating and cooling, and power generation. 

 

4 . 2  RES ULTS 

In order to perform condensation experiments, we first fabricated tube samples.  The tube sample used to 

promote filmwise condensation of both water and toluene was bare copper which was first solvent 

cleaned and then plasma cleaned (see Methods).  The tube sample used to promote dropwise condensation 

of water was functionalized with a monolayer of the hydrophobic coating octadecyltrichlorosilane (OTS), 

but this sample was unable to promote dropwise condensation of toluene as discussed later.  The tube 

sample used to test condensation of both water and toluene on a LIS was a copper tube which was first 
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coated with copper oxide (CuO) nanoblades etched following a well-known procedure.
49,164-168

  The CuO 

nanoblades were then functionalized with a monolayer coating of (TFTS) to reduce the surface 

energy.
169,170

  Finally, the lubricant, Krytox GPL 101 fluorinated oil, was added to the surface (see 

Methods for details). 

 

Experiments were conducted in an environmental chamber (Figure 13(a)).  The chamber allowed the level 

of noncondensable gases to be controlled via a vacuum pump, including complete removal of NCGs from 

the system (< 1 Pa).  Following removal of noncondensable gases, pure, degassed vapor of the 

condensing fluid (either water or toluene) was introduced into the chamber from a heated, temperature-

controlled canister and allowed to condense on the sample.  The sample temperature was maintained with 

an internal flow of coolant water, where the sensible heating of the coolant fluid from the inlet to the 

outlet of the sample was characterized with thermocouples and used to determine the overall heat flux 

(Figure 13(b)).  The condensation heat transfer coefficient, hc, was then calculated from the thermal 

resistance network shown in Figure 13(c), where the thermal resistances of the internal flow and 

conduction through the tube wall are known.  We first characterized filmwise condensation of both water 

and toluene on the bare copper tubes and compared the results to Nusselt’s falling-film theory in order to 

validate the experimental results.
171

  The experimental results were in good agreement with Nusselt’s 

model for both water and toluene (Figure 14(a, b)).  The slight overprediction by the model is due to the 

assumption that fluid reaching the bottom of the tube is immediately removed, while in reality the fluid 

accumulates at the bottom of the tube and eventually sheds as droplets, resulting in a higher average 

conduction resistance through the condensing fluid than in Nusselt’s model.   

 

We went on to characterize the condensation of water and toluene on the flat hydrophobic coated tube, 

where we observed that water underwent dropwise condensation (Figure 15(a)) but toluene exhibited 

filmwise behaviour (Figure 15(c)).  While we initially observed the nucleation and growth of small, 

discrete droplets of toluene on the flat hydrophobic surface, at any appreciable heat flux the toluene 

transitioned to filmwise condensation as can be expected for a low condensate contact angle combined 

with non-negligible contact angle hysteresis.
21,141,172

  This illustrates the difficulty of condensing low 

surface tension fluids on typical hydrophobic coatings.  Due to the failure of toluene to achieve dropwise 

condensation on the hydrophobic surface, we do not report any data for dropwise condensation of toluene 

on the flat hydrophobic surface.  Meanwhile, the heat transfer performance for dropwise condensation of 

water outperformed filmwise condensation and was also in good agreement with a model based on 
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Figure 13. Environmental chamber with tube condenser sample to experimentally measure 

condensation heat transfer performance.  The environmental chamber (a) can be evacuated to < 1 

Pa to remove noncondensable gases.  Pure, degassed vapor is introduced into the chamber from a 

reservoir and condensed on the exterior surface of the tube sample (b), while the sample 

temperature is maintained by a flow of coolant through the interior of the tube.  The condensation 

heat transfer coefficient hc is determined from a thermal resistance network (c) for the tube sample. 

 

individual droplet heat transfer integrated over a known droplet size distribution as shown in Figure 14(a) 

(see supplementary information for model description).
173

 

 

Finally, we condensed water and toluene on the LIS.  In a previous experiment in which water was 

condensed on a LIS performed by Xiao et al., the condensation heat transfer coefficient was measured 

experimentally and reported to be 100% greater than that of dropwise condensation on a flat surface; 

however, the heat transfer coefficients reported in this work for dropwise condensation on both the flat 

hydrophobic and LIS were worse than the expected value for filmwise condensation calculated from 

Nusselt’s model (see supplementary information).
24

  This study had included NCGs (30 Pa) in the 

chamber during the condensation heat transfer measurements, which are known to degrade heat transfer 

performance due to buildup at the condenser surface and an accompanying resistance due to vapor 
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Figure 14. Heat flux as a function of condenser subcooling (Tv – Tw) for water and toluene.  (a) 

Water is condensed onto a bare copper tube in the filmwise mode, a flat hydrophobic copper tube 

in the dropwise mode, and a LIS-coated copper tube in the dropwise mode in pure vapor and with 

50 Pa of noncondensable gas (NCG) present in the chamber.  (b) Toluene is condensed onto a bare 

copper tube in the filmwise mode and a LIS-coated copper tube in the dropwise mode in pure vapor 

and with 50 Pa of noncondensable gas (NCG) present in the chamber.  Toluene condensation on the 

flat hydrophobic copper tube resulted in the filmwise mode. 

 

diffusion through the NCG layer.
141,174,175

  While the NCGs were reported to serve the purpose of 

preventing evaporation of the lubricant,
24

 we found that the vapor pressure of Krytox GPL 101 is much 

less than 1 Pa, and therefore we were able to run experiments with virtually no NCG while still 

maintaining the presence of the Krytox lubricant on the surface.  However, experiments were performed 

both without (i.e., < 1 Pa) NCG and with 50 Pa NCG present to explore the effect of NCG on heat 

transfer performance and determine whether this could be the mechanism whereby Xiao et al. reported 

condensation heat transfer coefficients much lower than expected from modelling.  
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Figure 15. Photos of condensation of water (a, b) and toluene (c, d).  Water is condensed on the flat 

hydrophobic surface in (a) and on the LIS in (b).  Toluene is condensed on the flat hydrophobic 

surface in (c) and on the LIS in (d).  Droplet departure diameters were calculated from videos of 

condensation and used in the model to predict the expected dropwise heat transfer coefficients on 

the flat hydrophobic surface and the LIS, see supplementary information. 
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Condensation of both water and toluene on the LIS exhibited clear dropwise behaviour (Figure 15(b, d)).  

In the presence of NCG, the heat transfer performance was only marginally better than filmwise 

condensation, rationalizing the result obtained by Xiao et al.
24

   When NCG were removed from the 

chamber, the heat transfer performance during water condensation exceeded that of dropwise 

condensation by ≈ 30% and filmwise condensation by ≈ 400%.  Toluene condensation on the LIS  

outperformed filmwise condensation by ≈ 500%, in good agreement with the model prediction by 

Rykaczewski et al. of a ≈ 600% enhancement for toluene condensing on a LIS.
163

  Furthermore, 

experimental results for both water and toluene condensation on the LIS were in good agreement with the 

condensation heat transfer model, where the droplet size distribution used in the model for LIS was 

adjusted according to recent work (see supplementary information).
176

 

 

The long-term performance of surface coatings is often a consideration when they are proposed for 

industrial applications.  LIS are particularly concerning in this regard, as the lubricant may be depleted 

from the surface over time due to several mechanisms.  If the droplets of condensate are “cloaked,” or 

covered in a thin layer of lubricant, they will carry lubricant with them during shedding and deplete the 

lubricant over time.
177-179

  Another depletion mechanism is shearing of the lubricant, which may also 

occur due to droplet shedding as droplets slide over the LIS, causing accumulation of lubricant at the 

bottom of the condenser.
147,180

  In order to test the failure mechanism of the LIS during hydrocarbon 

condensation, we continuously condensed toluene on the LIS over the course of 6 hours.  We found that 

the surface failed on the order of 1 hour, in agreement with another recent study on LIS which reported 

that low viscosity lubricants failed in less than 1 hour but did not explore the failure in further detail.
176

  

The condensation transitioned from dropwise to filmwise, with a corresponding decrease in heat transfer 

coefficient of ≈ 80% (= 1 – 1/500%) shown in Figure 16.  We also observed that the degradation began at 

the top of the condenser surface and slowly moved downwards.  Since toluene is not cloaked by 

Krytox,
163

 the droplet shearing effect
147,180

 is primarily responsible for the LIS failure in this case as 

evidenced by the accumulation of lubricant at the base of the condenser over time. 

 

4 . 3  DI S CUS SIO N 

Applying LIS to a condenser is shown here to be a viable approach to promote dropwise hydrocarbon 

condensation and improve the heat transfer coefficient.  This is not the only solution to improve heat 

transfer during condensation of low surface tension fluids; in some cases, it is also possible to modify the 

functionalizations on flat condenser surfaces to lower the surface energy until droplet formation is 

energetically favorable,
163

 particularly with fluorinated carbon chains.
181

  However, geometric and  
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Figure 16. Toluene condensation on the LIS over time.  Toluene initially exhibits dropwise 

condensation on the LIS, but within 1 hour the surface begins to transition to filmwise 

condensation.  The lubricant is forced the bottom of the condenser by shear force imparted by 

shedding droplets rendering the top of the condenser surface wettable by toluene.  

Correspondingly, the heat transfer coefficient is degraded by approximately 80%.  Upon rewetting 

the surface with lubricant, the surface could again shed discrete droplets of toluene, indicating that 

the failure was due to lubricant depletion and not structural damage. 

 

chemical defects on solid surfaces result in contact angle hysteresis,
85

 and a high level of contact angle 

hysteresis can cause a transition to filmwise condensation as heat flux increases.
141

  The low contact angle 

hysteresis found on LIS therefore provides an advantage compared to flat surfaces as it may allow 

continued shedding of droplets of low surface tension fluids at higher heat fluxes.
141,159,162

 

 

4 . 4  S UMM ARY  

Even in light of the challenges highlighted above that must be addressed before LIS will find practical use 

as a condenser coating, the enhancements in heat transfer coefficient versus filmwise condensation of 

400% and 500% for water and toluene, respectively, suggest that LIS merit further exploration.  
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Specifically, promotion of dropwise condensation of low surface tension fluids on LIS where flat coatings 

may not suffice due to contact angle hysteresis is a promising future direction.  The demonstrated 

condensation heat transfer enhancement indicates that a large impact in natural gas processing as well as 

improved device thermal management, heating and cooling, and power generation is possible. 

 

4 . 5  M ETHO DS 

Flat Hydrophilic Tube Samples – To create bare copper (Cu) hydrophilic tube samples, commercially 

available oxygen-free Cu tubes (99.9% purity) with outer diameters, DOD = 6.35 mm, inner diameters, DID 

= 3.56 mm, and lengths, L = 131 mm were obtained. Each Cu tube was cleaned in an ultrasonic bath with 

acetone for 10 minutes and rinsed with ethanol, isopropanol, and deionized (DI) water. The tubes were 

then dipped into a 2.0 M hydrochloric acid solution for 10 minutes to remove the native oxide film on the 

surface, then triple-rinsed with DI water and dried with clean nitrogen gas (99.9%, Airgas).   Finally, 

within 30 minutes before any experiment using the bare Cu tubes, the samples were cleaned with argon 

plasma to remove adsorbed hydrocarbons which are known to render metal and metal oxide surfaces 

hydrophobic.
114,182-184

 

 

Flat Hydrophobic Tube Samples – The hydrophobic tube samples were fabricated by functionalization 

of the flat copper surface with octadecyltrichlorosilane (OTS).  A bare copper tube cleaned as described 

for the hydrophilic samples in the previous section was immersed in a 0.1% by volume solution of OTS 

(> 90%, Sigma) in n-hexane (99%, Sigma) for 5 minutes as described in prior work.
185,186

 The coating had 

typical advancing/receding contact angles of θa/θr ≈ 104/93 ± 3˚ when measured on a flat reference 

surface. 

 

LIS Samples – To create the CuO nanostructures, commercially available oxygen-free Cu tubes were 

used (99.9% purity) with outer diameters, DOD = 6.35 mm, inner diameters, DID = 3.56 mm, and lengths, L 

= 131 mm, as the test samples for the condensation experiments. Each Cu tube was cleaned following the 

same procedure as the bare copper tubes. Nanostructured CuO films were formed by immersing the 

cleaned tubes (with ends capped) into a hot (96 ± 3 °C) alkaline solution composed of NaClO2, NaOH, 

Na3PO4•12H2O, and DI water (3.75 : 5 : 10 : 100 wt.%).
164,169

 During the oxidation process, a thin (≈ 300 

nm) Cu2O layer was formed that then re-oxidized to form sharp, knife-like CuO oxide structures with 

heights of h ≈ 1 μm, solid fraction φ ≈ 0.038 and roughness factor r ≈ 4.   
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The CuO structures were then functionalized with trichloro(1H,1H,2H,2H-perfluorooctyl)silane (TFTS) 

(Sigma), which was deposited from the vapor phase. Prior to silane deposition, each tube was oxygen 

plasma cleaned for 2 hours to remove organic contaminants on the surface. Once clean, the tube samples 

were immediately placed in a vacuum desiccator (06514-10, Cole Parmer) with a small amount of liquid 

TFTS. The desiccator was evacuated by a roughing pump for 2 minutes to a minimum pressure of ≈ 2 

kPa. A valve was then closed to isolate the pump from the desiccator and the sample was held in vacuum 

(≈ 2 kPa) for another 10 minutes. The functionalized tubes were then rinsed in ethanol and DI water and 

dried in a clean nitrogen stream (99.9%, Airgas). The coating had a typical advancing contact angle of θa 

≈ 119˚ when measured on a flat reference surface and typical advancing/receding angles of θa/θr ≈ 

171/167 ± 3˚ when measured on the functionalized nanostructured CuO surface. 

 

The surface was infused with lubricant by first placing a few droplets of Krytox GPL 101 lubricant onto 

the surface and allowing them to spread completely, then using a clean nitrogen stream (99.9%, Airgas) to 

remove excess lubricant.   
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Chapter 5 

5. Design of Lubricant Infused Surfaces 

The design of LIS has been explored in terms of surface energies which must be determined empirically.  

We developed a model which uses a prediction of these surface energies to determine whether an 

arbitrary combination of solid and lubricant will repel a given impinging fluid.  This model was validated 

against experiments performed in the present work as well as the literature and subsequently used to 

develop a new framework for LIS design, where we demonstrated that commonly cited guidelines in the 

literature are often misleading or incorrect.  We went on to design LIS on uncoated high-surface-energy 

solids, thereby eliminating the need for unreliable low-surface-energy coatings, and experimentally 

demonstrated repulsion of the lowest surface tension impinging fluid (butane, γ ≈ 13 mN/m) reported to 

date on a LIS. 

 

5 . 1  I NTRO DUCTION  

 

The design of these surfaces, specifically the choice of a rough solid and a lubricant for a given impinging 

fluid, is well-understood from an energetic standpoint.
161,162,178

  The LIS must meet the following criteria: 

the impinging fluid must be immiscible with the lubricant, the lubricant must wet the solid structures both 

with and without the impinging fluid present, and the impinging fluid must form discrete droplets on the 

LIS as opposed to a continuous film.  All of the work on LIS design has presented models which require 

either contact angles or spreading coefficients of the impinging fluid and lubricant on the solid surface, as 

well as the interfacial tension between the lubricant and the impinging fluid; unfortunately, these 

properties have been measured empirically in past work and used to justify LIS behaviour after 

experiments with the LIS were already conducted.  Predictive capability is not possible for combinations 

of fluids and solids where empirical results for these quantities are not readily available. 

 

In the present work, we have developed a semi-empirical model which predicts these unknown quantities 

based on the method proposed by van Oss, Chaudhury, and Good (vOCG) in order to determine whether 

an arbitrary combination of solid and lubricant will repel a given impinging fluid.  This model was 

validated against experiments performed in the present work as well as the literature, where an excellent 

predictive capability was demonstrated.  From this validated model, a new framework for LIS design was 
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proposed, where we demonstrated that recently proposed guidelines in the literature exhibit a fundamental 

misunderstanding of LIS design.  We used our newly proposed framework to design LIS on uncoated 

high-surface-energy solids, thereby eliminating the need for unreliable
175

 low-surface-energy coatings.  

We went on to experimentally demonstrate repulsion of the lowest surface tension impinging fluid 

(butane, γ ≈ 13 mN/m) ever reported using a LIS, which in this case was comprised of an uncoated high-

surface-energy solid (silicon dioxide) with a fluorinated but highly polar lubricant 

(hexafluoroisopropanol). 

 

5 . 2  S EMI - EMP I RI CAL P REDICTIV E MO DEL  

LIS behaviour is governed by the interfacial interactions between the three condensed phases (solid, 

lubricant, and impinging fluid, with each other and with the surrounding environment) and by the 

geometry of the solid surface.  These interfacial interactions and surface geometry can be used to predict 

whether a LIS will successfully repel the impinging fluid as discrete droplets.  The geometry of the solid 

surface is described by the roughness, r, which represents the actual solid surface area divided by the 

projected area, and the solid fraction, φ, which represents the fraction of the solid which contacts the base 

of the droplet.  Meanwhile, the interfacial interactions can be described at a high level by the surface 

energies of the three phases with the surrounding vapor and the either the contact angles or the spreading 

parameters of the three phases with each other. 

 

The criteria which must be met for a functional LIS are shown schematically in Figure 17.  In the ideal 

case, the impinging fluid forms a discrete droplet on the LIS and the lubricant remains trapped within the 

rough solid structured surface beneath the droplet.  If criterion (I) is not met and the spreading parameter 

for the lubricant on the droplet is positive, the lubricant spontaneously spreads over and “cloaks” the 

droplet.  The cloaked droplet retains most of the functionality of a non-cloaked droplet on the LIS (high 

mobility, etc.), but the cloaked state is still generally undesirable due to the removal of lubricant when 

droplets depart from the surface, depleting the lubricant over time.  If criterion (II) is not met, the 

impinging fluid spreads indefinitely over the lubricant, resulting in formation of a film instead of discrete 

droplets and subsequent failure of the LIS.  If criteria (III) and (IV) are not met, the lubricant does not 

spread within the rough structured solid surface during operation; in the absence of criterion (III), the 

lubricant does not infuse in the solid structures in the presence of the surrounding vapor, and in the 

absence of criterion (IV), the lubricant does not infuse in the solid structures in the presence of the 

impinging fluid, either of which result in failure of the LIS.  If the left hand sides of the inequalities in 
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Figure 17. Surface-energy-based criteria for LIS design. The ideal droplet of impinging fluid on a 

LIS rests atop a combined lubricant-solid layer.  If criterion (I) is not satisfied, the droplet will be 

“cloaked,” or covered with a thin layer of lubricant, which may eventually deplete the surface of 

lubricant as droplets depart.  The impinging fluid will spread over the LIS as a film if criterion (II) 

is not met.  Criteria (III) and (IV) must be met to ensure that the lubricant remains infused in the 

rough solid.  If Sos(v) or Sos(c) are greater than zero, the lubricant will cover the entire surface in the 

presence of the vapor or condensate, respectively; otherwise, if (III) or (IV) are still satisfied but 

Sos(v) or Sos(c) are less than zero, a fraction φ of the solid will contact the impinging fluid in the 

presence of the vapor or condensate, respectively.  Miscibility of the impinging fluid and the 

lubricant is characterized by the interfacial tension between these two fluids, where if criterion (V) 

is not met it is energetically favorable for the two fluids to form an infinitely large interface (i.e., 

fully mutually dissolve). The geometric factor R combines the roughness r and the solid fraction φ. 
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criteria (III) or (IV) exceed zero, the lubricant fully covers the solid surface in the presence of the vapor or 

the impinging fluid, respectively, as opposed to leaving the tops of the rough solid structures exposed.  

The case where the structures are completely covered by lubricant results in significantly reduced contact 

angle hysteresis but is not necessary for a stable LIS.
178

 Finally, if condition (V) is not met, the interface 

between the lubricant and the impinging fluid increases its surface area indefinitely to minimize energy, 

ultimately resulting in the miscibility of the two fluids – criterion (V) has not been expressed explicitly in 

the previous literature. 

 

The interfacial energies between any two condensed phases in these criteria, namely γco, γos, and γcs, are 

not typically tabulated for the majority of interfacial interactions of interest and therefore have only been 

obtained experimentally for the phases of interest in prior work on LIS.  Here, we unify the above energy-

based criteria with a method to predict the unknown interfacial energies in order to gain new insight into 

LIS surface design and additionally reduce the time required to characterize a given combination of N 

materials from O(N
3
) to O(N) through a semi-empirical model (see supplementary information).  We start 

with Fowkes’ assumption that an interfacial energy can be divided into contributions from various 

intermolecular forces, e.g., dispersive, polar, metallic, etc., and then predict these components 

independently from properties of the interacting phases.
41,187

   The dispersive (or London) forces are 

combined with induced dipole and permanent dipole forces and termed the Lifshitz-van Der Waals (LW) 

component of interfacial energy, which can be determined based on physical understanding with 

reasonable confidence from a geometric combining rule.
41,187

  The polar component was initially treated 

in the same manner by Owens and Wendt (OW),
188

 but this method is now considered obsolete and has 

been largely replaced by the superior method proposed by van Oss, Chaudhury, and Good (vOCG)
189-192

 

in which Lewis acid-base contributions to interfacial energy are considered (acid represented by 

superscript +, base represented by superscript –).  The vOCG method outperforms the OW method most 

notably in cases were hydrogen bonding is involved, and is also considered more versatile than the 

commonly-used Neumann method; as such, the vOCG method is used here to predict the polar 

contribution to interfacial energy between condensed phases.
192-194

  Metallic interactions are not 

considered here, but would need to be considered to account for interactions between phases such as 

mercury and metallic solids.   

 

For any given phase, the total interfacial energy is found from the LW and acid-base components as 

shown in Equation (2), where the geometric combination of the vOCG acid-base terms yields the polar 

interaction.  The interfacial tension between two phases is found from Equation (3), where each fluid’s 
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LW and acid-base terms are considered.  Note that when phases 1 and 2 have identical LW and acid-base 

terms (i.e., they are the same fluid) the interfacial energy recovered from Equation (3) is zero as expected.   

 

 𝜸𝟏
𝒕𝒐𝒕𝒂𝒍 = 𝜸𝟏

𝑳𝑾 + 𝟐√𝜸𝟏
+𝜸𝟏

− (2) 

 

 𝜸𝟏𝟐
𝒕𝒐𝒕𝒂𝒍 = 𝜸𝟏

𝑳𝑾 + 𝜸𝟐
𝑳𝑾 − 𝟐√𝜸𝟏

𝑳𝑾𝜸𝟐
𝑳𝑾 + 𝟐√𝜸𝟏

+𝜸𝟏
− + 𝟐√𝜸𝟐

+𝜸𝟐
− − 𝟐√𝜸𝟏

+𝜸𝟐
− − 𝟐√𝜸𝟐

+𝜸𝟏
− (3) 

 

Equation 2 is used to predict the three interfacial energies between condensed phases, γco, γos, and γcs, used 

in criteria (I) to (V) shown in Figure 17.  The expanded forms of the inequalities of criteria (I) to (V) are 

presented in Equations (4) through (8): 

 

 
𝜸𝒄

𝑳𝑾 + 𝟐√𝜸𝒄
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+𝜸𝒄
−

< 𝟎 

(4) 
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(5) 
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(6) 
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These inequalities provide a great deal of insight into the design and functionality of LIS.  An interesting 

example is the design of LIS to repel low surface tension fluids such as refrigerants or hydrocarbons, 

which are often nonpolar.  In the case of a nonpolar impinging fluid (γc
+
 = γc

-
 = 0), in order to avoid both 

cloaking (criterion I, Equation (4)) and spreading of the impinging fluid on the LIS (criterion II, Equation 

(5)), we find that the combined inequality in Equation (9) must be satisfied.  Therefore, it is impossible to 
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meet both criteria I and II if the lubricant is also nonpolar; the lubricant must have some polar component 

of surface energy in order to avoid both cloaking and spreading of the impinging fluid.  
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−
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𝑳𝑾 

 

(9) 

 

There are limitations to the vOCG method when used for the prediction of interfacial energies.  Several 

specific concerns raised are that the base components are systematically greater than the acid 

components,
195

 that experimentally determined surface energy components may depend on the set of 

fluids chosen for experiments,
195

 and that the values of the components may sometimes take negative 

values.
190,195

  In response to the first concern, the relative magnitudes of the acid and base terms are set by 

the choice of the components of water, which are typically equal to each other but may be chosen to make 

typical acid and base values for other fluids comparable as shown by Della Volpe and Siboni.
195,196

  The 

second concern may be addressed by choosing appropriate test fluids when characterizing the surface 

energy components,
197

 or by choosing many fluids.
198,199

  The final concern is assuaged by noting that 

negative surface energy component values reported are often of a lesser magnitude than the error of the 

measurement.
195,200

  Even with the concerns addressed, there may still be significant error in prediction of 

interfacial energy over a broad range of fluids as pointed out by Kwok
201

 and Lee.
202-204

  In addition, in the 

specific case of LIS, a subset of prior work has used ionic liquids as lubricants; unfortunately, not only is 

there a dearth of data on the acid-base components of these liquids,
205-207

 but the vOCG method would 

have trouble even with suitable data for pure ionic liquids due to the extent to which ionic liquids and 

water are mutually soluble, with water changing surface tension by nearly 50% in the presence of certain 

ionic liquids; therefore, ionic liquids are not considered in this analysis.
179,194

  With those criticisms in 

mind, there is a wealth of literature on prediction of interfacial energy prediction,
208-212

 including data for 

the vOCG LW, acid, and base components for over 150 fluids and solids compiled in the supplementary 

information, and the consensus is that the vOCG method is the most versatile choice for a broad range of 

fluids.
193,194,196,200,213,214

  Indeed, as demonstrated below, its predictive power is not only suitable for LIS, it 

also offers insights that commonly cited design guidelines have failed to capture.  

 

5 . 3  RES ULTS  AND DI SCUS SI O N 

In order to test the validity of the proposed model, we performed experiments with several different 

combinations of impinging fluids and lubricants on a rough surface comprised of copper oxide (CuO) 

nanoblades fabricated on a copper tube substrate and subsequently functionalized with a low-surface-
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energy perfluorinated monolayer coating of trichloro(1H,1H,2H,2H-perfluorooctyl)silane (TFTS).  The 

geometric factor for the CuO surface was R = 0.80, indicating that the surface is very rough.  Water was 

used as the impinging fluid on LIS with lubricants of Krytox GPL 101fluorinated oil, silicone oil (Shin 

Etsu 5 cSt), and ethanol on the functionalized CuO solid surface.  With the Krytox GPL 101 fluorinated 

oil as a lubricant on the functionalized CuO surface, impinging fluids of toluene and pentane were also 

tested.  The tests were performed in a sealed environmental chamber.  The LIS was first prepared by 

adding lubricant to the surface and removing excess lubricant with a nitrogen gun, and then the chamber 

was sealed and impinging fluid was condensed onto the LIS, which was chilled by a flow of controlled-

temperature chiller fluid within the tube and observed with a video camera (see Methods: Condensation 

Experiments).  If discrete and mobile droplets were observed on the LIS exterior of the tube where the 

impinging fluid was condensing, the LIS configuration was deemed successful (see supplementary 

information).  The experimental results were compared with the model prediction in Table 1, where all of 

the experiments performed in the present work were in agreement with the model prediction.  

Interestingly, the model predicted not only the failure in the case with water impinging on the LIS of 

ethanol on CuO, but also the failure mechanism: criterion (V) was not satisfied, indicating that water and 

ethanol are miscible, which was the reason for the failure.   

 

We also validated the model against experimental results in the literature.  Rykaczewski condensed water 

and low surface tension fluids on a LIS of Krytox 1506 oil infused in TFTS-coated silicon posts (R = 

0.76) in a procedure similar to the present work.
163

 This work found that most of the configurations 

showed successful LIS promotion of droplet formation, with the exception of three cases.  In two of these 

cases, the condensate (ethanol, isopropanol) displaced the lubricant; the model predicted failure in these 

cases due to criterion (IV), where the strong polar interactions between the condensate and the TFTS 

coating on the solid surface resulted in displacement of the Krytox oil.  In the third case, perfluorohexane 

spread over the LIS, which was also accurately captured as the failure mode by the model when criterion 

(II) was not met.  Wong placed droplets onto a PTFE membrane (estimated R = 0.82) infused with Krytox 

GPL 100 oil;
162

 in this study, all of the experiments were successful.  Finally, Anand condensed water 

onto a LIS of silicone oil (viscosities of 10 and 1,000 cSt) infused in silicon pillars (R = 0.57) coated with 

octadecyltrichlorosilane (OTS),
177

 where again all of the experiments were successful.   
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Table 2. LIS experiments in the present work and other literature compared to the model 

prediction.  The model predicted the experimental results with excellent accuracy, and also 

predicted the correct failure mode in the failed experimental cases. 

 

Droplet Lubricant Coating/Solid Experiment Prediction Ref. 

Water Krytox 1506 TFTS on Si Pillars ✔ ✔ 163
 

Toluene Krytox 1506 TFTS on Si Pillars ✔ ✔ " 

Ethanol Krytox 1506 TFTS on Si Pillars X X " 

Octane Krytox 1506 TFTS on Si Pillars ✔ ✔ " 

Hexane Krytox 1506 TFTS on Si Pillars ✔ ✔ " 

Pentane Krytox 1506 TFTS on Si Pillars ✔ ✔ " 

Perfluoro-

hexane 
Krytox 1506 TFTS on Si Pillars X X " 

Water Krytox GPL 100 PTFE Membrane ✔ ✔ 162
 

Hexane Krytox GPL 100 PTFE Membrane ✔ ✔ " 

Pentane Krytox GPL 100 PTFE Membrane ✔ ✔ " 

Water 10 cSt Si Oil OTS on Si Pillars ✔ ✔ 177
 

Water 1000 cSt Si Oil OTS on Si Pillars ✔ ✔ " 

Water Krytox GPL 101 TFTS on CuO Nanoblades ✔ ✔ * 

Water 5 cSt Si Oil TFTS on CuO Nanoblades ✔ ✔ * 

Water Ethanol TFTS on CuO Nanoblades X X * 

Toluene Krytox GPL 101 TFTS on CuO Nanoblades ✔ ✔ * 

Pentane Krytox GPL 101 TFTS on CuO Nanoblades ✔ ✔ * 

*present work 

 

Through comparison of the model with 18 total experimental cases, 5 from the present study and 13 from 

3 studies in the literature, we found that the model had predicted success or failure of the LIS with 100% 

accuracy.  Of equal importance, in each of the failure cases considered, the model revealed why the 

failure occurred.  With this in mind, we proceeded to use the model to explore the validity of some 

common guidelines proposed by seminal works in the LIS field.  First, we address the concept that the 

solid must have a low surface energy.
177

  Contrary to this statement, our model indicates that the solid 

need not have a low surface energy; in fact, the opposite case appears to be more desirable.  Figure 18 
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shows a parametric sweep of the three surface energy components (LW, acid, and base) of the lubricant 

for two different solids: a low surface energy PTFE-coated solid in Figure 18(a) and a high surface energy 

SiO2-coated solid in Figure 18(b), with the goal of repelling a nonpolar impinging fluid with surface 

tension 17 mN/m.   The range of feasible lubricants for the SiO2 solid surface is clearly much more 

expansive, including (1) providing possible solutions for γo
LW

 = 8 mN/m when the PTFE surface provides 

none and (2) providing a much larger margin of error to avoid droplet cloaking in all cases by introducing 

acid-base components to the lubricant and entering the large non-cloaking regions (in black).  (Note that 

the model indicates that a nonpolar fluid with surface tension 16 mN/m is indicated as a suitable lubricant 

for an impinging nonpolar fluid with surface tension 17 mN/m, which raises concerns about the accuracy 

of the miscibility criterion (V); the effect of a more conservative miscibility criterion is discussed in the 

supplementary information.)  

 

We experimentally tested a LIS with a high surface energy solid by using plasma-cleaned SiO2-coated 

silicon pillars.  As shown in Table 3, the model predicted that methanol could be a suitable lubricant for 

the impinging fluids diiodomethane and heptane. This is primarily due to the strong Lewis acid-base polar 

interaction between methanol and SiO2 which helps to satisfy criteria (III) and (IV).  Figure 19(a and c) 

shows the experimental results in these two cases for a droplet impinging on an inclined surface of SiO2 

pillars infused with methanol (see Methods, Droplet Impingement Experiments).  Highly-mobile discrete 

droplets of both diiodomethane and heptane form on the LIS of methanol in SiO2 pillars, indicating a 

successful LIS in agreement with the model prediction and demonstrating a LIS which employs a high 

surface energy solid material for the first time.  This is particularly useful for future LIS design because 

thin, low-surface-energy coatings often lack durability;
175

 we demonstrate here that these coatings are not 

necessary for LIS.   

 

Even more intriguing is the consideration of whether LIS can be used to promote droplet formation with 

finite contact angles of impinging fluids with surface tensions below the critical surface energy of the 

solid contrary to common knowledge.
163

 Certainly droplets will not form for a fluid impinging directly 

onto a solid if the fluid has a surface tension lower than the solid’s relevant critical surface energy by 

definition.  However, our model predicts that a suitably-designed LIS can promote formation of droplets 

with finite wetting angle even when the impinging fluid has a surface energy lower than that of the solid 

surface.  Specifically, we have chosen the example of SiO2 pillars with methanol as the lubricating fluid 

and heptane as the impinging fluid, where the lowest reported critical surface tension of SiO2 in literature 

is 27.7 mN/m and the surface tension of heptane is 20.1 mN/m.  In this case, the model predicts that all of 
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Figure 18. Parametric sweep of γo
LW

, γo
+
, and γo

-
 for two different solid surfaces.  (a)A low-surface-

energy surface of PTFE coated onto CuO nanoblades (R = 0.80) has no solution when γo
LW

 = 8, and 

the solution domain is limited to nonpolar fluids for higher values of γo
LW

.  (b) A high-surface-

energy structured surface of SiO2 pillars (R = 0.78) allows a much larger range of potential 

lubricants, including a wide range of potential fluids which would allow non-cloaked droplet 

formation (black region). 

 

the criteria (I) through (V) will be satisfied.  Criteria (III) and (IV) are once again satisfied due to the 

strong polar affinity between methanol and SiO2.  Perhaps more interestingly, we see that the model 

predicts that Equation 8 will be satisfied to avoid both droplet cloaking and spreading of the nonpolar 

impinging fluid – this is possible due to methanol having a lower LW component of surface energy than 

heptane while also having a sufficiently large polar component of surface energy.  The results of the 

experiment with this LIS configuration are shown in Figure 19(c), where discrete and mobile droplets of 

heptane form on the methanol/SiO2 LIS in agreement with the model prediction.  This demonstration 

indicates that LIS enables formation of discrete droplets on a solid surface with a critical surface energy 

higher than that of the impinging droplets, so long as an appropriate lubricating fluid is chosen.   
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Table 3. LIS combinations counterintuitive to conventional design guidelines.  The impinging 

droplet, lubricant, and solid/coating are described along with their relevant surface energy 

components.  The model prediction for criteria (I) through (V) are shown to the right, and the 

experiment success or failure is indicated. 

 

Droplet Lubricant Solid/Coating I II III IV V Exp. Fig. 

Diiodomethane 

  (γ = 50.8 mN/m) 

  (γ
LW

 = 50.8 mN/m) 

  (γ
+
 = 0.0 mN/m) 

  (γ
–
 = 0.0 mN/m) 

 

Methanol 

  (γ = 22.5 mN/m) 

  (γ
LW

 = 18.2 mN/m) 

  (γ
+
 = 0.1 mN/m) 

  (γ
–
 = 77.0 mN/m) 

 

Bare SiO2Pillars  

  (γ = 59.8 mN/m) 

  (γ
LW

 = 42.0 mN/m) 

  (γ
+
 = 2.0 mN/m) 

  (γ
–
 = 40.2 mN/m) 

 

X ✔ ✔ ✔ ✔ ✔ 19(a) 

Methanol 

  (γ = 22.5 mN/m) 

  (γ
LW

 = 18.2 mN/m) 

  (γ
+
 = 0.1 mN/m) 

  (γ
–
 = 77.0 mN/m) 

 

Diiodomethane 

  (γ = 50.8 mN/n) 

  (γ
LW

 = 50.8 mN/m) 

  (γ
+
 = 0.0 mN/m) 

  (γ
–
 = 0.0 mN/m) 

 

Bare SiO2Pillars  

  (γ = 59.8 mN/m) 

  (γ
LW

 = 42.0 mN/m) 

  (γ
+
 = 2.0 mN/m) 

  (γ
–
 = 40.2 mN/m) 

 

✔ X ✔ X ✔ X 19(b) 

Heptane 

  (γ = 20.1 mN/m) 

  (γ
LW

 = 20.1 mN/m) 

  (γ
+
 = 0.0 mN/m) 

  (γ
–
 = 0.0 mN/m) 

 

Methanol 

  (γ = 22.5 mN/n) 

  (γ
LW

 = 18.2 mN/m) 

  (γ
+
 = 0.1 mN/m) 

  (γ
–
 = 77.0 mN/m) 

 

Bare SiO2Pillars  

  (γ = 59.8 mN/m) 

  (γ
LW

 = 42.0 mN/m) 

  (γ
+
 = 2.0 mN/m) 

  (γ
–
 = 40.2 mN/m) 

 

✔ ✔ ✔ ✔ ✔ ✔ 19(c) 

Butane 

  (γ = 12.5 mN/m) 

  (γ
LW

 = 12.5 mN/m) 

  (γ
+
 = 0.0 mN/m) 

  (γ
–
 = 0.0 mN/m) 

Hexafluoro-IPA 

  (γ = 14.7 mN/m) 

  (γ
LW

 = 12.5 mN/m) 

  (γ
+
 = 0.0 mN/m) 

  (γ
–
 = 0.0 mN/m) 

Bare SiO2Pillars  

  (γ = 59.8 mN/m) 

  (γ
LW

 = 42.0 mN/m) 

  (γ
+
 = 2.0 mN/m) 

  (γ
–
 = 40.2 mN/m) 

✔ ✔ ✔ ✔ ✔ ✔ 20 
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Figure 19. Experimental results from droplet impingement tests for counterintuitive LIS designs.  

(a) Diiodomethane is dropped onto a LIS of methanol infused in SiO2 pillars.  Discrete, mobile 

droplets of diiodomethane form on the LIS. (b) Methanol is dropped onto a LIS of diiodomethane 

infused in SiO2 pillars.  The methanol forces the diiodomethane lubricant out of the SiO2 pillars as 

predicted by the model. (c) Heptane is dropped onto a LIS of methanol infused in SiO2 pillars.  

Discrete droplets of heptane form and slide down the LIS even though the surface tension of 

heptane is lower than the critical surface energy of SiO2, indicating that LIS allows droplet 

formation on a solid with a critical surface energy higher than the impinging fluid so long as an 

appropriate lubricant is chosen. 

 

We also considered whether the lubricating fluid should have a surface tension similar to that of the solid 

surface.
215

  We already know from the experiment shown in Figure 19(a) that methanol is a suitable 

lubricant for the SiO2 solid surface despite having an overall surface energy of less than 40% that of SiO2.  

We considered the reverse case, where methanol was taken as the impinging fluid and diiodomethane, 

with a better “matching” surface energy 85% that of SiO2, was taken as the lubricant.  In this case, the 

model predicted that the strong polar affinity between the methanol and the SiO2 would not allow 

criterion (IV) to be satisfied and would consequently result in forced dewetting of the diiodomethane 

from the SiO2 pillars even though the diiodomethane has a surface energy much more closely matched to 

that of the SiO2.  The experimental result from the droplet impingement test is shown in Figure 19(b), and 

the diiodomethane is indeed forced out of the SiO2 pillars by the methanol, demonstrating that the overall 

surface energies of the lubricant and the solid surface need not necessarily match. 
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Finally, we took advantage of the potential for a strong polar interaction between the lubricant and a high-

surface-energy solid to design a LIS to repel extremely low surface tension impinging fluids.  Previously, 

multiple reports have indicated that LIS are able to repel pentane (γ ≈ 17 mN/m),
162,163

 but lower surface 

tension fluids such as perfluorohexane could not be repelled.  We used the same SiO2 pillared solid 

surface as in the experiments shown in Figure 19, but we chose hexafluoroisopropanol (6F-IPA) as the 

lubricant in order to maintain the strong polar interaction through the presence of its –OH group while 

simultaneously exhibiting a significantly lower LW component of surface energy compared to methanol 

due to the fluorination.  The model predicted that this surface would be able to repel nonpolar impinging 

fluids with surface tensions as low as ≈ 11 mN/m; we performed an experiment with butane (γ ≈ 13 

mN/m) as the impinging fluid.  We modified the experimental setup by placing it inside of a glass vial to 

accommodate the above-atmospheric vapor pressure (≈ 2.5 atm) at standard temperature, which resulted 

in a limited field of view.  We first performed a control experiment during which we sprayed droplets of 

butane onto a flat plasma-cleaned SiO2 surface and found that butane droplets impinging onto the flat 

SiO2 surface spread completely, as expected due to the surface tension of butane being lower than the 

critical surface energy of SiO2.  We then sprayed butane droplets onto the proposed LIS of 6F-IPA 

infused into the SiO2 pillars, with the results shown in Figure 20.  Discrete droplets form on the surface, 

and the droplets exhibit a high degree of mobility as well as typical droplet behaviour such as multiple 

sweeping and coalescence events.   

 

 

Figure 20. Behaviour of liquid butane impinging on a LIS of 6F-IPA infused in silicon micropillars.  

The experiment was performed inside of a glass vial at elevated pressure.  Photos (a) through (d) 

are time lapse images of droplets moving on the LIS after being sprayed on the surface.  The 

dashed red circles indicate when droplet coalescence events are about to occur, and the red arrows 

indicate droplets sliding on the surface, which occur at approximately the capillary length (1.4 mm) 

in this case.  Droplets of butane deposited onto a flat SiO2 surface in the same experimental setup 

immediately spread over the surface. 
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5 . 4  S UMM ARY  

While the design of LIS has been explored in terms of surface energies which must be determined 

empirically, we developed a model which uses a prediction of these surface energies to determine whether 

an arbitrary combination of solid and lubricant will repel a given impinging fluid.  This model was 

validated against experiments performed in the present work as well as the literature and subsequently 

used to develop a new framework for LIS design, where we demonstrated that commonly cited guidelines 

in the literature are often misleading or incorrect.  We went on to design LIS on uncoated high-surface-

energy solids, eliminating the need for unreliable low-surface-energy coatings.  The vOCG-based 

approach to LIS design using high-surface-energy solids and polar lubricants resulted in repulsion of 

discrete droplets of the lowest surface tension fluid recorded to date (butane, γ ≈ 13 mN/m). This 

demonstration of LIS repelling extremely low-surface-tension fluids is promising for applications in 

thermal management and hydrocarbon processing.  More broadly, the insights gained from the vOCG 

framework will promote new developments in LIS design, paving the way for new technology in 

biological science, lab-on-a-chip, thermofluidics, and beyond. 

 

5 . 5  M ETHO DS 

Surface Fabrication – To create the CuO nanostructures, commercially available oxygen-free Cu tubes 

were used (99.9 % purity) with outer diameters, DOD = 6.35 mm, inner diameters, DID = 3.56 mm, and 

lengths, L = 131 mm, as the test samples for the condensation experiments. Each Cu tube was cleaned in 

an ultrasonic bath with acetone for 10 minutes and rinsed with ethanol, isopropanol, and de-ionized (DI) 

water. The tubes were then dipped into a 2.0 M hydrochloric acid solution for 10 minutes to remove the 

native oxide film on the surface, then triple-rinsed with DI water and dried with clean nitrogen gas. 

Nanostructured CuO films were formed by immersing the cleaned tubes (with ends capped) into a hot (96 

± 3 °C) alkaline solution composed of NaClO2, NaOH, Na3PO4•12H2O, and DI water (3.75 : 5 : 10 : 100 

wt.%).
164,169,170

 During the oxidation process, a thin (≈300 nm) Cu2O layer was formed that then re-

oxidized to form sharp, knife-like CuO oxide structures with heights of h ≈ 1 μm, solid fraction φ ≈ 0.038 

and roughness factor r ≈ 4 (see supplementary information). 

 

Silicon micropillar surfaces (Fig. 4d) with diameters of d = 7 μm, heights of h = 20 μm, and center-to-

center spacings of l = 2 μm (solid fraction φ = πd
2
/4l

2
 = 0.38 and roughness factor r = 1+ πdh/l

2
 = 3.20) 

were fabricated using projection lithography and deep reactive ion etching. 
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Surface Functionalization – trichloro(1H,1H,2H,2H-perfluorooctyl)silane (TFTS) (Sigma-Aldrich) was 

deposited from the vapor phase. Prior to silane deposition, each tube was oxygen plasma cleaned for 2 

hours to remove organic contaminants on the surface. Once clean, the tube samples were immediately 

placed in a vacuum desiccator (06514-10, Cole Parmer) with a small amount of liquid silane. The 

desiccator was evacuated by a roughing pump for 2 minutes to a minimum pressure of ≈ 2 kPa. A valve 

was then closed to isolate the pump from the desiccator and the sample was held in vacuum (≈ 2 kPa) for 

another 10 minutes. The functionalized tubes were then rinsed in ethanol and DI water and dried in a 

clean nitrogen stream. The coating had a typical advancing angle of θa  ≈ 120˚ when measured on a 

smooth reference surface and typical advancing/receding angles of θa/θr ≈ 171/167 ± 3˚ when measured 

on the nanostructured CuO surface. 

 

Condensation Experiments – Condensation experiments were performed inside of a controlled 

environmental chamber.  TFTS-functionalized CuO coatings were applied to the exterior surface of 

copper condenser tubes.  The TFTS-coated CuO was infused with lubricant by first placing a few droplets 

of lubricant onto the surface and allowing them to spread completely, then using a nitrogen stream 

(99.9%, Airgas) to shear off excess lubricant.  Following the addition of lubricant, the chamber was 

sealed and noncondensable gases were evacuated with a vacuum pump (except in the case of the ethanol 

lubricant, where the vacuum pump was not used so as not to evaporate the ethanol).  Pure vapor of the 

impinging condensate was then introduced as the tube sample was cooled from within with a chiller loop 

set to 15 °C.  The behaviour of the condensate was imaged from a viewport during condensation.   

 

Droplet Impingement Experiments – Droplet impingement experiments were performed with the LIS 

held at ≈ 45° from horizontal inside of a fume hood.  Excess lubricant was added to the base of the dry, 

plasma cleaned
114

 SiO2 pillar structured surface and allowed to wick into the SiO2 pillars until they were 

filled with lubricant.  The droplets of the impinging fluid were then dispensed from a syringe with a 

stainless steel needle.  Images were taken at an angle of ≈ 0° from horizontal with a camera outside of the 

hood.  For the experiment with butane as the impinging fluid, in order to prevent rapid evaporation of 

butane, the LIS was placed inside of a glass vial, infused with the 6F-IPA, then a small amount of butane 

was placed at the bottom of the vial and the vial was sealed and allowed to reach saturation conditions.  

Butane droplets were then introduced through a port at the top of the vial.   

 

Pendant Drop Measurements – The surface energy components were determined for Krytox oil using 

the pendant drop method to characterize the interfacial tension of Krytox oil with multiple test liquids 

including water, ethylene glycol, glycerol, diiodomethane, 1-bromonapthalene, chloroform, and 
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formamide.  The pendant drop measurement system consisted of a collimated light source (Thorlabs 6500 

K, 440 mW Collimated LED) illuminating the droplet and aligned with a telecentric lens (Edmund 0.25X 

SilverTL) attached to a camera (PointGrey CM3-U3-13Y3C) capturing images. The droplets were 

dispensed with a Harvard Apparatus syringe pump through stainless steel needles, and when interfacial 

tension between two fluids was measured, the second fluid was contained inside of a glass cuvette.  Glass 

cuvettes were cleaned thoroughly with Alconox followed by progressive solvent rinses in acetone, 

methanol, ethanol, isopropanol, and finally 99.99% pure DI water, and then nitrogen stream drying 

(99.9%, Airgas).  Interfacial tensions were characterized from images using a plugin for ImageJ.
216

  The 

surface energy components were determined from a plane fit to the data based on the vOCG equations, 

detailed in the supplementary information. 
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Chapter 6 

6. Perspectives and Future Work 

State-of-the-art techniques to promote dropwise condensation rely on functional hydrophobic coatings, 

which are often not robust and therefore undesirable for industrial implementation.  Furthermore, low 

surface tension condensates pose a unique challenge since they often form a film, even on hydrophobic 

coatings.  In this thesis, we addressed both of these concerns by first exploring robust rare earth oxide 

(REO) and graphene coatings for dropwise water condensation (Chapters 2 and 3), and then 

implementing lubricant infused surface (LIS) coatings to promote dropwise condensation of low surface 

tension fluids, including development of a model to design LIS (Chapters 5 and 6).  Perspectives on the 

unique challenges of this work as well as future directions are presented here. 

 

6 . 1  R A R E  E A R T H  O X I D E  C O A T I N G S  

The recent discovery of robust rare earth oxide (REO) hydrophobicity has generated interest for dropwise 

condensation applications; however, prior to our work, the mechanism of REO hydrophobicity had been 

unclear. We demonstrated through careful experiments and modeling that REO hydrophobicity occurs 

due to the same hydrocarbon adsorption mechanism seen previously on noble metals, where REOs are 

hydrophilic when clean and become hydrophobic after extended exposure to air; this has been confirmed 

by subsequent work.
183,184,217

 This study provided insight into how REOs can be used to promote stable 

dropwise condensation, which is important for the development of enhanced phase change surfaces. 

 

The potential of REOs as functional surface coatings for condensers due to their hydrophobicity after 

hydrocarbon adsorption is promising, but also raises concerns. The large contact angle hysteresis of the 

REO surfaces studied here (~60° – 70°), and shown previously,
51

 will act to increase the size of departing 

droplets, which negatively impacts heat transfer.
21

  Another challenge is the thermal expansion coefficient 

mismatch between REOs (4 – 10 μm/m-K) and many industrial condenser metals (10 – 25 μm/m-K), 

which could result in fracturing of thin and brittle REO coatings due to temperature fluctuations.
218,219

  

However, the relatively low cost and moderate thermal conductivities of REOs (2.4 – 13.3 W/m-K, see 

supplementary information) offer a potentially unique advantage over traditional promoter coatings.  

Layers of hydrophobic polymers (PTFE) have been shown to give excellent dropwise condensation 

behavior but have only been found to be sufficiently durable when the thickness (δ) of the low-
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conductivity polymer (kp ~ 0.2 W/m·K) layer is so large (δp ≈ 20 µm) as to offset the advantage of 

dropwise condensation.
18

  The larger coating thickness is typically required in order to increase adhesion 

to the metal substrate and enhance resistance to oxidation and moisture. Gold coatings have been shown 

to give excellent dropwise condensation but have only been found to be sufficiently durable (≈5.7 years 

of operating time) when the thickness of the gold is so large (≈50 µm) as to make the approach 

economically unfeasible.
220

  On the other hand, REOs strike a balance between the two previous 

approaches in terms of cost and thermal conductivity. The moderate thermal conductivity of REOs allows 

for a ~25x thicker coating than conventional polymer layers while maintaining a comparable thermal 

resistance with the added benefit of potentially greater adhesion and durability.
51

  Furthermore, the 

reduced cost of REOs compared to gold coatings makes their application to industrial materials more 

economically feasible.
117

  In the future, more rigorous calculations of the expected condensation heat 

transfer are needed based on existing high fidelity models in the literature.
21,25,122,221

  

 

6 . 2  G R A P H E N E  C O A T I N G S  

We demonstrated the effectiveness of ultra-thin scalable chemical vapor deposited (CVD) graphene 

coatings to promote dropwise condensation while offering robust chemical stability and maintaining low 

thermal resistance.  Heat transfer enhancements of 4x compared to filmwise condensation were measured, 

and the robustness of these CVD coatings was superior to typical hydrophobic monolayer coatings.  Our 

results indicated that graphene is a promising surface coating to promote dropwise condensation of water 

in industrial conditions, with the potential for scalable application via CVD. 

 

While graphene offers a robust coating material to promote dropwise condensation on industrial metals, it 

is not a likely candidate to induce superhydrophobic behavior on micro- and nanostructured materials due 

to its relatively low advancing and receding contact angles compared to fluoropolymer coatings typically 

used for this application.  While this eliminates the ability of graphene-coated surfaces to promote 

jumping droplet condensation,
90,133-135

 the improvement in heat transfer coefficient of 4x provided by 

dropwise-promoting graphene coatings compared to filmwise condensation outweighs the marginal 

additional increase of 30-40% gained by jumping droplet condensation compared to dropwise 

condensation.  Another potential limitation of these graphene coatings is their inability to induce dropwise 

condensation in systems which use low-surface-tension working fluids such as pentane; these fluids are 

expected to exhibit low contact angles and spread on graphene-coated surfaces, resulting in filmwise 

condensation. However, lubricant infused surfaces (described in Chapters 4 and 5) offer a promising 

alternative. 
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Future work should be directed towards longer-term study of the robustness of graphene coatings under 

typical condenser conditions (the duration of the present study was 2 weeks).  A demonstration of 

graphene robustness on the order of years is perhaps the best method to enable adoption of these coatings 

in real-world applications.  In addition, the scalable nature of graphene CVD should be leveraged for 

demonstration of the application of graphene coatings at the industrial scale. 

 

6 . 3  L U B R I C A N T  I N F U S E D  S U R F A C E S  

Recent work has shown that lubricant infused surfaces (LIS) can promote discrete droplet formation of 

hydrocarbons as opposed to a fluid film; we confirmed the effectiveness of LIS in promoting dropwise 

condensation here by providing the first experimental measurement of heat transfer performance during 

hydrocarbon condensation on a LIS, which enhanced heat transfer by ≈ 5x compared to an uncoated 

surface.  We also explored improvement through removal of noncondensable gases and addressed a 

failure mechanism whereby shedding droplets deplete the lubricant over time.  We developed a model 

which uses a prediction of these surface energies to determine whether an arbitrary combination of solid 

and lubricant will repel a given impinging fluid.  This model was validated against experiments 

performed in the present work as well as the literature and subsequently used to develop a new framework 

for LIS design, where we demonstrated that commonly cited guidelines in the literature are often 

misleading or incorrect.  We went on to design LIS on uncoated high-surface-energy solids, thereby 

eliminating the need for unreliable low-surface-energy coatings, and experimentally demonstrated 

repulsion of the lowest surface tension impinging fluid (butane, γ ≈ 13 mN/m) reported to date on a LIS. 

 

LIS may prove more effective than flat coatings at enhancing low surface tension fluid condensation heat 

transfer, but failure by depletion of the lubricant remains a critical concern.  The lubricant can be depleted 

by departure of cloaked droplets, or, as observed in the present work, the lubricant can be depleted even 

in the absence of droplet cloaking due to shearing by sliding droplets.  A potential solution to lubricant 

shearing could be the addition of barriers for lubricant flow as proposed by Wexler et al. in the context of 

fluid flow past a LIS,
147,180

 or alternatively a suitable design of the solid structures on the surfaces to tune 

the capillary pressure and permeability governing lubricant return after shearing, which could draw from 

concepts proposed in literature on evaporation from wicking materials.
222,223

  If justifiable in a given 

application, the lubricant could be replenished periodically as well to overcome the problem.   

 

The importance of NCG in condensation was also demonstrated in the present work, where less than 10% 

NCG was shown to eliminate the gain in performance obtained from promotion of dropwise 
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condensation.  This confirms previous results indicating the importance of even low levels of NCG on 

condensation performance.
126,174

  Future experiments in the field of condensation should be carefully 

conducted in pure vapor to allow direct comparison between studies unless the target application requires 

NCG, as in fog harvesting for example.
156

   

 

With regard to the capability of the vOCG-based modelling of LIS, a subset of prior experimental work 

has used ionic liquids as lubricants.  Unfortunately, not only is there a dearth of data on the Lewis acid-

base components of these liquids,
205-207

 but the vOCG method would have trouble even with suitable data 

for pure ionic liquids due to the extent to which ionic liquids and water are mutually soluble, with water 

changing surface tension by nearly 50% in the presence of certain ionic liquids; therefore, ionic liquids 

are not considered in this analysis.
179,194

  Future work should attempt to incorporate the effects of fluid co-

solubility on surface tension to improve the range of cases for which the vOCG-based model has reliable 

predictive power. 

 

Even with these shortcomings in mind, this demonstration of LIS repelling extremely low-surface-tension 

fluids is promising for applications in thermal management and hydrocarbon processing.  More broadly, 

the insights gained from the vOCG-based modelling framework will enable new developments in LIS 

design, paving the way for new technology in biological science, lab-on-a-chip, thermofluidics, and 

beyond. 
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8. Supplementary Information 

8 . 1  N O M E N C L A T U R E  

Symbols 

 d Diameter (micro- or nanostructures) 

DID  Tube inner diameter 

DOD Tube outer diameter 

fmax Surface coverage of hydrocarbons 

h Height (micro- or nanostructures) 

hc  Condensation heat transfer coefficient 

k Thermal conductivity 

kp Polymer thermal conductivity 

L Length (condenser tube) 

l Length (pitch between micro- or nanostructures) 

Psat Saturation pressure 

Pv Vapor pressure 

q” Heat flux 

R Geometric factor for lubricant infused surface design 

r  Roughness (ratio of actual to projected surface area) 

S Supersaturation 

ΔT Temperature difference or subcooling 

Tsat Saturation temperature 

Twall Wall temperature 

γ Surface tension or surface energy 

γi
+
 Lewis acid component of surface energy, phase i 

γi
-
 Lewis base component of surface energy, phase i 

γi
LW

 Lifshitz-van Der Waals component of surface energy, phase i 

δ Coating thickness 

δp Polymer condenser coating thickness 

θ1,A  Advancing contact angle of the underlying surface  

θ2,A  Advancing contact angle of a hydrocarbon-covered surface 

θA  Advancing contact angle 
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θR Receding contact angle 

φ Solid fraction 

 

Chemical Symbols 

 Al2O3 Aluminum(III) oxide 

Ar  Argon (gas) 

Au Gold 

CeO2 Cerium(IV) oxide (ceria) 

CH4  Methane (gas) 

Cu Copper  

Cu2O Copper(I) oxide 

CuO Copper(II) oxide 

Fe2O3 Iron(III) oxide 

H2 Hydrogen (gas) 

Ho2O3 Holmium(III) oxide (holmia) 

Na3PO4•12H2O Sodium phosphate dodecahydrate 

NaClO2 Sodium chlorite 

NaOH Sodium hydroxide 

OH
-
 Hydroxyl group 

Si Silicon 

SiO2 Silicon dioxide (silica)  

TiO2 Titanium dioxide 

ZrO2 Zirconium dioxide 

 

Acronyms 

 6F-IPA  Hexafluoroisopropanol 

AFM Atomic force microscopy  

APCVD Atmospheric pressure chemical vapor deposition 

CVD  Chemical vapor deposition 

DI  Deionized 

DWC Dropwise condensation 

FWC Filmwise condensation 

GPL  General-purpose lubricant 

iCVD Initiated chemical vapor deposition  
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IPA Isopropanol 

LIS Lubricant infused surface 

LMTD Log mean temperature difference 

LPCVD Low pressure chemical vapor deposition 

LW Lifshitz-van Der Waals  

NCG Noncondensable gas 

OTS Octadecyltrichlorosilane  

OW Owens and Wendt  

PECVD Plasma-enhanced chemical vapor deposition 

PTFE Polytetrafluoroethylene  

REO Rare earth oxide 

SAM Self-assembled monolayer 

TFTS Trichloro(1H,1H,2H,2H-perfluorooctyl)silane 

vOCG van Oss, Chaudhury, and Good  

XPS X-ray photoelectron spectroscopy 
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8 . 2  C H .  2  S U P P L E M E N T A R Y  I N F O R M A T I O N   

 

Characterization Methods 

The field emission scanning electron microscope used to capture the images in this chapter was 

an Ultra Plus (Carl Zeiss AG).  The in-lens detector was used to image the samples at a voltage 

of 2.00 kV.  The samples were mounted to stubs with carbon tape and were not used for 

experimental results after imaging. 

 

The AFM scans in this chapter were obtained with an Asylum MFP-3D using Bruker TESP 

probes.  The scan rate was 5 μm/sec, and the scan area was 10 μm x 10 μm for the holmia sample 

and 20 μm x 20 μm for the ceria sample.  The samples were not used for experimental results 

after the AFM scans were conducted. 

 

The XPS spectra were obtained with a Thermo Scientific K-Alpha XPS.  The measurements 

were performed with a 400 μm X-ray spot size at pressures less than 8x10
-8

 mBar.  The spectra 

were post-processed with Advantage software (version 5.918) to determine the initial 

composition of the pristine samples and the surface atomic percent carbon at each time point 

from relative peak heights. 

 

Contact angles were obtained with a Kyowa MCA-3 microgoniometer with a piezoelectric head 

to dispense picoliter-scale droplets at frequencies of 20 – 1000 Hz.  The average advancing angle 

data was obtained by taking the mean of the advancing contact angles measured on at least 5 

spots on each sample for each time point.  The average receding contact angle was obtained by 

the same method, and was observed when the droplet contact line receded during evaporation of 

the droplet.  See Figure S2 for the measured contact angle during the advancing and receding 

phases for a representative sample (holmia, 2448 hr after plasma cleaning process). 
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Advancing Contact Angle Model 

The hydrocarbon adsorption phenomenon was modeled as hydrophobic defects on an initially 

hydrophilic surface to predict the advancing contact angle.  Approximating the hydrocarbons as 

circular hydrophobic defects on the surface, the advancing angle is predicted by: 

 

 𝐜𝐨𝐬(𝜽𝑨) = 𝒇𝒎𝒂𝒙 𝐜𝐨𝐬(𝜽𝟏,𝑨) + (𝟏 − 𝒇𝒎𝒂𝒙) 𝐜𝐨𝐬(𝜽𝟐,𝑨) , (S1) 

where θA is the advancing contact angle as a function of the surface coverage of hydrocarbons, 

θ1,A is the advancing contact angle of the hydrophilic surface with no adsorbed hydrocarbons 

(≈ 0°), and θ2,A is the advancing contact angle on the surface once it has become saturated with 

hydrocarbons (approximated as the advancing angle at 2448 hours).  The term fmax represents the 

surface area coverage of hydrophobic defects at the region where the energy barrier to advance is 

highest; in the case of uniform circular defects, this is the ratio of the diameter of a circular 

hydrophobic defect, D, to the side length of the square area surrounding each circular defect, L. 

Since the XPS spectra provide the surface atomic percent carbon and not the area coverage, the 

surface atomic percent carbon is converted to a ratio of hydrocarbon-covered surface area to total 

surface area, which is then used to determine fmax = D/L and θA = θA(fmax).   

 

To convert surface atomic percent carbon to percent hydrocarbon-covered surface area, the area 

ratio of the hydrocarbon molecules on the surface to the adsorbent surface molecules is required.  

This is approximated from the molar specific volumes as: 

 

 𝑨𝑯𝑪/𝑨𝑴 = (𝑽𝑯𝑪/𝑽𝑴)𝟐/𝟑, (S2) 

where the subscript HC indicates hydrocarbons and the subscript M indicates the adsorbent 

surface molecules.  The molar specific volume for methane was used in this analysis in order to 

assign one mole of hydrocarbon to every adsorbed carbon atom while maintaining a good 

estimate for hydrocarbon surface area.  The fraction of hydrocarbon-covered surface area is then 

calculated as: 

 

 𝑨𝑯𝑪/𝑨𝒕𝒐𝒕𝒂𝒍 = (𝟏 + (𝑨𝑯𝑪/𝑨𝑴)(𝟏 − 𝑪 )/(𝑪))−𝟏 , (S3) 
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where C is the surface percent carbon by mole , which is obtained from the raw XPS surface 

atomic percent carbon by accounting for the number of atoms per molecule based on the unit 

molecules for which the molar specific volumes were obtained.  Finally, fmax is calculated as: 

 

 𝒇𝒎𝒂𝒙 = √(𝟒/𝝅)(𝑨𝑯𝑪/𝑨𝒕𝒐𝒕𝒂𝒍) (S4) 

The curve obtained from this model is shown to match well with the experimental data, 

indicating that hydrocarbon adsorption is a plausible mechanism for the observed increase in 

contact angle. 

 

Rare Earth Oxide Thermal Conductivities 

The thermal conductivities (k) for selected REOs are shown in Table S1.  The calculated values 

were determined from known values for the density (ρ), heat capacity (Cp), and thermal 

diffusivity (α) of the REOs (k = αρCp).  The experimentally measured values were obtained from 

literature. 

Table S1. Thermal conductivities of selected REOs. 

 

Element 
Atomic 

# 

Oxidation 

State 

Thermal Cond., 

kcalc [W/m·K] 

Thermal Cond., 

kexp [W/m·K] 

Yttrium 39   Y2O3 12.77 13.3
224

 

Lanthanum 57   La2O3 5.88 6.0
225

 

Cerium 58     CeO2 - 11.7
224,226

 

Samarium 62   Sm2O3 15.42 9.7
224

 

Europium 63 EuO - 7.0
227

 

Europium 63   Eu2O3 2.33 2.4
228

 

Gadolinium 64   Gd2O3 12.21 10.3
224

 

Lutetium 71 Lu2O3 12.42 - 

 

 

Comparison of Coating Thicknesses 

To maintain the same thermal resistance for the coating, comparing REOs (taking a conservative 

thermal conductivity value of kREO ≈ 5 W/m·K) to polymer coatings (thermal conductivity 

kp ≈ 0.2 W/m·K) and using the relationship  δREO ~ (kREO/kp)•δp, we find that the REO coating 

can be ~25x thicker with comparable thermal resistance, where δREO is the thickness of the REO 

coating and δp is the thickness of a polymer coating which would result in an equivalent thermal 

resistance.  
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Microgoniometer Piezoelectric Head Droplet Injection 

The piezoelectric head is capable of dispensing picoliter-scale droplets at frequencies of 20 – 

1000 Hz during microgoniometric measurement.  The potential to introduce vibrations in the 

droplet being observed during advancing of the contact angle by dispensing droplets for the 

piezoelectric head, which may cause the contact line to oscillate, is considered here.  First, the 

Ohnesorge number for a water droplet of the size observed during contact angle measurement 

(diameter D ≈ 50 μm) is: 

 𝑶𝒉 =
𝝁

√𝝆𝝈𝑫
 ≈ 𝟎. 𝟎𝟏  (S5) 

where µ is water viscosity, ρ is water density, and σ is water surface tension at room temperature.  

Therefore, viscous effects are neglected and a balance between inertial and surface tension forces 

is considered.  Determining the droplet natural frequency for the first resonant mode in this 

case
68,70

: 

 

𝒇 =
𝟏

𝟐𝝅
√

𝟔𝝈𝒉(𝜽)

𝝆(𝟏 − 𝒄𝒐𝒔𝜽)(𝟐 + 𝒄𝒐𝒔𝜽)
𝑹−𝟑/𝟐  ≈ 𝟔, 𝟎𝟎𝟎 𝑯𝒛 (S6) 

where θ is the droplet contact angle on the surface a (90° was used as a representative value) and 

h(θ) is a factor which includes the dependence on geometry.
229

  The experimental data points 

were obtained with droplet dispensing frequencies of 20 – 40 Hz << 6,000 Hz (1,000 Hz droplet 

dispensing was used to align the camera, not for measurement); therefore, the resonant vibration 

modes of the droplet under observation were not activated and the contact line did not oscillate 

due to addition of picoliter-scale droplets, allowing for accurate measurement of the advancing 

contact angle during droplet dispensing. 

This conclusion is supported by comparison between measurements and previous literature for 

the reference surfaces of silica and gold, for which the advancing contact angle reached 66° and 

44°, respectively, in good agreement with well-documented values.
43,78
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Role of Advancing and Receding Contact Angle in Dropwise Condensation Performance 

The contact angle hysteresis plays a large role in dropwise condensation, where the advancing 

and receding contact angles determine the force needed to hold a droplet stationary on an 

inclined condensing surface against the force of gravity.  A typical scaling of maximum droplet 

size on a vertical condenser surface is obtained by balancing the droplet weight with the contact 

angle hysteresis force acting on the droplet, as shown in Equation S6, where it is observed that 

the advancing and receding contact angles provide valuable information about the expected 

droplet departure size while the equilibrium contact angle is unable to provide this information.  

The maximum droplet departure size directly affects the condensation heat transfer due to the 

thermal resistance through the droplet itself.
21,74,75

 

 
𝑹𝒅𝒓𝒐𝒑~ (

𝟑𝝈(𝐜𝐨𝐬 (𝜽𝑹) − 𝐜𝐨𝐬 (𝜽𝑨))

𝟐𝝅𝝆𝒈
)

𝟏/𝟐

  (S7) 

This is particularly important for rare earth oxide (REO) surfaces, where the contact angle 

hysteresis is up to 50–60° and can significantly hinder the shedding of droplets, thus degrading 

the heat transfer performance. 

 

 

Figure S1. Image of the samples used for contact angle and XPS measurements.  The silica 

sample is a 100 nm thick silicon dioxide layer on a silicon wafer.  The gold sample is a sensor 

for a quartz crystal microbalance with 100 nm gold deposited on a glass substrate. 
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Figure S2. Representative data for measured contact angle on the holmia sample after exposure 

to laboratory air (temperature ≈ 25 °C, relative humidity ≈ 35%) for 2448 hr after plasma 

cleaning the sample.  Initially, water was added to the droplet via the piezoelectric head on the 

microgoniometer at a greater rate than the evaporation rate of water from the droplet, and the 

droplet increased in volume by increasing the perimeter of the contact line at the advancing 

contact angle.  At t = 8 seconds, water addition to the droplet was halted and it immediately 

began to decrease in volume as evaporation occurred.  At first, the decrease in volume 

manifested as a decrease in the contact angle with a pinned contact line.  When the contact angle 

reached the receding contact angle, the contact angle stopped decreasing and the contact line 

perimeter decreased, shown here for t ≥ 12 seconds.  Scale bars are 50 µm. 
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Figure S3. Comparison of experimental data from the present work (Preston) to previously 

published results for equilibrium contact angle as a function of surface atomic percent carbon.  

The previous studies provided only equilibrium contact angles, so the advancing and receding 

contact angles for the materials studied in the present work were arithmetically averaged to 

estimate the equilibrium contact angle, which is plotted here for fair comparison. Takeda 

deposited 40-nm-thick metal oxide films onto a silica substrate by reactive magnetron sputtering 

and exposed the samples to atmosphere with controlled relative humidity and temperature.
59

  

Kim provided contact angle and XPS measurements for bare metals which had been exposed to 

atmosphere for long times.
230

   Strohmeier cleaned cold-rolled aluminum foil with oxygen 

plasma and subsequently exposed the foil to ambient atmosphere (experimental data for as-

received bare aluminum was also included).
60

  The shaded region highlights the positive 

correlation between contact angle and surface carbon contamination, which applies to rare earth 
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oxides as well as metals, metal oxides, and silica.  The data spread is attributed to differences in 

hydrocarbon alignment when adsorbed on different materials, preferential adsorption of certain 

species of hydrocarbons for each material, and the use of surface atomic percent carbon as 

opposed to surface area fraction of hydrocarbons, which would account for the relative sizes of 

hydrocarbons versus surface molecules. 
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8 . 3  C H .  3  S U P P L E M E N T A R Y  I N F O R M A T I O N   

 

ESEM Characterization 

The nucleation and initial growth of water droplets on graphene CVD surfaces were studied with an 

environmental scanning electron microscope (ESEM, Carl Zeiss EVO 50).  A bare copper sample which 

had been annealed at 1000 °C under hydrogen in the CVD chamber but then removed without graphene 

growth was also examined as a control.  The contact angles determined for the graphene CVD surfaces 

with microgoniometric characterization were confirmed with the ESEM, as shown in Figure S4. 

 

 

Figure S4. ESEM images of condensation on (a) LPCVD graphene on copper, (b) APCVD 

graphene on copper, and (c) bare copper after annealing in hydrogen.  The advancing contact 

angles of droplets on the graphene-coated copper were approximately 90 degrees, while the 

advancing contact angle on the bare copper was much lower, resulting in a film as condensation 

continued. 

 

Thermal Resistance of Graphene Compared to Substrate 

The thermal resistance of a graphene coating is negligible compared to the resistance of the metal surface 

used to separate the condenser section from the chiller water in a heat exchanger.   

The thickness for a copper condenser tube wall used in practice is on the order of tCu ≈ 0.5 mm,
231-233

 and 

copper has a thermal conductivity of kCu ≈ 400 W/m-K.  Meanwhile, the thickness for a single-layer 

graphene coating is approximately tGr ≈ 0.5 nm, and graphene has a thermal conductivity in the transverse 

direction of kGr ≈ 0.1 W/m-K.
104,234,235

  Finally, the expected graphene contact resistance for graphene is 

on the order of Rc,Gr ≈ 10
-8

 m
2
-K/W.

236
  Taking the ratio of thermal resistance through the copper tube to 

resistance through the graphene sheet yields: 
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𝑹𝑪𝒖

𝑹𝑮𝒓
=

𝒕𝑪𝒖/𝒌𝑪𝒖

𝒕𝑮𝒓/𝒌𝑮𝒓 + 𝑹𝒄,𝑮𝒓
≈  𝟖𝟎 ≫ 𝒖𝒏𝒊𝒕𝒚 (S8) 

 

This indicates that the thermal resistance of the metal is much greater than that of the graphene CVD 

coating, even when considering the thinnest condenser walls widely commercially available and the 

highest reported values for graphene thermal resistance and contact resistance.  For the present study, 

thicker condenser walls were used which resulted in a thermal resistance ratio of 𝑅𝐶𝑢/𝑅𝐺𝑟 > 100. 

 

Condensation Chamber Setup 

The custom environmental chamber used for this work (Kurt J. Lesker) consists of a stainless steel frame 

with a door (sealed with a rubber gasket), two viewing windows, and apertures for various components. 

Resistive heater lines were wrapped around the exterior of the chamber walls to prevent condensation at 

the inside walls and then insulated on the exterior walls. The output power of the resistive heater lines 

was controlled by a voltage regulator (Variac). Two insulated stainless steel water flow lines (Swagelok) 

were fed into the chamber via a KF flange port (Kurt J. Lesker) to supply cooling water to the chamber 

from a large capacity chiller (System III, Neslab). 

 

A secondary stainless steel tube line was fed into the chamber via a KF adapter port that served as the 

flow line for the incoming water vapor supplied from a heated steel water reservoir. The vapor line was 

wrapped with a rope heater (60 W, Omega) and controlled by a power supply (Agilent). The vapor 

reservoir was wrapped with another independently-controlled rope heater (120 W, Omega) and insulated 

to limit heat losses to the environment. The access tubes were welded to the vapor reservoir, each with 

independently-controlled valves. The first valve (Diaphragm Type, Swagelok), connecting the bottom of 

the reservoir to the ambient, was used to fill the reservoir with water. The second valve (BK-60, 

Swagelok), connecting the top of the reservoir to the inside of the chamber, provided a path for vapor 

inflow. K-type thermocouples were located along the length of the water vapor reservoir to monitor 

temperature. 

 

A bellows valve (Kurt J. Lesker) was attached to the chamber to serve as a leak port between the ambient 

and inside of the chamber. In order to monitor temperatures within the chamber, K-type thermocouple 

bundles were connected through the chamber apertures via a thermocouple feed through (Kurt J. Lesker). 

To provide electrical connections inside the chamber for LED lighting and electric field generation, 

insulated copper electrical wires were connected through the chamber apertures via an electrical feed 

through (Kurt J. Lesker). A pressure transducer (925 Micro Pirani, MKS) was attached to monitor 
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pressure within the chamber. The thermocouple bundles and the pressure transducer were both electrically 

connected to an analog input source (RAQ DAQ, National Instruments), which was interfaced to a 

computer for data recording. A second bellows valve (Kurt J. Lesker) was integrated onto the chamber for 

the vacuum pump, which brought down the chamber to vacuum conditions prior to vapor filling. A liquid 

nitrogen cold trap was incorporated along the line from the chamber to the vacuum which served to 

remove any moisture from the pump-down process and ultimately assist in yielding higher quality 

vacuum conditions. A tertiary bellows valve (Kurt J. Lesker) was integrated on a T fitting between the 

vacuum pump and liquid nitrogen reservoir to connect the vacuum line to the ambient to release the 

vacuum line to ambient conditions once pump down was achieved. In order to visually capture data, a 

digital SLR camera (Canon EOS 50D) was placed in line with the 5” viewing windows on the chamber. 

The schematic of the exterior of the environmental setup is depicted in Figure S5a.  Images of the front 

and rear of the experimental setup are shown in Figures S5b and c, respectively. 
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  Figure S5. (a) Schematic of experimental setup (not to scale). (b) Image of the experimental setup 

shown from the front (high speed camera and data acquisition system not shown). (c) Image of the 

experimental setup from the rear of the chamber showing the cooling water inlet and outlet and water 

vapor reservoir.  Reprinted with permission from Reference 4.  Copyright 

2012 American Chemical Society.
135
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The setup used to run experiments inside the chamber is shown in Figure S6. Stainless steel bellows tube 

lines (1/4”, Swagelok) were connected to the external water flow lines (Figure S6c). T-connection 

adapters (Swagelok) with bore through Ultra-Torr fittings (Swagelok) were used to adapt K-type 

thermocouple probes (Omega) at the water inlet and outlet.  

 

The graphene-coated copper tube test sample consisted of a 6.35 mm diameter tube, which was connected 

via a Swagelok compression fitting onto the T-connection. Chilled water flows through the inlet bellows 

tube, along the inside of the tube sample and through the outlet. Two supports were used to hold the 

sample and the entire configuration in place. Two separate pieces of insulation were embedded with K-

type thermocouple leads and used for wet bulb temperature measurement during experimental runs.  A 

third thermocouple was placed beside the sample to measure the reference temperature inside the 

chamber.  

 

Condensation Procedure 

For each experimental trial, a set of strict procedures was followed to ensure consistency throughout the 

experiments. The first step of the process was to turn on the voltage regulator to heat up the 

environmental chamber walls, which prevented condensation on the chamber walls. Simultaneously, the 

water vapor reservoir was filled with approximately 3.5 liters of DI water (99% full) using a syringe 

through the vapor release valve. After opening the vapor inflow valve and closing the vapor release valve, 

the rope heater around the water vapor reservoir was turned on with the heater controller set to maximum 

output (120 W). Then the rope heater connected to the vapor inflow valve was turned on. The temperature 

of the water reservoir was monitored with the installed thermocouples; the temperature at the top of the 

reservoir was higher than that of the middle/bottom of the reservoir due to the water thermal-mass present 

at the middle/bottom section. Hence, we ensured that the regions of the water reservoir of higher thermal 

capacity were brought to a sufficiently high temperature for boiling. During the boiling process, 

aluminum foil was placed on the bottom surface of the inner chamber to collect any of the water leaving 

the vapor inflow line. Once boiling was achieved and all thermocouples on the reservoir were > 95˚C for 

at least 10 minutes, the vapor inflow valve was closed. The excess water that spilled inside the chamber 

during de-gassing of the reservoir was removed. 
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  Figure S6. (a) Schematic of experimental setup inside the chamber (not to scale). (b) Image of the 

experimental setup inside the chamber showing a tube in place for testing.  Reprinted with permission 

from Reference 4.  Copyright 2012 American Chemical Society.
135

 

 

 

 

In order to install the samples onto the rig (Figure S6), the Swagelok female adapters at the ends of the 

tube samples were connected to the 90 degree male elbow connecters on the rig. Before installing the 

entire sample setup in the chamber, all adapters/connecters were tightened to ensure that there were no 
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leaks that could affect vacuum performance. The setup was then placed on top of the steel supports and 

the bellows tubes (for the water inflow/outflow) were connected to the water lines. Then the insulating 

wet bulb wick was placed near the sample and in contact with the bottom surface of the chamber. 

 

The next step was to begin the vacuum pump-down procedure. Initially, the liquid nitrogen cold trap was 

filled to about half capacity. The ambient exposed valves connecting the chamber and the vacuum pump 

were both closed and the valve connected to the liquid nitrogen cold trap was opened. The vacuum pump 

was then turned on, initiating the pump-down process. The pressure inside the chamber was monitored 

during the pump-down process. This process took approximately one hour in order to achieve the target 

vacuum conditions (0.5 Pa < P < 1 Pa). The experimental operating pressure of non-condensable was set 

to be a maximum of 0.25% of the operating pressure. Non-condensable gas content of above 0.5% 

(pressure) was shown to significantly degrade performance during dropwise condensation.
21,174

 In our 

experiments, extreme care was taken to properly de-gas the vacuum chamber and water vapor reservoir 

prior to experimental testing. In addition, the chamber leak rate was characterized prior to each run in 

order to estimate the maximum time available for acquiring high fidelity data with non-condensable 

content of less than 0.25%. 

 

The setup of the water flow-loop is described as follows: the Neslab water pump reservoir was filled and 

turned on to a flow rate of 5 L/min (0 < ΔTLMTD < 15 K). The flow rate was monitored with the flow meter 

integrated in the inflow water line. In order to bring the chilled water into the flow loop and to the tube 

sample, the external chilled water lines were opened. 

 

Prior to beginning experiments, the camera was turned on for visual imaging of the sample during 

condensation. Afterwards, the rope heater around the water reservoir was turned off and the vapor inflow 

valve was slowly turned open until the operating pressure was reached. Steady state conditions were 

typically reached after 2 minutes of full operation. 
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Heat Transfer Coefficient and Error Propagation 

An energy balance was applied to the tube sample to determine the overall condensation heat transfer by 

calculating the change in enthalpy of the chiller water flowing inside the tube: 

 

 𝑸 = 𝒎̇𝒄𝒑(𝑻𝒐𝒖𝒕 − 𝑻𝒊𝒏) (S9) 

 

where Q is the overall condensation heat transfer rate, 𝑚̇ is the chiller water mass flow rate, 𝑐𝑝 is the 

chiller water specific heat, and Tin and Tout are the tube inlet and outlet temperatures, respectively.  The 

temperature difference between the chiller water and vapor far from the tube sample was also determined, 

represented here as the log mean temperature difference (LMTD) to account for the change in 

temperature of the chiller water along the tube length: 

 

 ∆𝑻𝑳𝑴𝑻𝑫 =
(𝑻𝒗 − 𝑻𝒊𝒏) − (𝑻𝒗 − 𝑻𝒐𝒖𝒕)

𝐥𝐧 (
𝑻𝒗 − 𝑻𝒊𝒏

𝑻𝒗 − 𝑻𝒐𝒖𝒕
)

 (S10) 

 

where Tv is the temperature of the surrounding vapor far from the tube sample (Tv = Tsat(Pv)).  From the 

overall condensation heat transfer and the log mean temperature difference, the overall heat transfer 

coefficient, 𝑈̅, was determined: 

 

𝑼̅ =
𝑸

𝑨∆𝑻𝑳𝑴𝑻𝑫
=

𝒎̇𝒄𝒑(𝑻𝒐𝒖𝒕 − 𝑻𝒊𝒏)

𝑨∆𝑻𝑳𝑴𝑻𝑫
 (S11) 

 

where A is the surface area of the outer tube surface (A = 2πrL, where r = 3.175 mm, L = 8.71 cm).  Note 

that the overall heat transfer coefficient is a function of only the product of experimentally measured 

parameters raised to powers.  Therefore, the error associated with 𝑈̅ is calculated as follows: 

 

 𝑬𝑼̅ = 𝑼̅√(
𝑬𝒎̇

𝒎̇
)

𝟐

+ (
𝑬(𝑻𝒐𝒖𝒕−𝑻𝒊𝒏)

(𝑻𝒐𝒖𝒕 − 𝑻𝒊𝒏)
)

𝟐

+ (
−𝑬𝑨

𝑨
)

𝟐

+ (
−𝑬∆𝑻𝑳𝑴𝑻𝑫

∆𝑻𝑳𝑴𝑻𝑫
)

𝟐

 (S12) 

 

The condensation heat transfer coefficient can be extracted from 𝑈̅ by considering a series of thermal 

resistances that sum to 𝑈̅ and isolating the resistance associated with condensation: 
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𝟏

𝑼̅𝑨
=

𝟏

𝒉𝒊𝑨𝒊
+ 𝑹𝒕 +

𝟏

𝒉𝒄𝑨
 (S13) 

 

Rearranging to evolve explicitly for hc: 

 

 𝒉𝒄 = (
𝟏

𝑼̅
−

𝑨

𝒉𝒊𝑨𝒊
− 𝑹𝒕𝑨)

−𝟏

 (S14) 

 

where Ai is the surface area on the inner surface of the tube (Ai = 2πriL), Rt is the thermal resistance of the 

tube (Rt = ln(r/ri)/(2πkt), kt is the tube material thermal conductivity), and the internal heat transfer 

coefficient, hi, is determined from the Gnielinski correlation for pipe flow: 

 

 𝒉𝒊 = (
𝒌𝒊

𝟐𝒓𝒊
)

(𝒇/𝟖)(𝑹𝒆 − 𝟏𝟎𝟎𝟎)𝑷𝒓

𝟏 + 𝟏𝟐. 𝟕(𝒇/𝟖)𝟏/𝟐(𝑷𝒓𝟐/𝟑 − 𝟏)
 (S15) 

 

 𝒇 = (𝟎. 𝟕𝟗𝟎 𝐥𝐧 𝑹𝒆 − 𝟏. 𝟔𝟒)−𝟐 (S16) 

 

 𝑹𝒆 =
𝝆𝒗(𝟐𝒓𝒊)

𝝁
 (S17) 

 

where f is the friction factor, Re is the Reynolds number, Pr is the Prandtl number, ρ is the chiller water 

density, ki is the chiller water thermal conductivity, and µ is the chiller water dynamic viscosity.  Solving 

for hi and substituting into the above Equation S7 allows for determination of hc.  As hc is not a simple 

function of a product of powers, the error is determined as a function of the first partial derivatives of hc 

with respect to its components. 

 

 𝑬𝒉𝒄
= 𝒉𝒄

√(
𝝏𝒉𝒄

𝝏𝒉𝒊
𝑬𝒉,𝒊)

𝟐

+ (
𝝏𝒉𝒄

𝝏𝑼̅

𝑬𝑼̅

𝑼̅
)

𝟐

 (S18) 

 

 
𝝏𝒉𝒄

𝝏𝒉𝒊
=

−(𝑨/𝑨𝒊)𝑼̅𝟐

(𝒉𝒊 − (𝑨/𝑨𝒊)𝑼̅ − 𝑹𝒕𝑨𝑼̅𝒉𝒊)𝟐
 (S19) 

 

 
𝝏𝒉𝒄

𝝏𝑼̅
=

𝒉𝒊
𝟐

(𝒉𝒊 − (𝑨/𝑨𝒊)𝑼̅ − 𝑹𝒕𝑨𝑼̅𝒉𝒊)𝟐
 (S20) 
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The error in 𝑈̅ was determined and the error in hi was estimated as 10% associated with the Gnielinski 

correlation.
237

  Table S2 below summarizes the uncertainty associated with each experimental 

measurement. 

 

 

Table S2. Uncertainties corresponding to experimental measurements. 

Experimental Measurement Uncertainty 

Chiller water temperature difference (𝑻𝒐𝒖𝒕 − 𝑻𝒊𝒏) 0.05K 

Saturated vapor pressure (Pv) 1% 

Saturated vapor temperature (Tv) Tsat(1.01(Pv))-Tsat(Pv) 

Chiller water mass flow rate (𝒎̇) 2% 

Sample surface area (𝑨) 2% 

Gnielinski correlation heat transfer coefficient (𝒉𝒊) 10% 

 

 

Modeling of Heat Transfer Coefficient 

To model dropwise condensation, hc,d was obtained by incorporating the individual droplet heat transfer 

with droplet size distribution:
122

  

 

𝒉𝒄,𝒅 =
𝒒"

∆𝑻
=

𝟏

∆𝑻
(∫ 𝒒(𝑹)𝒏(𝑹)𝒅𝑹

𝑹𝒆

𝑹∗
+ ∫ 𝒒(𝑹)𝑵(𝑹)𝒅𝑹

𝑹̂

𝑹𝒆

) (S21) 

 

𝒒(𝑹) =

𝝅𝑹𝟐 (∆𝑻 −
𝟐𝑻𝒔𝒂𝒕𝝈

𝑹𝒉𝒇𝒈𝝆𝒘
)

𝟏
𝟐𝒉𝒊𝒏𝒕(𝟏 − 𝐜𝐨𝐬 𝜽)

+
𝑹𝜽

𝟒𝒌𝒘 𝐬𝐢𝐧 𝜽
+

𝟏
𝒌𝑯𝑪 𝐬𝐢𝐧𝟐 𝜽

(
𝒌𝑷𝝋

𝜹𝑯𝑪𝒌𝑷 + 𝒉𝒌𝑯𝑪
+

𝒌𝑾(𝟏 − 𝝋)
𝜹𝑯𝑪𝒌𝒘 + 𝒉𝒌𝑯𝑪

)
−𝟏

 (S22) 

 

where q” is the steady state dropwise condensation heat transfer rate per unit area of the condensing 

surface, ΔT is the temperature difference between the saturated vapor and sample outer surface (ΔT = 

(Tsat(P) – Ts)), R
*
 is the critical radius for heterogeneous nucleation (R

*
 = rc),

14
 Rc is the droplet 

coalescence radius, q(R) is the individual droplet heat transfer (Equation S15), n(R) is the non-interacting 

droplet size distribution,
122

 N(R) is the coalescence dominated droplet size distribution,
122,123

 R is the 

droplet radius, σ is the condensate surface tension, hfg is the latent heat of phase  change, ρw is the 

condensate density (liquid water), θ is the droplet contact angle, hint is the interfacial heat transfer 

coefficient,
238

 kw is the condensate thermal conductivity, kHC is the hydrophobic coating thermal 

conductivity, φ is the  structured surface solid fraction (equal to one for the flat surfaces considered here), 
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h is the structured surface height (equal to zero for flat surfaces), and δHC is the hydrophobic coating 

thickness (≈1 nm).
14

  The first integral in Equation S14 represents the heat flux component from droplets 

smaller than the coalescence length scale (R < Re), where direct growth by vapor accommodation at the 

liquid-vapor interface dominates and  neighboring droplet coalescence is absent. The second integral 

represents the component of the heat flux from droplets growing mainly by coalescence with other 

droplets (R > Re). These two components contribute to the total surface heat transfer per unit area (q”). 

For the graphene-coated surfaces, the model results were obtained using experimentally determined 

droplet departure radii Ȓ (ȒLPCVD = 2.4 mm, ȒAPCVD = 2.8 mm) and contact angles, and assuming an 

effective nucleation density N from previous ESEM studies of condensation.
239

 

 

To model filmwise condensation on the smooth Cu tubes, the Nusselt model was used:
237,238

 

 

𝒉𝒄,𝒇 = 𝟎. 𝟕𝟐𝟗 (
𝒈𝝆𝒘(𝝆𝒘 − 𝝆𝒗)𝒌𝒘

𝟑𝒉′𝒇𝒈

𝝁𝒘(𝟐𝒓)∆𝑻
)

𝟏/𝟒

 (S23) 

 

𝒉𝒇𝒈
′ = 𝒉𝒇𝒈 + 𝟎. 𝟔𝟖𝒄𝒑,𝒍∆𝑻 (S24) 

 

where g is the gravitational acceleration (g = 9.81 m/s
2
), ρv is the water vapor density, µw is the 

condensate dynamic viscosity, h’fg is the modified latent heat of vaporization accounting for the change in 

specific heat of the condensate, and cp,l is the condensate specific heat.
237,238

 

 

An example of the dropwise and filmwise heat transfer coefficients as a function of condenser subcooling 

yielded from the above models is plotted in Figure S7 under typical experimental conditions.  The 

dropwise condensation heat transfer coefficient decreases at low subcooling because the interfacial heat 

transfer coefficient becomes a major resistance to heat transfer.
21,47,130

  Meanwhile, the filmwise 

condensation heat transfer coefficient increases at low subcooling as the film becomes thinner at low heat 

fluxes
15

 (note that, although the heat transfer coefficient is increasing, the heat flux is decreasing).  

Furthermore, the Nusselt theory used for filmwise condensation does not consider the interfacial heat 

transfer coefficient, which would decrease the heat transfer coefficient at low subcooling in competition 

with the increase due to the thinner film.  This results in the dropwise and filmwise heat transfer 

coefficients approaching each other as subcooling decreases.   

 

In the present study, the condenser subcooling ranged from ≈1.5-6 K, with the experimentally measured 

heat transfer coefficients shown in this chapter obtained at condenser subcooling ranging from 3.5-5 K 



 

102 

 

while varying vapor pressure (the horizontal axis) and maintaining the supersaturation, S = 

Pvapor/Psat(Twall), constant over the range of data.  The experimentally determined heat transfer coefficient 

enhancement of 4x for dropwise condensation on graphene-coated tubes compared to filmwise 

condensation is in excellent agreement with the model shown in Figure S7 in the 3.5-5 K subcooling 

range where the experimental measurements were taken.  Note that, at higher subcooling over ≈10 K, the 

typically reported 5-7x heat transfer coefficient enhancement
21

 for dropwise compared to filmwise 

condensation would be realized. 

 

Figure S7. Plot of model results for filmwise and dropwise condensation heat transfer coefficient as a 

function of condenser subcooling, keeping the condenser temperature constant at 15.5 ̊C (Psat =  1780 Pa) 

and varying the surrounding saturated water vapor temperature from 16 to 35.5 ̊C (Psat = 1840 to 5860 

Pa).  The secondary (right) vertical axis is the ratio of dropwise to filmwise condensation heat transfer 

coefficients. 

 

 

Robustness Characterization Setup and Operation 

The robustness of the graphene coatings was characterized in a controlled positive-pressure continuous 

condensation chamber, shown in Figure S8.  The robustness characterization setup is a thermosiphon with 

the samples located at the condenser section, where they are observed periodically to monitor 

degradation.  A 1/4” thick borosilicate window was fit on a stainless steel chamber, and the 3/4"x3/4” 

square copper samples being tested are secured to the interior surface of the back wall of the chamber.  

The exterior of the back wall was in thermal contact with a Peltier cold stage with 100W cooling capacity.  
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A separate reservoir filled with degassed, deionized water was located 0.5 m below the chamber.  Heaters 

on the exterior of the reservoir raised the water temperature to above 100 °C, and the resulting vapor then 

traveled through a supply line up to the chamber, where it condensed on the chamber walls and also 

escaped through a check valve rated for 0.1 psig due to the overpressure from boiling in the reservoir.  

The condensed vapor transported to the bottom of the chamber, where it collected until it flowed under 

the influence of gravity back to the reservoir. 

 

To eliminate noncondensable gases (NCGs) from the system before operation, the water in the reservoir 

was boiled vigorously while the chamber was heated by the Peltier stage and also externally by a hot air 

gun to prevent condensation on the chamber walls and the subsequent trapping on NCGs in a diffusion 

boundary layer.  This purge step was carried out until the system contains nearly pure saturated 

water/vapor.  After the purge process, the system was constantly maintained at positive pressure to 

prevent NCGs from reentering.  The system was overpressurized by boiling slightly more water than is 

condensed, resulting in water leaving the check valve and signifying that the system is at > 0.1 psig.  

Once the system had reached this steady operating condition, the Peltier stage was switched to cooling 

mode, where in the present study the samples were cooled to a surface temperature of 95±1 °C and 

exposed to a continuous supply of 100 °C steam, as determined by thermocouples mounted in the system.  

The durability of the graphene-coated samples is shown to be comparable to the highest-quality polymer 

CVD coatings.
48

 

 

 

  Figure S8. Schematic of experimental robustness characterization setup, which is comprised of a 

thermosiphon operating between a hot reservoir and a cold condenser section where the samples were 

imaged periodically to monitor degradation. 
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Comparison with Previous Work on Graphene Robustness 

The LPCVD and APCVD graphene coated samples both sustained dropwise condensation for over two 

weeks with no signs of degradation when the experiments were discontinued.  This result agrees with past 

work that demonstrates experimentally that destruction of a graphene coating does not occur by oxidation 

below 400 ̊C
240

 and that graphene prevents oxidation of copper surfaces and is an excellent passivation 

layer.
241

  However, subsequent literature states that this passivation is only valid for short times (hours), 

after which the coatings can fail due to oxidation of copper at graphene grain boundaries.
242

  These 

experiments were conducted at 185-250 ̊C, above our condenser surface temperature of ≈95 ̊C; 

accordingly, a thermally activated oxidation process would be expected to take longer for our lower-

temperature test.  Regardless, over two weeks, we did not observe oxidation or degradation in our 

experiments, which agrees with the studies which show that oxidation is mitigated. 

 

Graphene Transfer to Transparent Substrate 

The graphene was transferred to a transparent substrate by the electrochemical delamination transfer 

process.
243,244

  This process removes the need for Cu etchant to detach the graphene from the Cu, which 

consequently avoids the large quantity of etchant waste from the relatively thick Cu sample on which the 

graphene was grown.  After the graphene growth, poly(methyl methacrylate) (PMMA) (950 PMMA A9, 

Micro Chem, mixed with anisole (99%, Alfa Aesar) 1:1 by volume) was spun on one side of the 

graphene/copper substrate. After baking at ~75 ℃ for 5 minutes, the substrate was cathodically polarized 

at –5 V, and an aqueous solution of NaOH (10 mM) was employed as an electrolyte in the 

electrochemical process. Hydrogen bubbles emerged at the graphene/Cu interfaces due to the reduction of 

water and detached the graphene film from the Cu foil. The graphene/PMMA was then placed on top of 

the transparent substrate.  The PMMA layer was removed by annealing the substrate at 500 ℃ in a 

hydrogen (700 sccm) and argon (400 sccm) mixture for two hours. 
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Graphene Coating Cost Estimate 

The cost of the graphene coatings is estimated here for the lab-scale production procedure.  The costs 

used are conservative; moving to industrial scale fabrication, process optimization, and using less 

conservative cost estimates is expected to reduce the price by several orders of magnitude.  The gas prices 

at the lab scale are (for 300 ft
3
 per cylinder, prices obtained from airgas.com on 12 February 2015): 

 

Gas Cylinder Price ($) Volumetric Gas Price ($/m
3
) 

Argon (Ultra High Purity) 81.08 9.55 

Hydrogen (Ultra High Purity) 140.24 16.52 

Methane(Ultra High Purity) 323.11 38.06 

 

Prescribing the gas consumption according to the CVD process detailed in the manuscript, and assuming 

that 10 tube condenser samples of the geometry used in the present study are being coated simultaneously 

for a total external surface area of 0.0174 m
2
, the overall prices for gases for the CVD process are 

summarized as: 

 

LPCVD 

  

APCVD 

  Flow phase 1 H2 10 sccm Flow phase 1 Ar 500 sccm 

Time phase 1 30 min Time phase 1 30 min 

Flow phase 2 H2 70 sccm Flow phase 2 Ar 500 sccm 

Flow phase 2 CH4 4 sccm Flow phase 2 CH4 3 sccm 

Time phase 2 30 min Time phase 2 30 min 

Flow phase 3 H2 10 sccm Flow phase 3 Ar 500 sccm 

Time phase 3 120 min Time phase 3 120 min 

H2 total consumed 3600 cm
3
 H2 total consumed 90000 cm

3
 

CH4 total consumed 120 cm
3
 CH4 total consumed 90 cm

3
 

H2 total consumed 0.0036 m
3
 H2 total consumed 0.09 m

3
 

CH4 total consumed 0.00012 m
3
 CH4 total consumed 0.00009 m

3
 

      Gas total price 0.064 $ Gas total price 0.863 $ 

Gas price per area 3.69 $/m
2
 Gas price per area 49.66 $/m

2
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Taking the power required to heat the furnace as the maximum furnace power of 800W for the 1-inch 

diameter tube furnace (Thermo Scientific Lindberg/Blue M Tube Furnace C2) over the operating period 

of 1.5hr including a 0.5-hour ramp period yields the cost of electricity: 

 

Furnace power 0.8 kW 

Heating time 1.5 hr 

Energy consumed 1.2 kWh 

Price of electrical energy 0.12 $/kWh 

Total price of electricity 0.144 $ 

Electricity price per area 8.29 $/m
2
 

 

Therefore, summing the price per area of electricity and gas consumption, the lab-scale non-optimized 

costs for CVD graphene coatings are $11.98/m
2
 for LPCVD and $57.95/m

2
 for APCVD.  This estimate is 

useful for performing a cost-benefit analysis based on capital cost and efficiency improvement.
245
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8 . 4  C H .  4  S U P P L E M E N T A R Y  I N F O R M A T I O N   

 

Results from Xiao et al. Compared to Filmwise Condensation from Nusselt’s Model 

Xiao et al. reported that “the overall heat transfer coefficients on [dropwise condensation] 

surfaces in this work (h < 2–7 kW/m
2
K) are much lower compared to pure vapor conditions [in 

previous work by Miljkovic et al.] (h<12–13 kW/m
2
K)

135
 due to the presence of NCGs acting as 

a diffusion barrier to the transport of water vapor towards the condensing surface.”
24

  

Therefore, the fact that the noncondensables (NCGs) would degrade heat transfer performance 

was recognized.  Unfortunately, the data reported is the overall heat transfer coefficient including 

the tube wall and the chiller water flow, as opposed to the isolated condensation heat transfer 

coefficient.  We can approximate the condensation heat transfer coefficient (including NCG 

effects) by assuming that the effective heat transfer coefficient of the non-condensing sections of 

the resistance network, hfixed, namely, the tube wall and the chiller water flow, remains fixed 

between experiments (see the figure in the chapter for a schematic of the resistance network): 

 

𝒉𝒇𝒊𝒙𝒆𝒅 = (
𝟏

𝒉𝒐𝒗𝒆𝒓𝒂𝒍𝒍
−

𝟏

𝒉𝒄𝒐𝒏𝒅
)

−𝟏

= (
𝟏

𝟏𝟐 𝐤𝐖/𝐦𝟐𝐊
−

𝟏

𝟔𝟎 𝐤𝐖/𝐦𝟐𝐊
)

−𝟏

= 𝟏𝟓 𝐖/𝐦𝟐𝐊  (S25) 

 

where hoverall is taken from the earlier work by Miljkovic et al. using the same experimental setup 

to characterize dropwise condensation and hcond is the heat transfer coefficient of dropwise 

condensation reported in that work.
135

  Now we compare hfixed with the range of overall heat 

transfer coefficients reported by Xiao et al., 2–7 kW/m
2
K, and we see that the thermal resistance 

of the condensation with NCGs is the dominant resistance in the network in this scenario: 

 

𝑹𝒄𝒐𝒏𝒅

𝑹𝒐𝒗𝒆𝒓𝒂𝒍𝒍
=

𝒉𝒐𝒗𝒆𝒓𝒂𝒍𝒍

𝒉𝒄𝒐𝒏𝒅
=

𝒉𝒐𝒗𝒆𝒓𝒂𝒍𝒍

(
𝟏

𝒉𝒐𝒗𝒆𝒓𝒂𝒍𝒍
−

𝟏
𝒉𝒇𝒊𝒙𝒆𝒅

)
−𝟏

= 𝟓𝟑% 𝒕𝒐 𝟖𝟕% 

 

(S26) 

Rearranging this equation, we can determine the hcond including the effect of NCG for any given 

hoverall reported in Figure 4 of Xiao et al. using Equation S27 here: 
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𝒉𝒄𝒐𝒏𝒅 = (
𝟏

𝒉𝒐𝒗𝒆𝒓𝒂𝒍𝒍
−

𝟏

𝒉𝒇𝒊𝒙𝒆𝒅
)

−𝟏

 

 

(S27) 

Next, assuming a constant wall temperature, Tw, across all experiments of 17 °C, determined 

from the supersaturation of 1.6 at the maximum vapor pressure plotted in Xiao et al.’s Figure 4, 

we can also determine the vapor temperature, Tv, at each vapor pressure for a saturated mixture, 

and from these two temperatures we know the subcooling.  The subcooling and the condensation 

heat transfer coefficient can be combined to find the heat flux for each data point.  Finally, 

plotting the heat flux versus the subcooling for each data point yields the result shown in Figure 

S9 below, where the heat transfer is comparable to that which would be expected from filmwise 

condensation. 

 

 

Figure S9. Adjusted and replotted data from Xiao et al. shows heat flux vs. condenser 

subcooling.  The 30 Pa NCG in the system degrades the heat transfer performance of the 

dropwise condensation to approximately that of the expectation for filmwise condensation. 
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Droplet Departure Size Characterization 

The average droplet departure size was calculated using imaging analysis performed on videos of 

condensation on the different surfaces with at least 20 departure events observed for each 

sample.   The results are shown in Table S3. 

 

Table S3. Average droplet departure diameters. 

 

 Average Diameter (mm) Standard Deviation 

(mm) 

Water on Flat Hydrophobic Surface 2.92 0.42 

Water on LIS 1.23 0.34 

Toluene on LIS 2.12 0.23 

 

Condensation Chamber Setup 

The custom environmental chamber used for this work consists of a stainless steel frame with a 

door (sealed with a rubber gasket), two viewing windows, and apertures for various components. 

Resistive heater lines were wrapped around the exterior of the chamber walls to prevent 

condensation at the inside walls and then insulated on the exterior walls. The output power of the 

resistive heater lines was controlled by a voltage regulator. Two insulated stainless steel water 

flow lines (Swagelok) were fed into the chamber to supply cooling water to the chamber from a 

large capacity chiller. 

 

A secondary stainless steel tube line was fed into the chamber that served as the flow line for the 

incoming water vapor supplied from a heated steel water reservoir. The vapor line was wrapped 

with a rope heater (60 W, Omega) and controlled by a power supply. The vapor reservoir was 

wrapped with another independently-controlled heater (120 W, Omega) and insulated to limit 

heat losses to the environment. The access tubes were welded to the vapor reservoir, each with 

independently-controlled valves. The first valve (Diaphragm Type, Swagelok), connecting the 

bottom of the reservoir to the ambient, was used to fill the reservoir with water. The second 

valve (BK-60, Swagelok), connecting the top of the reservoir to the inside of the chamber, 
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provided a path for vapor inflow. K-type thermocouples were located along the length of the 

water vapor reservoir to monitor temperature. 

 

A bellows valve (Kurt J. Lesker) was attached to the chamber to serve as a leak port between the 

ambient and inside of the chamber. In order to monitor temperatures within the chamber, K-type 

thermocouple bundles were connected through the chamber apertures via a thermocouple feed 

through (Kurt J. Lesker). To provide electrical connections inside the chamber for LED lighting 

and electric field generation, insulated copper electrical wires were connected through the 

chamber apertures via an electrical feed through (Kurt J. Lesker). A pressure transducer (925 

Micro Pirani, MKS) was attached to monitor pressure within the chamber. The thermocouple 

bundles and the pressure transducer were both electrically connected to an analog input source 

(RAQ DAQ, National Instruments), which was interfaced to a computer for data recording. A 

second bellows valve (Kurt J. Lesker) was integrated onto the chamber for the vacuum pump, 

which brought down the chamber to vacuum conditions prior to vapor filling. A liquid nitrogen 

cold trap was incorporated along the line from the chamber to the vacuum which served to 

remove any moisture from the pump-down process and ultimately assist in yielding higher 

quality vacuum conditions. A tertiary bellows valve (Kurt J. Lesker) was integrated on a T fitting 

between the vacuum pump and liquid nitrogen reservoir to connect the vacuum line to the 

ambient to release the vacuum line to ambient conditions once pump down was achieved. In 

order to visually capture data, a digital SLR camera (Canon EOS 50D) was placed in line with 

the 5” viewing windows on the chamber. 

 

The setup used to run experiments inside the chamber is shown above. Stainless steel bellows 

tube lines (1/4”, Swagelok) were connected to the external water flow lines. T-connection 

adapters (Swagelok) with bore through Ultra-Torr fittings (Swagelok) were used to adapt K-type 

thermocouple probes (Omega) at the water inlet and outlet.  

 

Condensation Procedure 

For each experimental trial, a set of strict procedures was followed to ensure consistency 

throughout the experiments. The first step of the process was to turn on the voltage regulator to 

heat up the environmental chamber walls, which prevented condensation on the chamber walls. 
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Simultaneously, the vapor reservoir was filled with approximately 2 liters of either DI water or 

toluene. After opening the vapor inflow valve and closing the vapor release valve, the rope 

heater around the vapor reservoir was turned on with the heater controller set to maximum output 

(120 W). Then the rope heater connected to the vapor inflow valve was turned on. The 

temperature of the reservoir was monitored with the installed thermocouples; the temperature at 

the top of the reservoir was higher than that of the middle/bottom of the reservoir due to the 

water thermal-mass present at the middle/bottom section. Hence, we ensured that the regions of 

the reservoir of higher thermal capacity were brought to a sufficiently high temperature for 

boiling. During the boiling process, aluminum foil was placed on the bottom surface of the inner 

chamber to collect any of the water leaving the vapor inflow line. Once boiling was achieved and 

the internal thermocouple on the reservoir was 5˚C above the boiling point for at least 10 

minutes, the vapor inflow valve was closed. The excess fluid that spilled inside the chamber 

during de-gassing of the reservoir was removed. 

 

In order to install the samples onto the rig, the Swagelok female adapters at the ends of the tube 

samples were connected to the 90 degree male elbow connecters on the rig. Before installing the 

entire sample setup in the chamber, all adapters/connecters were tightened to ensure that there 

were no leaks that could affect vacuum performance. The setup was then placed on top of the 

steel supports and the bellows tubes (for the water inflow/outflow) were connected to the water 

lines. 

 

The next step was to begin the vacuum pump-down procedure. Initially, the liquid nitrogen cold 

trap was filled to about half capacity. The ambient exposed valves connecting the chamber and 

the vacuum pump were both closed and the valve connected to the liquid nitrogen cold trap was 

opened. The vacuum pump was then turned on, initiating the pump-down process. The pressure 

inside the chamber was monitored during the pump-down process. This process took 

approximately one hour in order to achieve the target vacuum conditions (0.5 Pa < P < 1 Pa). 

The experimental operating pressure of non-condensable was set to be a maximum of 0.25% of 

the operating pressure. Non-condensable gas content of above 0.5% (pressure) has been shown 

to significantly degrade performance during dropwise condensation.
21,174

 In our experiments, 

extreme care was taken to properly de-gas the vacuum chamber and water vapor reservoir prior 
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to experimental testing. In addition, the chamber leak rate was characterized prior to each run in 

order to estimate the maximum time available for acquiring high fidelity data with non-

condensable content of less than 0.25%. 

 

The setup of the water flow-loop is described as follows: the water pump reservoir was filled and 

turned on to a flow rate of 5 L/min. The flow rate was monitored with the flow meter integrated 

in the inflow water line. In order to bring the chilled water into the flow loop and to the tube 

sample, the external chilled water lines were opened. 

 

Prior to beginning experiments, the camera was turned on for visual imaging of the sample 

during condensation. Afterwards, the rope heater around the water reservoir was turned off and 

the vapor inflow valve was slowly turned open until the operating pressure was reached. Steady 

state conditions were typically reached after 2 minutes of full operation. 

 

Heat Transfer Coefficient and Error Propagation 

See error analysis for Chapter 3. 

 

Modeling of Heat Transfer Coefficient 

To model dropwise condensation, hc,d was obtained by incorporating the individual droplet heat 

transfer with droplet size distribution:
122

  

 

𝒉𝒄,𝒅 =
𝒒"

∆𝑻
=

𝟏

∆𝑻
(∫ 𝒒(𝑹)𝒏(𝑹)𝒅𝑹

𝑹𝒆

𝑹∗
+ ∫ 𝒒(𝑹)𝑵(𝑹)𝒅𝑹

𝑹̂

𝑹𝒆

) (S28) 

 

𝒒(𝑹) =

𝝅𝑹𝟐 (∆𝑻 −
𝟐𝑻𝒔𝒂𝒕𝝈

𝑹𝒉𝒇𝒈𝝆𝒘
)

𝟏
𝟐𝒉𝒊𝒏𝒕(𝟏 − 𝐜𝐨𝐬 𝜽)

+
𝑹𝜽

𝟒𝒌𝒘 𝐬𝐢𝐧 𝜽
+

𝟏
𝒌𝑯𝑪 𝐬𝐢𝐧𝟐 𝜽

(
𝒌𝑷𝝋

𝜹𝑯𝑪𝒌𝑷 + 𝒉𝒌𝑯𝑪
+

𝒌𝑾(𝟏 − 𝝋)
𝜹𝑯𝑪𝒌𝒘 + 𝒉𝒌𝑯𝑪

)
−𝟏

 (S29) 

 

where q” is the steady state dropwise condensation heat transfer rate per unit area of the 

condensing surface, ΔT is the temperature difference between the saturated vapor and sample 
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outer surface (ΔT = (Tsat(P) – Ts)), R
*
 is the critical radius for heterogeneous nucleation (R

*
 = 

rc),
14

 Rc is the droplet coalescence radius, q(R) is the individual droplet heat transfer (Equation 

S17), n(R) is the non-interacting droplet size distribution,
122

 N(R) is the coalescence dominated 

droplet size distribution,
122,123

 R is the droplet radius, σ is the condensate surface tension, hfg is 

the latent heat of phase  change, ρw is the condensate density (liquid water), θ is the droplet 

contact angle, hint is the interfacial heat transfer coefficient,
238

 kw is the condensate thermal 

conductivity, kHC is the hydrophobic coating thermal conductivity, φ is the  structured surface 

solid fraction (equal to one for the flat surfaces considered here), h is the structured surface 

height (equal to zero for flat surfaces), and δHC is the hydrophobic coating thickness (≈1 nm).
14

  

The first integral in Equation S14 represents the heat flux component from droplets smaller than 

the coalescence length scale (R < Re), where direct growth by vapor accommodation at the 

liquid-vapor interface dominates and  neighboring droplet coalescence is absent. The second 

integral represents the component of the heat flux from droplets growing mainly by coalescence 

with other droplets (R > Re). These two components contribute to the total surface heat transfer 

per unit area (q”).  The model results were obtained using experimentally determined droplet 

departure radii Ȓ (see Table S1, above) and contact angles. 

 

Note that the equation above is modified on the lubricant infused surface because lubricant is 

between the structures on the surface.  The appropriate equation for the LIS is: 

 

𝒒(𝑹) =

𝝅𝑹𝟐 (∆𝑻 −
𝟐𝑻𝒔𝒂𝒕𝝈

𝑹𝒉𝒇𝒈𝝆𝒘
)

𝟏
𝟐𝒉𝒊𝒏𝒕(𝟏 − 𝐜𝐨𝐬 𝜽)

+
𝑹𝜽

𝟒𝒌𝒘 𝐬𝐢𝐧 𝜽
+

𝟏
𝒌𝑯𝑪 𝐬𝐢𝐧𝟐 𝜽

(
𝒌𝑷𝝋

𝜹𝑯𝑪𝒌𝑷 + 𝒉𝒌𝑯𝑪
+

𝒌𝑾(𝟏 − 𝝋)
𝜹𝑯𝑪𝒌𝒍 + 𝒉𝒌𝑯𝑪

)
−𝟏

 (S30) 

 

where the kw has been changed to kl in the right-most section of the denominator.  Another 

important modification to the model for LIS is the alteration of the droplet size distribution for 

large drops, N(R).  In previous work on dropwise condensation on flat surfaces, and for the 

model in the present work used for dropwise condensation on a flat surface, the droplet size 

distribution has been taken as: 
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𝑵(𝑹) =
𝟏

𝟑𝝅𝑹𝟐𝑹̂
(

𝑹

𝑹̂
)

−𝟐/𝟑

 (S31) 

 

However, recent work by Weisensee et al.
176

 has suggested that LIS follow a large droplet size 

distribution of: 

𝑵(𝑹) =
𝟏

𝟑𝝅𝑹𝟑
 (S32) 

 

based on experimental observation.  Therefore, N(R) presented in Equation S20 above is used 

when modeling LIS.  Finally, the droplet radius at which coalescence-based growth begins to 

dominate was found to vary between samples.  Values of 1 μm, 4 μm, and 8 μm were used for 

water condensation on the flat hydrophobic surface, water condensation on the LIS, and toluene 

condensation on the LIS, respectively; all of these values lie in the range of typically observed 

droplet radii for coalescence dominated growth of 0.5–10 μm
176

 and may have implications in 

the nucleation behaviour of droplets on LIS. 

 

To model filmwise condensation on the smooth Cu tubes, the Nusselt model was used:
237,238

 

 

𝒉𝒄,𝒇 = 𝟎. 𝟕𝟐𝟗 (
𝒈𝝆𝒘(𝝆𝒘 − 𝝆𝒗)𝒌𝒘

𝟑𝒉′𝒇𝒈

𝝁𝒘(𝟐𝒓)∆𝑻
)

𝟏/𝟒

 (S33) 

 

𝒉𝒇𝒈
′ = 𝒉𝒇𝒈 + 𝟎. 𝟔𝟖𝒄𝒑,𝒍∆𝑻 (S34) 

 

where g is the gravitational acceleration (g = 9.81 m/s
2
), ρv is the water vapor density, µw is the 

condensate dynamic viscosity, h’fg is the modified latent heat of vaporization accounting for the 

change in specific heat of the condensate, and cp,l is the condensate specific heat.
237,238

 

 

An example of the dropwise and filmwise heat transfer coefficients as a function of condenser 

subcooling yielded from the above models is plotted in Figure S7 under typical experimental 
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conditions for condensation of water.  The dropwise condensation heat transfer coefficient 

decreases at low subcooling because the interfacial heat transfer coefficient becomes a major 

resistance to heat transfer.
21,47,130

  Meanwhile, the filmwise condensation heat transfer coefficient 

increases at low subcooling as the film becomes thinner at low heat fluxes
15

 (note that, although 

the heat transfer coefficient is increasing, the heat flux is decreasing).  Furthermore, the Nusselt 

theory used for filmwise condensation does not consider the interfacial heat transfer coefficient, 

which would decrease the heat transfer coefficient at low subcooling in competition with the 

increase due to the thinner film.  This results in the dropwise and filmwise heat transfer 

coefficients approaching each other as subcooling decreases.   

 

In the present study, the condenser subcooling during dropwise condensation of water ranged 

from ≈1.5-6 K.  The experimentally determined heat transfer coefficient enhancement of 3-4x for 

dropwise condensation of water on flat hydrophobic and LIS-coated tubes compared to filmwise 

condensation is in excellent agreement with the model shown in Figure S7 in the Chapter 3 

supplementary information in the 2-5 K subcooling range where the experimental measurements 

were taken.  Note that, at higher subcooling over ≈10 K, the typically reported heat transfer 

coefficient enhancement of up to one order of magnitude
21

 for dropwise compared to filmwise 

condensation would be realized. 
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8 . 5  C H .  5  S U P P L E M E N T A R Y  I N F O R M A T I O N  

Compilation of some vOCG surface energy components from literature: 

 

Fluid 

γ 

(mN/m) 

γ
LW

 

(mN/m) 

γ
AB

 

(mN/m) 

γ
+ 

(mN/m) 

γ
–
 

(mN/m) 

Benzene 28.9 28.9 0 0 0.96 

Chlorobenzene 33.6 32.1 1.5 0.9 0.61 

Chloroform 

(Trichloromethane) 27.2 27.2 0 1.5 0 

Cyclohexane 25.24 25.24 0 0 0 

cis-Decahydrohaphthalene 32.2 32.2 0 0 0 

Decane 23.83 23.83 0 0 0 

Diethyl Ether (ethoxyethane) 17 17 0 - - 

Diiodomethane 50.8 50.8 0 0 0 

Diiodomethane 50.8 49 1.8 0.01 0 

Diiodomethane 50.8 44.1 6.7 0.01 0 

Diiodomethane 50.8 48.5 2.3 0.01 

 Dimethylsulfoxide 44 36 8 0.5 32 

Dodecane 25.35 25.35 0 0 0 

Eicosane 28.87 28.87 0 0 0 

Ethanol 22.4 18.8 2.6 0.019 68 

Ethyl acetate (ethyl ethanoate) 23.9 23.9 0 0 6.2 

Ethylene Glycol 48 29 19 1.92 47 

Ethylene Glycol 48 29 19 3 30.1 

Ethylene Glycol 48.8 32.8 16 3 30.1 

Formamide 58 39 19 0.5 32 

Formamide 58 39 19 2.28 39.6 

Formamide 58.2 36 22.2 2.29 39.6 

Formamide 57.9 34.3 23.5 2.28 39.6 

Formamide 58.2 39.5 18.7 2.28 39.6 

Glycerol 64 34 30 3.92 57.4 

Glycerol 63.4 40.6 22.8 3.92 57.4 

Glycerol 63.4 37 26.4 3.92 57.4 

Heptane 20.14 20.14 0 0 0 

Hexadecane 27.47 27.47 0 0 0 

Hexane 18.4 18.4 0 0 0 

Methanol 22.5 18.2 4.3 0.06 77 

Methyl-ethyl-ketone 24.6 24.6 0 0 24 

Nitrobenzene 43.9 41.3 2.6 0.26 6.6 

Nonadecane 28.59 28.59 0 0 0 
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Nonane 22.85 22.85 0 0 0 

Octane 21.62 21.62 0 0 0 

Perfluoroheptane 12.8 12.8 0 0 0 

Pentadecane 27.07 27.07 0 0 0 

Pentane 16.05 16.05 0 0 0 

Silicone Oil 18.8 18.8 0 0 0 

Tetradecane 26.56 26.56 0 0 0 

Tetrahydrofuran 27.4 27.4 0 0 15 

Tricresyl phosphate 40.9 39.8 1.1 

  Tricresyl phosphate 40.9 39.7 1.2 

  Tricresyl phosphate 40.9 39.2 1.7 

  Tridecane 25.99 25.99 0 0 0 

Toluene 28.5 28.5 0 0 0.72 

Undecane 24.66 24.66 0 0 0 

Water 72.8 21.8 51 25.5 25.5 

Water 72.8 22.6 50.2 25.5 25.5 

Water 72.8 22.1 50.7 25.5 25.5 

o-Xylene 30.1 30.1 0 0 0.58 

α-Bromonaphthalene 44.4 44.4 0 0 0 

2-Ethoxyethanol 28.6 23.6 5 

  Polyethylene oxide, PEO 6000 43 43 0 0 64 

Dextran 10000 61.2 47.4 13.8 1 47.4 

Fluorocarbon polymer, FC 721 9.41 9.15 0.24 0.16 0.76 

Polydimethylsiloxane, PDMS 23.1 22.9 0.12 0 3.05 

Poly(methyl methacrylate), 

PMMA 39-43 39-43 0 0 9.5-22.4 

Poly(methyl methacrylate), 

PMMA 48.9 46.5 2.4 0.08 18.1 

Poly(methyl methacrylate), 

PMMA 46.4 44.4 1.92 0.03 27.9 

Polyvinyl acetate, PVAc 44.5 42.6 1.9 0.041 22.3 

Polyvinyl chloride, PVC 43.7 43 0.7 0.04 3.5 

Polyvinyl chloride, PVC 43.1 40.2 2.9 0.42 5.1 

Polystyrene, PS 42 42 0 0 1.1 

PS (based on advancing CA) 44.9 44.9 0 0 1.33 

PS (based on receding CA) 49.9 49.9 0 0 5.14 

Polyethylene, PE (based on 

advancing CA) 33 33 0 0 0.1 

PE (based on receding CA) 

57.9-

62.5 42 15.9-20.5 2.1 30-50 

Polyethylene glycol, PEG-

silane-modified 47.9 45.3 2.59 0.04 39.92 

Polyamide-imide, PAI 52.6 42.8 9.8 1.04 23.15 

Polyhydroxyethylmethacrylate 50.6 40.2 10.4 2.07 13.1 
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P(HEMA80/EMA20) 48.2 40.7 7.5 0.63 22.7 

P(HEMA40/EMA60) 39.8 39.4 0.4 0.02 16.4 

Polypyrrole, PPyTS 47 41 6 0.81 10.9 

PPyCl 43.5 36.6 6.9 0.43 28.3 

PPyDS 41.7 34.8 6.9 1.35 8.85 

poly(3-octylthiophene), POT 

undoped 

 

22.5 

  

0.5 

POT-AuCl-4 

 

23.4-25 

  

0.7-4.7 

Polystyrene, PS 41.9 41.9 0.22 0.08 0.15 

PS latices (Anionic) 

(advancing) 41.4 41.4 0 0 13.13 

PS latices (Anionic) (receding) 57.6 50.8 6.8 1.19 9.73 

PS latices (Cationic)  

(using water/ethylene glycol) 

 

39.4-41.9 

 

0-0.4 0.3-7 

PS latices (Cationic) 

(using water/formamide) 

 

39.4-41.9 

 

0-0.1 1.8-8.2 

Polypropylene, PP 32.2 30.1 2.1 0.3 3.8 

PP 25.7 25.7 0 0 0 

PP 29.7 29.7 0 0 1.4 

PP-O2 plasma 43.1 36.7 6.4 0.5 22 

PP-N2 plasma 53.3 41.9 11.4 1 30.9 

PP-NH3 plasma 42.6 34.9 7.7 0.7 21.4 

Fluorinated ethylene-propylene 

(FEP) 15.71 15.42 0.34 0.01 0.72 

FEP 18.3 18.3 0 0 0 

Poly(tetrafluoroethylene), 

PTFE 19.6 19.6 0 0 0 

Polyisobutylene, PIS 25 25 0 0 0 

Polyaurinlactam, PA 12 41.9 37.5 4.4 1 4.9 

nylon (PA) 66 42.8 38.6 4.2 0.4 11.3 

nylon 66 37.7 36.4 1.3 0.02 21.6 

Polyvinyl pyrrolidone, PVPY 43.4 43.4 0 0 29.9 

Polyvinyl fluoride, PVF 43.6 40.4 3.2 0.16 12.9 

Polypropylene/EPDM, flame 

treated 43.7 25.9 17.8 2.6 30.3 

Polyoxytretramethylene 

glycol), MW 2000 44 41.4 2.6 0.06 27.6 

Polyoxyethylene, POE, PEG-

6000 43 43 0 0 64 

Polyethylene terephthalate 43.84 43.48 0.36 0.003 7.17 

ethylene glycol-co-propylene 

glycol, MW 2000 47.5 42 5.5 0.13 58.8 

ethylene glycol-co-propylene 

glycol, MW 1000 47.9 40.9 7 0.22 55.6 

Oriented polypropylene, OPP 

(advancing) 32.6 32.6 0 0 0 

OPP (receding) 39.2 37 2.2 1.3 0.9 
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OPP-air Corona-treated 

(advancing) 55.8 42 13.9 1.9 25.2 

OPP-air Corona-treated 

(receding) 64.7 46.2 18.5 2 25.2 

Trimethoxy(octadecyl)silane, 

OTS-silane-modified 23.5 23.3 0.19 0.01 1.1 

Zoltek carbon fibers, Unsized 41.3 41.3 0 0 32.4 

Zoltek carbon fibers, Ultem 

sized 40.2 38.6 1.6 0.03 20.5 

Zoltek carbon fibers, PU sized 35.8 33.2 2.6 0.11 15.3 

Chromium 59.6 45.8 13.8 0.86 55.5 

Aluminum 57.4 46.7 10.7 0.5 57.5 

Silicon wafer 61.9 38.6 23.3 4 33.98 

Glass 59.3 42.03 17.8 1.97 40.22 

Glass, H2SO4/HNO3 64.5 42.03 22.47 2.82 44.76 

Glass, C18 26.8 25.7 1.12 0.24 1.32 

Glass, APS-treated 45 39.2 5.76 0.084 98.62 

HAS, dry, pH4.8 45 44 0.1 0.03 76 

HAS, dry, pH7 41.4 41 0.4 0.002 20 

HAS, hydrated, pH7 62.5 26.8 35.7 6.3 50.6 

HIg-G, hydrated, pH7 51.3 34 17.3 1.5 49.6 

HIg-A, hydrated, pH7 26.8 26.8 0 0 93 

Bovine fibrinogen, dry 40.3 40.3 0 0 53.2 

Human fibrinogen, dry 40.6 40.6 0 0 54.9 

HLDLP, dry 41.1 35.5 5.66 0.26 30.8 

Candida abicans (yeast)  

cultured at 30C 42.5 38.1 4.4 2.9 1.7 

Candida abicans (yeast) 

cultured at 37C 47.7 37.3 10.4 0.6 43.7 

Streptococcus gordonii 

(bacteria) 

cultured at 37C 38.9 35.8 3.1 4.2 0.6 

Streptococcus oralis 34 57 35 22 2.7 45 

Streptococcus oralis J22 48.7 38 10.68 0.5 57 

Actinomyces naeslundii 5951 44 38 6 0.5 18 

Actinomyces naeslundii 5519 40 37 2.97 0.1 22 

Pressure-sensitive adhesive, 

PSA 16.7 12.6 4.1 0.42 9.9 

Cellulose acetate 40.2 35 5.2 0.3 22.7 

Cellulose nitrate 45 45 0 0 16 

Agarose 44.1 41 3.1 0.1 24 

Gelatin 38 38 0 0 19 

Paraffin 25.5 25.5 0 0 0 
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Experimental Determination of vOCG Surface Energy Components 

The vOCG surface energy components for undocumented fluids are determined by plane fitting 

experimental data points determined from at least three different test fluids.  Equation S1 shows 

the form of the plane, where the left-hand-side is the z-value and the right hand side contains two 

slope terms and the intercept.  The subscript “u” indicates the fluid with unknown vOCG 

components which must be solved for, and the subscript “i” represents the i-th test fluid for 

which the vOCG terms are known, and the quantities γu and γui are measured experimentally. 

 

 
(𝜸𝒖 + 𝜸𝒊) − 𝜸𝒖𝒊

√𝜸𝒊
𝑳𝑾

= √𝜸𝒖
+√

𝜸𝒊
−

𝜸𝒊
𝑳𝑾

+ √𝜸𝒖
−√

𝜸𝒊
+

𝜸𝒊
𝑳𝑾

+ 𝟐√𝜸𝒖
𝑳𝑾 (S35) 

 

Quotes from literature about LIS which show “state-of-the-art” design guidelines 

 

 With regard to the choice of solids or coatings applied to solids, Anand et al. assert that 

“[LIS] consist of nano/micro textured low surface energy surfaces impregnated with a liquid … 

immiscible with the liquid … to be repelled.”
177

   

 

 With regard to choosing a solid surface for a condenser surface, Rykaczewski et al. state that 

“The most basic condenser surface must have a critical surface energy appreciably lower than 

that of the condensate to result in a finite wetting angle.”
163

 

 

 With regard to the choice of a suitable solid and lubricant to promote wetting of the solid by 

the lubricant, the Aizenberg group states in a patent application that a “[LIS] can be designed 

based on the surface energy matching between a lubricating fluid and a solid.”
215

 

 

Impact of Surface Geometry 

The surface geometric factor R is determined by the roughness, r, which represents the actual 

solid surface area divided by the projected area, and the solid fraction, φ, which represents the 

fraction of the solid which contacts the base of the droplet.  A higher value of R amplifies the 

interaction between the solid and either the liquid phases compared to the liquid phases with 
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each other or with the surrounding vapor.  For instance, increasing R can satisfy criterion (III) for 

a given lubricant which does not spontaneously spread over a flat solid surface. 

 

 

Figure S10. Plot of the geometric factor R. Values for R range from 0, corresponding to a flat 

surface, to 1, corresponding to a very rough surface. 

 

 

Effect of Tightening the Miscibility Constraint 

The miscibility criterion (V) in the manuscript can be more generally written as: 

𝜸𝒄𝒐 > 𝜸𝒎 (S36) 

 

where γm is a miscibility cutoff value. All predictions in this manuscript use a cutoff value of γm = 

0 mN/m unless otherwise indicated.  The effect of altering the miscibility cutoff is explored here, 

with the result displayed in Figure S11. 
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Figure S11. Result of changing the miscibility cutoff, γm. A higher miscibility cutoff results in 

a more conservative solution (i.e., more stringent requirement to be consider immiscible) which 

makes the solution domain smaller.  Conversely, setting γm to –∞ is equivalent to removing 

criterion (V) from the model. 

 

The optimal miscibility cutoff was calculated from a dataset comprised of 120 fluid-fluid 

interactions with known miscibility (binary values: either miscible or immiscible).  Since only 

20% of the cases in the dataset were between immiscible fluids, a successful prediction in these 

cases was weighted 4x higher than a successful prediction for two miscible fluids.  The vOCG 

miscibility prediction was then performed for all if the fluid pairs in the dataset and the 

prediction accuracy was scored, bounded by 50% accuracy at a cutoff of –∞ when every 

prediction is immiscible and 50% accuracy at a cutoff of +∞ when every prediction is miscible.  

The scores between these bounds are plotted in Figure S12.  The optimal cutoff for miscibility to 

be used in criterion (V) was found to be 3.5 mN/m based on this scoring, as it resulted in the 

highest likelihood of predicting either miscibility or immiscibility correctly.  This cutoff will 

give a more conservative prediction of whether a proposed LIS will succeed or fail.  More 

detailed machine learning techniques may be useful in future work.
246
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Figure S12. Weighted miscibility prediction score versus miscibility cutoff value.  The 

optimal value for accurate miscibility prediction is 3.5 mN/m, which could be used in criterion 

(V) instead of 0 mN/m for a more conservative prediction of whether a LIS surface will succeed. 
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Choice of Solid Material for Polar Impinging Fluids 

The parametric sweep in the manuscript demonstrated the suitability of polar surfaces with 

significant Lewis acid-base components of vOCG surface energy to repulsion of nonpolar 

impinging fluids.  However, if the impinging fluid is polar, a nonpolar solid surface will likely 

generate a larger solution domain as shown in Figure S13 with water as the impinging fluid. 

 

 

Figure S13. Design of LIS to repel a polar fluid – in this case, water. The PTFE-coated solid 

surface allows a reasonable solution domain of fluid choices.  The polar SiO2 pillar array surface 

does not result in any solutions for practical lubricating fluids (solutions only exist for γ
+
 > 20 

mN/m, which is outside of the realm of available choices as shown in Table S1). 
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Results from Condensation Experiments 

Images of several successful condensation tests performed with various fluids on a LIS are 

shown in Figure S14.  These results were used in Table 1 for the model validation. 

 

 

Figure S14. Results from condensation of impinging fluid on LIS. Three different impinging 

fluids, (a) water, (b) toluene, and (c) pentane, were condensed onto a LIS comprised of Krytox 

GPL 101 infused into TFTS-coated CuO nanoblades.  In all three cases, formation of discrete 

droplets of condensate was observed.  


