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Vapor condensation is routinely used as an effective means of transferring heat, with dropwise

condensation exhibiting a 5� 7x heat transfer improvement compared to filmwise condensation.

However, 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�) 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. VC 2014 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4886410]

Condensation is observed frequently in our environment

and routinely used in industry as an effective means of trans-

ferring 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 con-

denser surface, termed filmwise condensation.1 This film-

wise 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., polytet-

rafluoroethylene (PTFE), parylene, and poly-(1H,1H,2H,2H-

perfluorodecyl acrylate) (p-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.2

The shedding of droplets refreshes the surface for renuclea-

tion and offers an improvement in heat transfer performance

of 5� 7x compared to filmwise condensation.3

State-of-the-art techniques to promote dropwise condensa-

tion rely on the application of low-surface-energy hydrophobic

coatings to the condenser surface.3,4 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.5 Thicker polymer coat-

ings, e.g., �20 lm of PTFE, have shown the potential to main-

tain robust hydrophobicity, but have a characteristically large

thermal resistance that can negate the advantage gained by

achieving dropwise condensation.3 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 polymers on surfa-

ces with success in achieving dropwise condensation.5,6

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 ener-

getically favorable hydrocarbon adsorption, particularly on

high thermal conductivity noble metals (i.e., gold and silver).7

These metals are wetting when clean, but reduce their surface

energy by adsorbing hydrocarbons from air, enabling drop-

wise condensation when used as condenser surfaces. The

robustness of this approach is well-documented, with one pa-

per demonstrating continuous dropwise condensation on gold

for over 5 years in a closed system.8 Unfortunately, the high

price of noble metals prohibits this approach in practice.
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Researchers have recently demonstrated rare earth

oxides (REOs) as potential candidates for condenser surface

coatings due to the their apparent intrinsic hydrophobicity9

and costs approaching 1% of gold.10 However, reported con-

tact angles on REOs are inconsistent. Advancing contact

angles ranging from 17� to 134� have been observed, with a

study reporting 94�–134� on rough electroplated ceria coat-

ings.11 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.12

Furthermore, the underlying mechanism of REO hydro-

phobicity does not seem to be well-understood. The initially

reported intrinsic hydrophobicity of REOs asks for a compari-

son with the debate in scientific literature regarding the intrin-

sic wettability of gold in the 1960s.9 Erb and Fowkes asserted

that gold was intrinsically hydrophobic in 1964,8,13 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 <1 ppm hydrocarbons) was �0�.14

Though Erb initially disputed the claim,15 subsequent studies

determined that gold is intrinsically hydrophilic but rapidly

adsorbs hydrocarbons from the ambient environment, resulting

in an increased contact angle.16 The idea of achieving hydro-

phobicity via hydrocarbon adsorption has been extended for a

wide class of materials, including ceramic metal oxides17,18 as

well as pristine monolayer graphene.19 However, in the case

of REOs such as ceria, while previous work has shown that

methane adsorbs to the surface20 and hydrocarbon adsorption

increases on roughened surfaces with more available surface

area,21 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 lit-

erature values on the effect of hydrocarbon adsorption were

readily available.

REO samples were fabricated by pressing and sintering

powders (Sigma-Aldrich: holmia, 99.9% pure, 100 nm; ceria,

99.9% pure, 5 lm) in accordance with the procedure described

in the study which first reported REO hydrophobicity.9 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 pel-

let die (REFLEX evacuable pellet die). The chips were then

sintered for 4 h at 1600 �C and 1560 �C for holmia and ceria,

respectively, in a box furnace (Blue-M, Thermo Scientific).

Immediately after sintering, the advancing and receding contact

angles were measured as �0� and were also �0� on a freshly

fractured surface. Field emission scanning electron microscopy

(FESEM) images of the grains formed during sintering are

shown in Figure 1 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.

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 spectros-

copy (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 com-

pared to oxygen-containing plasma, which reacts chemically

with the surface.22 Furthermore, argon plasma has been shown

to remove adsorbed hydrocarbons and does not significantly

increase surface roughness.23 XPS analysis after argon ion

bombardment showed that the pristine surfaces exhibited the

expected stoichiometric ratios for their respective oxidation

states, with gold in its elemental state (Table I).

After cleaning, the samples were exposed to laboratory

air (MIT Rohsenow-Kendall Heat Transfer Laboratory, ambi-

ent temperature¼ 25 6 2 �C, relative humidity¼ 35% 6 10%)

and the advancing and receding contact angles and XPS spec-

tra were measured at multiple time points. Contact angles

were obtained by microgoniometric measurement (Kyowa

MCA-3, see supplementary Figure S2 (Ref. 24)). Droplet

vibrations induced by the piezoelectric dispenser head25 did

not affect the measurements.24 The advancing and receding

FIG. 1. (a) Holmia (Ho2O3) and ceria (CeO2) samples after dry-pressing and sintering. The holmia fracture shows the brittle nature of the REOs. Field emis-

sion scanning electron microscopy images are shown for the (b) holmia and (c) ceria surfaces. The average grain sizes are �1 lm and �10 lm, respectively.

AFM scans of the surfaces are presented here 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 measured to be less than 1.05 for both REO samples.

011601-2 Preston et al. Appl. Phys. Lett. 105, 011601 (2014)
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contact angles are presented as opposed to the equilibrium

contact angle to thoroughly describe the surface wettability26

and to characterize the force needed to hold the droplet sta-

tionary on an inclined condensing surface against the force of

gravity, which directly affects condensation heat transfer3,27

(see supplementary material24). To determine the amount of

adsorbed hydrocarbon, the surface carbon percent was meas-

ured from the relative peak magnitudes of the surface compo-

nents observed from XPS spectra taken at each time point.

Representative XPS spectra for holmia and ceria are presented

in Figure 2. Comparison between the XPS spectra for pristine

holmia and ceria and at 96 h after cleaning reveals that a sharp

carbon peak develops, often referred to as the “adventitious

carbon” peak, which is indicative of adsorption of hydrocar-

bons onto the surface.28 Note that hydrogen cannot be explic-

itly detected by XPS because it only has valence electrons,

which are indistinguishable from other elements upon excita-

tion and for which the binding energy is influenced by envi-

ronment; therefore, determination of the average hydrocarbon

chain length was not possible.29

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 ev-

ery sample (Fig. 3), with the REOs displaying hydrophobic

(ha> 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 h (102 days) after

cleaning, the average advancing angle reached 103� for hol-

mia and 95� for ceria, which are within 10% of the previously

reported values.9 The advancing angles on gold and silicon

reached 66� and 44�, respectively, which are in good agree-

ment with the literature values for hydrocarbon contamination

of these surfaces after cleaning to their pristine state and

exposing to laboratory air.8,15,30 Representative images of the

advancing contact angle increase over time on the REOs are

shown in Figures 3(b) and 3(c).

The increase in advancing contact angle over time sug-

gests that the surface energy decreases over time, which can

be attributed to the lower surface energy of the adsorbed

hydrocarbons.31 This trend has been previously shown for a

variety of non-noble metal oxide materials including zirco-

nium 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,17,32 where van-der-Waals and hydrogen

bonding are typical33 but covalent bonding is also possible.34

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 4(a), the

surface atomic percent of carbon increased from �0% imme-

diately after cleaning to an asymptotic value of between 12%

and 34% depending on sample type.

TABLE I. Elements present on pristine REO (ceria and holmia) and control

(silica and gold) surfaces in stoichiometric ratios after cleaning by bombard-

ment 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 … …

FIG. 2. Survey XPS spectra of (a) holmia and (b) ceria immediately after ar-

gon ion bombardment (0 h) and after 4 days exposed to laboratory air (96 h).

For both REOs, sharp carbon peaks developed by 96 h which were not pres-

ent at 0 h, indicated here with arrows, which confirm the adsorption of

hydrocarbons on the surface. The 0 h spectra were shifted upwards by a con-

stant value for comparison between spectra.

FIG. 3. (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 t¼ 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� to 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.
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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 Figures 4(b)

and 4(c). The advancing and receding contact angles

increased with surface atomic percent carbon, where the

advancing and receding contact angles are positively corre-

lated with surface atomic percent carbon with a Pearson

product-moment of at least 0.93 for all of the samples stud-

ied here. This correlation is in agreement with previous work

for metals and metal oxides (see supplementary Figure S3

(Ref. 24)). The mechanism for this relationship can be

explained by considering the adsorbed hydrocarbons to be

hydrophobic defects on an initially hydrophilic surface.35 If

the hydrocarbons are approximated as circular hydrophobic

defects, then the advancing angle is predicted by

cos ðhAÞ ¼ fmax cos ðh1;AÞ þ ð1� fmaxÞ cos ðh2;AÞ ; (1)

where hA 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, h1,A is

the advancing contact angle of the hydrophilic surface with

no adsorbed hydrocarbons (�0�), and h2,A is the advancing

contact angle on the surface once it has become saturated

with hydrocarbons (approximated as the advancing contact

angle at 2448 h) (see expanded explanation in supplementary

material24). The curve obtained from this model is shown to

match well with the experimental data, indicating that hydro-

carbon 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.36

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 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 coat-

ings to induce dropwise condensation for improved heat

transfer performance through the spontaneous adsorption of

hydrocarbon material and subsequent effect on wetting

behavior.

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,9 will act to increase the

size of departing droplets, which negatively impacts heat

transfer.3 Another challenge is the thermal expansion coeffi-

cient mismatch between REOs (4–10 lm/m�K) and many

industrial condenser metals (10–25 lm/m�K), which could

result in fracturing of thin and brittle REO coatings due to tem-

perature fluctuations.37 However, the relatively low cost and

moderate thermal conductivities of REOs (2.4–13.3 W/m�K,

see supplementary material24) offer a potentially unique

advantage over traditional promoter coatings. Layers of hydro-

phobic polymers (PTFE) have been shown to give excellent

dropwise condensation behavior but have only been found to

be sufficiently durable when the thickness (d) of the low-

conductivity polymer (kp� 0.2 W/m�K) layer is so large

(dp� 20 lm) as to offset the advantage of dropwise condensa-

tion.38 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 lm) as

to make the approach economically unfeasible.39 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 main-

taining a comparable thermal resistance with the added benefit

of potentially greater adhesion and durability.9 Furthermore,

the reduced cost of REOs compared to gold coatings makes

their application to industrial materials more economically fea-

sible.40 In the future, more rigorous calculations of the

expected condensation heat transfer are needed based on exist-

ing high fidelity models in the literature.3,41

This study provides insight on the wetting mechanism of

the REO material group that suggests potential for imple-

mentation in other fields which make use of hydrophobic

FIG. 4. (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 t¼ 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 asymp-

totically with time. The error bars for surface atomic percent carbon ranged

from 15% to 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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materials, including self-cleaning surfaces,42 anti-icing

surfaces,43 water desalination,44 and enhanced heat transfer

surfaces.4,45 Furthermore, our work highlights the impor-

tance of controlling hydrocarbon adsorption for material

wetting characterization.
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Characterization Methods 

The field emission scanning electron microscope used to capture the images in Figure 1 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 Figure 1 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) , (1) 

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, (S1) 

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 , (S2) 

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) (S3) 

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. 
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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 13.31 

Lanthanum 57   La2O3 5.88 6.02 

Cerium 58     CeO2 - 11.71,3 

Samarium 62   Sm2O3 15.42 9.71 

Europium 63 EuO - 7.04 

Europium 63   Eu2O3 2.33 2.45 

Gadolinium 64   Gd2O3 12.21 10.31 

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  (S4) 

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 

case6: 

 

𝑓 =
1

2𝜋
√

6𝜎ℎ(𝜃)

𝜌(1 − 𝑐𝑜𝑠𝜃)(2 + 𝑐𝑜𝑠𝜃)
𝑅−3/2  ≈ 6,000 𝐻𝑧 (S5) 

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.7  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.8 
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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.9 

 
𝑅𝑑𝑟𝑜𝑝~ (

3𝜎(cos (𝜃𝑅) − cos (𝜃𝐴))

2𝜋𝜌𝑔
)

1/2

  (S6) 

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. 

 

Supplemental Figures 

 

FIG. 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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FIG. 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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FIG. 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.10  

Kim provided contact angle and XPS measurements for bare metals which had been exposed to 

atmosphere for long times.11   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).12  The shaded region highlights the positive correlation between 

contact angle and surface carbon contamination, which applies to rare earth 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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