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ABSTRACT: Heat exchangers are made of metals because of their high heat
conductivity and mechanical stability. Metal surfaces are inherently hydrophilic,
leading to inefficient filmwise condensation. It is still a challenge to coat these metal
surfaces with a durable, robust, and thin hydrophobic layer, which is required for
efficient dropwise condensation. Here, we report the nonstructured and ultrathin (∼6
nm) polydimethylsiloxane (PDMS) brushes on copper that sustain high-performing
dropwise condensation in high supersaturation. Due to the flexible hydrophobic
siloxane polymer chains, the coating has low resistance to drop sliding and excellent
chemical stability. The PDMS brushes can sustain dropwise condensation for up to ∼8
h during exposure to 111 °C saturated steam flowing at 3 m·s−1, with a 5−7 times
higher heat transfer coefficient compared to filmwise condensation. The surface is self-
cleaning and can reduce the level of bacterial attachment by 99%. This low-cost, facile,
fluorine-free, and scalable method is suitable for a great variety of heat transfer
applications.
KEYWORDS: dropwise condensation, heat transfer, transition, wetting, polydimethylsiloxane, durability

1. INTRODUCTION
Water vapor condensation is ubiquitous in nature and everyday
life.1,2 It plays an important role in a variety of applications
involving heat and mass transfer,3−5 e.g., for water harvest-
ing,6−8 water desalination, power generation, and thermal
management. Most heat transfer devices are manufactured
from metals with high thermal conductivity, e.g., ∼398 W·m−1·
K−1 for copper. However, the metals are hydrophilic and easily
wetted by condensation from steam, leading to a stable liquid
film covering the surface.9,10 During this so-called “filmwise
condensation” mode, the liquid film hinders heat transfer
because of its significant thermal resistance. By applying a low-
adhesion or hydrophobic polymer coating on the metal
surface,11−13 the condensate can nucleate, grow, coalesce,
and easily slide away from the surface in the form of distinct
droplets. This condensation mode is called “dropwise
condensation”.14 It can show a performance enhancement of
up to 1 order of magnitude compared to filmwise
condensation, thanks to the periodic condensate removal,
which leaves an accessible surface for fresh droplet
nucleation.4,15

On the other hand, these polymeric coatings usually have
very low thermal conductivities on the order of 0.1−0.5 W·
m−1·K−1.16 A thick polymer coating increases the thermal
resistance, leading to an inefficient heat transfer process. For
example, the state-of-the-art coatings, e.g., superhydrophobic

surfaces,17−20 and lubricant-infused surfaces,21−25 usually have
a large thickness ranging from micrometer to millimeter
(Figure 1a, Tables S1 and S2, Supporting Information). It can
lead to a significantly high thermal resistance of more than
10−5 m2·K·W−1 on a copper substrate,26−28 compromising the
heat transfer benefits from the dropwise condensation mode.
To reduce the thermal resistance, ultrathin polymer brushes
(ideally at the nanoscale level), such as polydimethylsiloxane
(PDMS) brushes,29−36 can be grafted onto the metal substrate.
The coatings are ultrathin (∼6 nm) with low thermal
resistance (<10−7 m2·K·W−1, Figure S1, Supporting Informa-
tion) and able to repel water drops with low contact angle
hysteresis (<10°).
Achieving a small coating thickness usually comes at the cost

of compromised robustness. Despite the nanoscale thickness,
PDMS brushes are promising alternative materials compared
to superhydrophobic and lubricant-infused surfaces due to the
absence of micro- or nanoscale rough surface topography,
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which typically is prone to damage,37 as well as the good
adhesion to the substrate due to strong covalent grafting. On
the contrary, for superhydrophobic surfaces, the super-
hydrophobicity relies on vapor cushions within the micro/
nanostructures (Cassie state).38−40 At elevated supersatura-
tion, impalement of the micro/nanostructures by water will
occur (Wenzel state);41 thus, the surface loses its super-
hydrophobicity, leading to filmwise condensation (Figure
1b).42,43 For lubricant-infused surfaces, although studies have

shown their excellent liquid repellency, and heat transfer
coefficient up to 5 times higher compared to filmwise
condensation,26 they still face the issue of gradual lubricant
depletion in the long term (Figure 1b).44

Another problem in condensation applications is the
contamination on the surface, e.g., biofouling, which can be
a major issue that limits the heat transfer efficiency in industrial
applications, e.g., condenser tubes,45,46 and heat exchangers.47

Microorganisms, such as bacteria, can attach to the surface of

Figure 1. Overview. (a) Summarized coating thickness of brushes, superhydrophobic surfaces, and lubricant-infused surfaces. (b) Schematic
showing the limitations of hydrophilic surfaces, superhydrophobic surfaces, and lubricant-infused surfaces with the accumulation of bacteria,
increasing subcooling, and increasing time, respectively. (c) Surface characteristics of PDMS brushes.

Figure 2. Preparation and characterization of PDMS brushes. (a) Fabrication of PDMS brushes via the drop-casting method. (b) Wetting
properties (advancing and receding contact angles, contact angle hysteresis) of water on PDMS brushes-coated silicon wafer, aluminum, and
copper substrates. (c) Surface morphology of PDMS brushes on the copper substrate. (d) Time-lapsed photographs of a water drop sliding on a
PDMS brushes-coated copper cylinder (diameter: 24 mm). Tilt angle: 25°. Scale bar: 10 mm. (e) Time-lapsed photographs of water condensation
and drop coalescence on PDMS brushes by environmental scanning electron microscopy. Scale bar: 20 μm.
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the condenser fins and tubes, acting as defects,48 and continue
expanding to form a fouling layer that can affect the heat
transfer. This fouling layer can reduce the efficiency of the
condenser by acting as an insulator, increasing the resistance to
heat transfer and obstructing the departure of water. Although
this problem is more relevant to the cooling side (the internal
part of condenser tubes), it is not rare that the external part of
the condenser tubes faces the problem of contamination. For
example, in atmospheric water harvesting applications,49,50

dust or microorganisms may attach to the surface during
environmental exposure. Under ambient conditions, bacteria
can easily grow and form a fouling layer. Therefore, antifouling
is a very desirable property of coatings for heat transfer
applications. Finally, the green chemistry of the polymeric
coating material is also essential. With continuous use, coating
degradation is inevitable, and biopersistent elements can be
released into the environment, especially in processes that
involve open systems. Specifically, hydrophobic surfaces
sustaining dropwise condensation are usually made with
long-chain perfluorinated polymers, which are not environ-
mentally friendly, and their byproducts during degradation
tend to bioaccumulate.51

Here, we study the condensation of water on PDMS brushes
(Figure 1c) under harsh experimental conditions. Because of
their strong covalent bond with the substrate (Figure S2,
Supporting Information) and the absence of rough surface
microfeatures, PDMS brushes are stable even at challenging,
high subcooling values and steam pressures. We experimentally
demonstrate the coating resilience with an accelerated
endurance test characterized by exposure to superheated
steam at 111 °C and 1.42 bar with a shear velocity of 3 m·s−1.
Under the aforementioned conditions, the PDMS brushes can
sustain dropwise condensation for at least 8 h and show a heat
transfer coefficient that is 5 times greater than that of filmwise
condensation. We also show that the PDMS brushes can
effectively repel bacteria such as Escherichia coli and Staph-
ylococcus aureus, reducing the attachment by 99%. With all
these merits, PDMS brushes are promising to open a new
avenue to enhance practical heat transfer performance by
sustainable and effective means.

2. RESULTS AND DISCUSSION
2.1. Preparation and Characterization of PDMS

Brushes. PDMS brushes were prepared by a drop-casting
and annealing method as described by Krumpfer and
McCarthy for silicon wafers (Figure 2a and Methods).52−56

Briefly, a PDMS liquid drop (molecular weight of 11,740 g·
mol−1) was deposited onto an oxygen-plasma-activated copper
surface, followed by heating. The grafting process of PDMS
brushes onto the surface is initiated by siloxane hydrolysis.
Then, the silanol-terminated chain can be covalently bonded
onto the hydroxyl group on the copper (Figure S3, Supporting
Information).29,57,58 The resulting PDMS coating on copper is
smooth with root-mean-square roughness of 3.6 ± 0.5 nm in
an area of 500 × 500 nm2 (Figure 2c). This value is mainly
related to the roughness of the pristine copper substrate (3.0
nm ±0.7 nm). The cost of the coating is estimated to be less
than 10 USD per m2 (Table S3, Supporting Information).
The coated surface is hydrophobic with a water advancing

contact angle of 111° ± 1° and a contact angle hysteresis of
10° ± 4° (Figure 2b). PDMS brushes could also be easily
applied on a variety of materials, such as silicon and aluminum,
leading to similarly improved wetting properties: water

advancing contact angle and contact angle hysteresis on silicon
and aluminum substrates are 108° ± 1°, 8° ± 1°, and 110° ±
1°, 12° ± 1°, respectively. In addition, PDMS brushes can be
applied on curved surfaces. As shown in Figure 2d and Video
S1 (Supporting Information), a water drop slides off on a
PDMS-coated cylinder copper surface (diameter: 24 mm)
within 1 s.
The thickness and grafting density of PDMS brushes were

analyzed by atomic force microscopy (AFM) force spectros-
copy (Figure S4, Supporting Information), giving a coating
thickness of d = 6 ± 1 nm. It has been reported recently that
lubricant thickness could be optimized for an efficient
condensation process on lubricant-infused surfaces utilizing
drop coarsening due to merging by lateral capillary forces.59

Such a mechanism cannot work for the much thinner PDMS
brush coatings, but their orders of magnitude smaller thickness
leads to a negligible thermal resistance, which is even more
beneficial for heat transfer. Following the equation Γ =
(dρNA)/Mw, the grafting density Γ of our PDMS brushes was
estimated as 0.3 ± 0.05 chains·nm−2, where ρ and NA represent
mass density and Avogadro constant, respectively.60

The water condensation dynamics on PDMS brushes are
first studied at the microscale, in situ, using an environmental
scanning electron microscope (ESEM, FEI Quanta 650 FEG).
As shown in Figure 2e, the droplets maintain spherical cap
shapes. While growing, the droplets easily coalesce without
visible contact line pinning, suggesting the excellent droplet
mobility and water repellency of PDMS brushes for tiny
condensing droplets. When considering superhydrophobic
surfaces, it can be challenging to repel tiny droplets because
the superhydrophobicity relies on the empty space within
structures.19,61,62 At high subcooling values, if the droplet size
is comparable to or smaller than the size of the surface features,
droplets may stay pinned inside these features, and this may
cause coalescence at early growth stages with other droplets
and consequently lead to the formation of filmwise
condensation.39−43,63

As a primary durability test for the PDMS brushes, we used
drop sliding measurement in a custom-built device, as reported
before.64 A needle connected with a peristaltic pump generated
a series of water drops (each 45 μL). The stage was tilted at
50°, and a high-speed camera (FASTCAM MINI UX100, see
Methods for details) was attached to the stage to capture
videos. After continuously sliding thousands of water drops
over the surface, PDMS brushes still exhibit good hydro-
phobicity (Videos S2−S5, Supporting Information). The
velocity of drops 1 and 5000 was 0.08 m·s−1 ± 0.02 m·s−1

and 0.10 m·s−1 ± 0.02 m·s−1, respectively (Figure S5,
Supporting Information). The corresponding dynamic advanc-
ing contact angle and contact angle hysteresis for drop 1 and
drop 5000 were 130° ± 3°, 66° ± 7°, and 126° ± 3°, 56° ± 6°,
respectively. The larger value of dynamic contact angle
hysteresis compared to the static contact angle hysteresis
shown in Figure 2b is attributed to the substantially higher
drop velocity.65

2.2. Condensation Heat Transfer Performance at Low
Pressure. The condensation heat transfer performance of
PDMS brushes was tested with a custom-built condensation
chamber under low saturation vapor pressure (30 mbar, steam
temperature 24 °C) (Figure S6, Supporting Information, and
methods for details).5,26 These conditions are comparable to
industrial condensers’ operation parameters. The steam was

ACS Applied Materials & Interfaces www.acsami.org Research Article

https://doi.org/10.1021/acsami.3c17293
ACS Appl. Mater. Interfaces 2024, 16, 1941−1949

1943

https://pubs.acs.org/doi/suppl/10.1021/acsami.3c17293/suppl_file/am3c17293_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.3c17293/suppl_file/am3c17293_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.3c17293/suppl_file/am3c17293_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.3c17293/suppl_file/am3c17293_si_002.avi
https://pubs.acs.org/doi/suppl/10.1021/acsami.3c17293/suppl_file/am3c17293_si_002.avi
https://pubs.acs.org/doi/suppl/10.1021/acsami.3c17293/suppl_file/am3c17293_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.3c17293/suppl_file/am3c17293_si_003.avi
https://pubs.acs.org/doi/suppl/10.1021/acsami.3c17293/suppl_file/am3c17293_si_006.avi
https://pubs.acs.org/doi/suppl/10.1021/acsami.3c17293/suppl_file/am3c17293_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.3c17293/suppl_file/am3c17293_si_001.pdf
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.3c17293?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


generated from an electric boiler and flowed horizontally
across the sample, where the flow speed was ∼4.6 m·s−1.
With increased subcooling, the dropwise condensation mode

on PDMS brushes was maintained (Figure 3a, Videos S6−S8,
Supporting Information), without a change of the circular drop
shape. On our superhydrophobic reference surface (see
Experimental Section for details),66 dropwise condensation
was observed at subcooling <1 K. Superhydrophobic surfaces
are known for their jumping dropwise condensation mode only
at low subcooling.17,67 However, the drops show an irregular
shape at subcooling of 2 K and finally turn into a liquid film at
3 K. The filmwise condensation is due to the flooding at high
subcooling values because the surface remains superhydro-
phobic after condensation upon drying. Filmwise condensation
on the superhydrophobic surface still allows higher heat
transfer compared to that on the conventional hydrophilic
surface. The reason is the difference in the wetting situation.
On the conventional hydrophilic surface, a thick liquid film is
formed, leading to large thermal resistance.
It can be recognized from the bulge formed at the bottom of

the hydrophilic surface (Figure 3a and Video S6). On the
superhydrophobic surface, filmwise condensation leads to
flooding of the surface structure, which then acts as a wicking
layer. Therefore, film thickness is reduced to the order of the
structure thickness of the superhydrophobic surface layer, and

no bulge is visible at the lower end. This leads to a lower
thermal resistance of the superhydrophobic layer during
filmwise condensation (Figure 3a and Video S7). The different
condensation modes for these three surfaces highlight the
ability of PDMS brushes to sustain dropwise condensation
over a wide range of subcooling values.
This stability of dropwise condensation is also reflected in

the trend of the heat transfer coefficient as a function of
subcooling (Figure 3b). Although the superhydrophobic
surface shows better heat transfer performance than PDMS
brushes at low subcooling, the performance on the super-
hydrophobic surface decreases and approaches that for
filmwise condensation around a subcooling of 2−3 K. Figure
3c plots the heat fluxes of the three surfaces. At subcooling of
3K, PDMS brushes exhibit a heat flux of 233 kW·m−2·K−1,
which is 20% higher than that of the superhydrophobic surface.
It should be noted that we cannot measure the heat transfer
coefficient at higher subcooling (>3 K) for these better-
performing surfaces due to their efficiency. Nevertheless, it is
reasonable to predict that PDMS brushes can still maintain
dropwise condensation at higher subcooling values or
condensation rates, due to the absence of micro and
nanostructures that can eventually get flooded with water.
2.3. Condensation Heat Transfer Performance at

High Pressure. To quantitatively evaluate condensation

Figure 3. Condensation heat transfer performance at a low steam pressure (30 mbar). (a) Optical images of hydrophilic surface, superhydrophobic
surface, and PDMS brushes surface at different subcooling (1, 2, and 3 K) under steady-state condensation. Scale bar: 2 mm. (b) Heat transfer
coefficients of the three vertically placed surfaces at different subcooling. Steam pressure: 30 mbar; steam flow rate: ∼4.6 m·s−1; steam flow
direction: horizontal. (c) Corresponding heat flux of the three surfaces at different subcooling. Data for superhydrophobic surface from our recent
work.66
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heat transfer performance in harsh conditions, the PDMS
brush surface was tested in a high-pressure flow chamber
where the steam pressure and temperature were 1.42 bar and
111 °C, respectively (Figure S7, Supporting Information).5

The experiment is conducted in a flow condensation
environment, while the steam flowed vertically with velocities
of 3 or 9 m·s−1. As shown in Figure 4a,b, PDMS brushes
exhibited a higher heat transfer coefficient at both steam
velocities. At 3 m·s−1, the average heat transfer coefficient
reached 125 kW·m−2·K−1, which is ∼5 times higher than that
on a bare CuO reference surface (filmwise condensation). Due
to enhanced advection, the heat transfer performance was
better on both surfaces at a steam flow rate of 9 m·s−1. On
PDMS brushes, the heat transfer coefficient reaches 233 kW·
m−2·K−1, which is ∼7 times higher than that on the CuO
surface.

To test the coating durability under condensation, we
focused on the PDMS brushes with a steam flow rate of 3 m·
s−1 for an extended period (∼8 h). The heat transfer coefficient
and corresponding subcooling were continuously measured
over 8 h, while condensation rates were recorded at several
intervals (Figure 4c and Video S9, Supporting Information). In
the first 0.5 h, the system had to stabilize. The heat transfer
coefficient increased and oscillated initially. After ≈0.5 h, the
experimental conditions were stable, and the surface exhibited
a heat transfer coefficient of ∼121 kW·m−2·K−1. Up until 7 h,
dropwise condensation remained the dominant mode. After-
ward, an increase in the departure droplet sizes was observed,
and localized filmwise condensation islands appeared (∼30%
area shows filmwise condensation). However, the heat transfer
coefficient remained as high as 103 kW·m−2·K−1 at 8.8 h,
which is still more than 4 times higher than that of filmwise

Figure 4. Condensation heat transfer performance at high pressure. (a) Heat transfer coefficients of vertically placed PDMS brushes and
hydrophilic CuO at different subcooling values. Steam temperature: 111 °C; steam pressure: 1.42 bar; steam flow rate: 3 and 9 m·s−1. Dashed lines
mark the average values. (b) Corresponding heat flux of the two surfaces at different subcooling. (c) Heat transfer coefficient of PDMS brushes
within ∼8 h and corresponding subcooling values. Inset: High-speed photographs of condensed drops. Scale bar: 5 mm.

Figure 5. Antifouling performance of PDMS brushes. (a) SEM images of E. coli (rod-shaped, top three images) and S. aureus (spherical-shaped,
bottom three images) on silicon wafer, PFDTS, and PDMS brushes surface. Scale bar: 50 and 2 μm (inset). (b) Number density of attached
bacteria on three surfaces.
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condensation. Such accelerated durability test proves that the
ultrathin PDMS brushes sustain efficient dropwise condensa-
tion in harsh conditions for ∼8 h, showing its potential for
practical applications where the conditions are much milder.68

The filmwise condensation, in the end, may be related to the
oxidation process of copper, which degrades the wettability of
PDMS coating.67,69 It should be noted that even after
degradation, the wetting properties of the coating can be
restored by applying a bit of PDMS oil (Figure S8, Supporting
Information). Moreover, as a perspective of future impacts,
although PDMS brush coating is grafted on the flat substrate
here, it may also be used to modify the structured surface to
further enhance condensation.70

2.4. Antifouling Test.We further measured the antifouling
property by immersing the substrate in solutions containing
Escherichia coli (E. coli) and Staphylococcus aureus (S. aureus),
respectively. Both E. coli and S. aureus are commonly found
bacteria. E. coli is Gram-negative and rod-shaped, while S.
aureus is Gram-positive and spherically shaped. After 1 day of
culture at 37 °C, the samples are taken out and washed gently
to remove the floating bacteria. Scanning electron microscopy
(SEM) images showed a significantly reduced bacterial number
on PFDTS and PDMS surfaces when compared to those on
the uncoated surface (Figures 5a and S9, Supporting
Information). Specifically, the attached E. coli number density
was (2.7 ± 0.3) × 1011 m−2 on Si surfaces, (1.5 ± 1.1) × 109
m−2 on PFDTS surfaces, and (2.6 ± 1.0) × 109 m−2 on PDMS
surfaces (Figure 5b). For S. aureus, the number density on the
three surfaces were (9.1 ± 4.9) × 1011 m−2, (1.1 ± 0.8) × 1010
m−2, and (1.0 ± 0.6) × 1010 m−2, respectively. The calculated
antibacterial efficiency (i.e., the ratio of reduced bacterial
amount on the surface to the total amount on the Si surface)
reached ∼99% on both PFDTS and PDMS surfaces, showing
the comparable antifouling property of the PDMS surface to
the conventional fluorinated PFDTS surface. A quick
anticontamination test showed that the PDMS brushes can
effectively repel adhesive materials such as chalk powder and
chili sauce, revealing its self-cleaning properties (Figure S10
and Videos S10−S11, Supporting Information).

3. CONCLUSIONS
We demonstrate that the low-cost, flat, antifouling, and
nonfluorinated PDMS brush coating can sustain high-perform-
ing dropwise condensation at extreme conditions, e.g., high
subcooling value, and high steam shear flow and temperature.
The PDMS brushes consist of siloxane polymer chains, where
one side is covalently grafted onto the substrate and the other
side is free and flexible. The coating is thin (thickness of 6 nm)
and water-repellent (advancing contact angle of ∼110° and
contact angle hysteresis of ∼10° on copper). The experimental
results show that PDMS brushes on copper substrate exhibit
dropwise condensation and ∼3−7 times higher heat transfer
coefficients compared to that of filmwise condensation
formation on pristine copper substrates in the low (30
mbar) and high (1.4 bar) pressure chambers. The PDMS
brushes also exhibit excellent durability in high-pressure
environments, which is confirmed by the 8-h condensation
test under harsh conditions of 1.4 bar steam pressure and 3 m·
s−1 steam velocity. Additionally, PDMS brushes can effectively
repel 99% of bacteria, e.g., E. coli and S. aureus. Therefore,
PDMS brushes are promising candidates for developing a low-
cost, environment-friendly, and effective coating for con-
densation heat transfer applications.

4. EXPERIMENTAL SECTION
4.1. Surface Preparation. PDMS brushes are prepared by drop-

casting. First, the substrates (silicon, aluminum, or copper) were
washed in acetone, 2-propanol, and deionized water with ultra-
sonication for 10 min, respectively. Then, they are treated with an
oxygen plasma (Diener Electronic Femto, 120 W, 6 cm3·min−1 oxygen
flow rate) for 5 min. Afterward, several drops of PDMS
(polydimethylsiloxane, 100 cSt, Thermo Scientific) are applied on
the substrate, which is then covered by spontaneous wetting. After full
spreading, the substrates were put in the oven at 100 °C for 24 h and
washed with acetone afterward to remove any unbound residue. This
preparation method is repeated twice. PFDTS surfaces are prepared
via chemical vapor deposition in a vacuum desiccator. Twenty μL of
1H,1H,2H,2H-perfluorodecyltrimethoxysilane is added before the
desiccator is vacuumed below 20 mbar. The reaction lasts for 4 h.
Hydrophilic CuO surfaces are prepared by immersing oxide-free
pristine copper in boiling water for 30 min. The superhydrophobic
surfaces are fabricated as described before.66 Briefly, after the cleaning
process, the substrates are immersed into a 9.25% V/V aqueous
solution of hydrochloric acid for 10 min to fabricate microstructures.
Then they are immersed in boiling water for 5 min to fabricate
nanostructures on top of microstructures through the boehmitage
process. Finally, the substrates are coated with a thin hydrophobic
film through C4F8 plasma deposition.
4.2. Surface Characterization. Advancing and receding contact

angles are measured using a goniometer (OCA35, Dataphysics). The
volume of sessile water was gradually (1 μL·s−1) increased from 5 to
20 μL and decreased back to 5 μL. The contact angles were
determined by fitting an ellipse to the contour images. The surface
morphology was measured using Dimension Icon AFM (Bruker) in
tapping mode. Reflective aluminum Si cantilevers (OLTESPA-R3)
with a spring constant of ∼2 N·m−1 were used. The thickness of the
brush layer was measured using an AFM instrument (JPK
Nanowizard 4) in force mapping mode. Force−distance curves were
recorded with a grid of 16 × 16 points on an area of 1 × 1 μm2. For
the observation of condensation using an environmental scanning
electron microscope (ESEM) (Quanta 650 FEG, FEI), the samples
were placed on a custom-made copper platform, which was cooled
with a recirculating chiller and maintained at ∼2 °C. The drop
velocity and dynamic contact angles on the surface were determined
by analyzing videos of drop sliding via a MATLAB program
(DSAfM). The videos were recorded using a high-speed camera
(FASTCAM MINI UX100, Photron with a Titan TL telecentric lens,
0.268x, 1 in. C-Mount, Edmund Optics) at a frame rate of 500 FPS.
Briefly, the edge position of the drops was detected, after the drop
images were corrected by subtracting the background from the
original images and tilting according to the background image. The
drop velocities were calculated by the displacement from each frame.
Dynamic advancing and receding contact angles were determined by
applying a fourth-order polynomial fit to the drop contour in each
image.
4.3. Condensation Heat Transfer Measurements. We used

two custom-made experimental setups for the condensation tests
similar to our recent work.5,26 The chambers are evacuated first before
the introduction of steam. An electric boiler was used to generate
steam from deionized water. Condensation tests were performed with
saturated steam at a pressure of 1.42 bar or 30 mbar. The samples
were mounted on a copper block. Several temperature sensors inside
the copper block were used to determine the condensation heat flux
(q″) through the surface by following the equation q″ = kcAc/Ae·dT/
dx. Here, kc is the thermal conductivity of the copper cooler, Ac is the
cross-sectional area of the cooler, Ae is the area of the exposed
condensing surface, and dT/dx is the constant thermal gradient along
the array. dT/dx was computed from a least-squares linear fit of the
temperatures measured with the temperature sensor array. In the low-
pressure (30 mbar) chamber, the surface temperature was measured
by two temperature sensors attached to the surface. Videos were
recorded with a DSLR (D7500, Nikon) and a macro lens (AF Micro-
Nikkor 200 mm f/4D IF-ED, Nikon). In the high-pressure chamber
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(1.42 bar), the surface temperature was estimated by using a
thermocouple placed inside the substrate. The videos were recorded
by using a high-speed camera (FASTCAM Mini UX100, 2000FPS)
and the same lens. More details are in Figures S6 and S7, Supporting
Information.
4.4. Antifouling Tests. To test the antifouling property, the

samples (1 × 1 cm2) are first sterilized by UV light (366 nm) for 15
min. Then, the samples are placed in a sterile 24-well plate, and each
well includes 2 mL of the bacteria test suspension (refer to Figure S11
in the Supporting Information for the preparation of bacterial
suspension). The samples are incubated for 1 day at 37 °C before the
medium is removed from the samples and gently washed 3 times with
1 mL saline solution (0.85% NaCI in Milli-Q water). Afterward, the
bacteria is fixed by 1 mL glutaraldehyde (Sigma-Aldrich, 2.5% (v/v)
in the saline solution) for 30 min at room temperature. Subsequently,
the coatings are gently washed 3 times with the saline solution and
dehydrated with a series of ethanol (30, 40, 50, 60, 70, 80, 90, 95, and
99.89%, 15 min each, last step twice). Lastly, the samples are dried
under vacuum at room temperature overnight prior to SEM imaging.
For bacterial number counting, more than 30 images are taken at
random positions by scanning electron microscopy (SEM, LEO 1530
Gemini, Zeiss).
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