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V
apor condensation takes place in
various industrial applications in-
cluding thermal management,1,2

power generation,3 water desalination,4,5

and water harvesting systems.6�8 In all of
these applications, an efficient condensa-
tion process is desired to improve energy
efficiency, security and environmental pro-
tection. Typically, condensation is highly
dependent on the physiochemical proper-
ties of the condenser surface. On a hydro-
philic surface, condensation is characterized
by the formation of an accumulative liquid
film which is immobile. Such termed film-
wise condensation is plagued with low heat
transfer coefficient despite the preference
of the initial nucleation. In striking contrast to
filmwise condensation, dropwise conden-
sation that takes place on nonwettable sur-
faces promises a significant increase in heat
and mass transfer performance,9 since the
isolated condensed droplets on such sur-
faces can be easily removed. Furthermore,

on judiciously designed superhydrophobic
surfaces, the droplet mobility can be signifi-
cantly improved. Because of the minimal
contact line pinning of the condensed drop-
lets in the Cassie or partial-wetting state on
rough nanostructures,10�14 these droplets
can be self-propelled from the surface at
a typical radius of 10�100 μm, which is
2 orders of magnitude smaller than the
gravity-driven droplets on unstructured
hydrophobic surfaces.15�20 Over the past
decade, various artificial surfaces have been
developed to enhance the condensation
heat transfer.21�35 To our best knowledge,
almost all efforts have focused on design of
robust superhydrophobic surfaces working
in the regime of dropwise condensation.
Recently, Miljkovic et al. elegantly demon-
strated that a superhydrophobic nano-
structured copper surface resulted in 30%
enhancement in heat transfer coefficient
compared to the flat hydrophobic surface
at low supersaturations (<1.12).23 Although
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ABSTRACT Vapor condensation plays a key role in a wide range

of industrial applications including power generation, thermal

management, water harvesting and desalination. Fast droplet

nucleation and efficient droplet departure as well as low interfacial

thermal resistance are important factors that determine the thermal

performances of condensation; however, these properties have

conflicting requirements on the structural roughness and surface

chemistry of the condensing surface or condensation modes (e.g.,

filmwise vs dropwise). Despite intensive efforts over the past few decades, almost all studies have focused on the dropwise condensation enabled by

superhydrophobic surfaces. In this work, we report the development of a bioinspired hybrid surface with high wetting contrast that allows for seamless

integration of filmwise and dropwise condensation modes. We show that the synergistic cooperation in the observed recurrent condensation modes leads

to improvements in all aspects of heat transfer properties including droplet nucleation density, growth rate, and self-removal, as well as overall heat

transfer coefficient. Moreover, we propose an analytical model to optimize the surface morphological features for dramatic heat transfer enhancement.

KEYWORDS: filmwise condensation . dropwise condensation . nanostructure . heterogeneous wettability .
heat transfer enhancement
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the superhydrophobic surface allows for sustained
dropwise condensation, it is susceptible to a number
of issues. First, since the nucleation energy barrier on a
superhydrophobic surface is much higher than that on
a hydrophilic surface, the droplet nucleation density on
the superhydrophobic surface is severely reduced
compared to that on the hydrophilic surface, especially
in the early stage of nucleation.36�38 Second, although
the presence of the vapor layer within the super-
hydrophobic nanostructures enables the condensate
droplets to stay in the Cassie state, the vapor layer also
causes an additional thermal resistance.39 Third, due to
the Laplace pressure instability mechanism,12,40�44 the
condensed droplets tend to transition from the sus-
pended Cassie state to the unwanted sticky Wenzel
state,45�48 which highly affects the droplet departure
efficiency. In addition, under the high supersaturation
conditions, the increased droplet nucleation density
induces liquid flooding within the nanostructures and
the collapse of dropwise condensation.23,26,46 Thus, an
efficient condensation surface that enables increased
droplet nucleation density,49 reduced droplet departure
size,37,50 and minimal thermal barrier39,51 demands a
synergistic cooperation of these advantages inherent in
both modes of dropwise and filmwise condensation
simultaneously. However, since these two condensation
modes have distinctly conflicting requirements on the
surface wettability and architecture, it has, to date,
remained extremely challenging to develop a robust
surface that can reinforce both filmwise and dropwise
condensation processes for enhanced heat transfer.38,52

Inspired by theNamib dessert beetle, which utilizes its
bumpy back with hydrophilic and hydrophobic patches
to condense and collect water droplets,53 as well as the
recent efforts in heterogeneous condensation and
freezing,28,29,38,54 here we propose a hybrid surface with
patterned high-contrast wettability to achieve enhanced
condensationheat transfer. Distinctive from theprevious
studies,28,52 by confining the hydrophilic patches on the
top of the micropillars which are surrounded by super-
hydrophobic nanograss, such a novel hybrid surface
enables not only higher density nucleation, but also
droplet depinning on the extreme hydrophilic area. Parti-
cularly, the unique morphological and wetting features
achieve a natural recurrent transition from filmwise-to-
dropwise condensation which has not been reported
before. This novel design provides an effective approach
for enhancing water nucleation as well as self-propelled
departure, which reconciles the conflicting requirements
for desired condensation heat transfer. By systematically
conducting experiments in both environmental scanning
electron microscopy (ESEM) and ambient conditions
with controlled humidity, we demonstrated that
the droplet nucleation density and the initial droplet
growth rate on the hybrid surface were both much
higher than that of the superhydrophobic surfaces with
no hydrophilic patterns.38 According to the thermal

characterization, the novel hybrid surface showed
∼63% enhancement in heat transfer coefficient as
compared to the flat hydrophobic surface. This work
reveals the undiscovered impact of heterogeneous
wettability and architectures on the microdroplets mor-
phology transition, and provides an avenue via design-
ing high-contrast wettability patterns to improve the
performance of condensation heat transfer.

RESULTS

By leveraging the dependence of wettability on the
surface roughness and chemistry, the hybrid surface is
designed with a multiscale roughness and heteroge-
neous wettability. Figure 1A,B shows the schematic and
scanning electron microscopy (SEM) images of the
novel hybrid surface. The surface consists of patterned
micropillar arrays. The tops of the micropillars are
covered by hydrophilic silicon dioxide (SiO2) to facilitate
the filmwise condensation, i.e., fast droplet nucleation
and initial growth,55 while the valleys between the
micropillars are covered by conformal nanograss to
promote the dropwise condensation (with coalescence-
induced droplet self-removal). Moreover, by judiciously
controlling the fraction of the hydrophilic SiO2 patches

Figure 1. Design of the hybrid surface with high wetting
contrast. (A) Schematics of the hybrid surface showing the
heterogeneous wettability. The top of the micropillar (dark
red area) is hydrophilic, which is energetically favored for
droplet nucleation and growth. A hydrophobic layer is
selectively coated on the nanograss (green area), providing
a global superhydrophobicity for dropwise condensation.
The right schematic shows a single droplet staying in the
Cassie and hybrid-wetting state. (B) SEM image of the hybrid
nanostructured silicon surface consisting of micropillar ar-
rays and surrounding nanograss. Scale bar, 10 μm. The inset
shows the contact angle of the hybrid surface is 161 ( 4�.
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across the whole surface, a recurrent condensation
mode transition from the filmwise to the dropwise can
be achieved. As shown in the SEM image, the diameter
D and center-to-center spacing S of the micropillar on
the hybrid surface are 6 and 24 μm, respectively. Bet-
ween the micropillars lies the nanograss with ∼200 nm
in diameter, ∼5 μm in height, and ∼400�800 nm in
pitch. For the surface fabrication, we first fabricated the
SiO2 patterns on the silicon wafer using standard
photolithography and oxide etching processes. Then,
micropillars with SiO2 tops were etched using tetra-
methylammonium hydroxide (TMAH), and a modified
deep reactive ion etching (DRIE) process was further
implemented to form thenanograss covering the valleys
of the micropillar arrays. To achieve the desired wetting
contrast, the as-fabricated surface was conformally
coated by a thin hydrophobic layer using a fluorination
process and then buffered oxide etching (BOE) was used
to selectively remove the superficial layers of SiO2 and
the fluoride polymer coating on the top of the micro-
pillars, thereby recovering the hydrophilicity of the SiO2

patterns (see details in Methods). The extreme wetting
contrast on such a hybrid surface was verified by the
Energy-Dispersive X-ray Spectroscopy (EDX) measure-
ment of chemical composition on the surface (see
Supporting Information Note 1). The wetting properties
of corresponding materials with different wettability
were characterized by the goniometric measurements
(see Supporting Information Table S2). The advancing
contact angles on flat SiO2 and fluorinated nanograssed
surfaces are 24.6( 5.2� and 167.1( 2.7�, respectively. By
comparison, the apparent contact angle on the hy-
brid surface is 161.5 ( 4� (inset of Figure 1B), indicating

a global superhydrophobicity on the hybrid surface
despite the presence of abundant hydrophilic patches.

Combined Filmwise and Dropwise Condensation on the
Hybrid Surface. To illustrate the combined condensation
modes for preferential nucleation and rapid droplet
growth, we first visualized the initial filmwise condensa-
tion of water vapor on the hybrid surfaces in a custom-
made chamber (see Methods). The vapor pressure Pv
was 1930 ( 124 Pa and the cooling stage temperature
Tstage was 7.46( 0.55 �C. As shown in Figure 2A, during
the condensation, the embryos preferentially nucleate
on the hydrophilic patches, quickly grow and spread
across the whole patches as a thin film, suggesting the
signature of filmwise condensation (see Supporting
InformationMovie 1). To visualize the three-dimensional
morphologies of the condensed droplets with high
spatial resolution, we further conducted the condensa-
tion experiment in ESEM. The vapor pressure in the
ESEM chamber Pv was 653 ( 13 Pa and the cooling
stage temperature Tstage was 0.3( 0.2 �C (see Methods
for details). We found that almost all the embryos
started on the hydrophilic tops of the micropillars,
revealing the spatial control of nucleation (see Support-
ing Information Movie 2). On the nanograss, the
condensation was dominated by the heterogeneous
nucleation, as shown by random droplets (e.g., A, B, C,
indicated in Figure 2B). Droplets growing on the nano-
grass maintained a constant contact angle (CCA) in a
suspended state on the top of the nanograss.39 Ob-
viously, the nucleation density and growth rate were
much lower than those on the hybrid surface.

Note that the filmwise condensation in our hybrid
surface is different from that on the conventional

Figure 2. Combined filmwise and dropwise condensation. (A) Selected time-lapse images of water vapor condensation in the
custom-made chamber. The snapshots show the filmwise condensation dynamics on the hydrophilic tops of the hybrid surface.
Here, D and S are 6 and 18 μm, respectively. The vapor pressure in the experiment was 1930( 124 Pa, and the cooling stage
temperature was 7.46 ( 0.55 �C. (B) Selected time-lapse images of water vapor condensation captured via ESEM. Scale bar,
10μm.The droplets (e.g., A, B, C) on thenanograssgrow in theCCAmode,while droplets (e.g., D, E, F) on the hybrid surface grow
in theCCLmode. The distinctmorphologyof CCL droplets demonstrates the condensation transition from thefilmwisemode to
dropwise mode. The vapor pressure in ESEM chamber was 653 ( 13 Pa and the cooling stage temperature was 0.3 ( 0.2 �C.
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hydrophilic surface, which is characterized by a liquid
film spreading over the entire surface. Because of the
spatial control in the droplet nucleation, the condensate
droplets were confined on the top of tiny micropillars
and displayed a constant contact line (CCL) growth
modewith CA increasing over time. As thewater volume
increased with time, the localized liquid film gradually
transitioned to isolated spherical droplets (e.g., D, E, F,
indicated in Figure 2B). This filmwise to dropwise transi-
tion can be attributed to the unique morphological and
wetting features of our surface. It is important to point
out that without the wetting contrast between the
localized hydrophilic patches and surrounding nano-
grass, the condensate droplets tend to accumulate and
eventually merge into a liquid film.56�58

On the basis of the experimental data from ESEM
observation, the time evolutions of the droplet volume
(V) for CCL andCCAdroplets are shown in Figure 3. Here,
we collected the data of droplet growth with varying
starting times. The growth periods were normalized
with respect to the droplet size for the CCL and CCA
modes.23 To investigate the droplet growth depen-
dence on different modes, we modeled the growing
process of a single droplet on the hybrid and nano-
grassed surfaces, respectively (see Supporting Informa-
tion Note 2).16,39,59 The modeling results (lines) in
Figure 3 are in excellent agreement with the experi-
mental data (symbols). The growth rate of the CCL
droplet is initially much higher than that of the CCA

droplet, and later becomesmore closely aligned. On the
basis of the measured single droplet growth before
coalescence, we compared the droplet growth rate to
the classical model r = FtR for both modes.6,34 For the
CCA droplet on the nanograss, the RCCA maintains at
∼0.53( 0.04,whereas in the caseof theCCLdroplet, the
power law model fails to describe the droplet growth
dynamics on the hybrid surface, suggesting that the
growth mechanism on the hybrid patterns differs from
that on the nanograss. At the early condensation stage
(V < 1000 μm3), the CCL droplet on the hybrid surface
exhibits at least 2.5 times faster in growth rate than the
CCA droplet on the nanograssed surface. The divergent
droplet volume increment of the two modes can be
attributed to the different wetting morphologies that
dominate the total thermal resistance of condensation
heat transfer in the initial stage. For the CCA droplet
suspended on the nanograss, the apparent contact
angle is much larger than that of the liquid film in the
CCL mode, resulting in a much higher droplet conduc-
tion resistance. Moreover, the trapped gas in the nano-
structures and small liquid�solid contact area increase
the interfacial thermal resistance, therefore further limit-
ing the CCA droplet growth. In comparison, the CCL
droplets on the hybrid surface grow much faster be-
cause the condensate starts as a liquid film that covers
the entire hydrophilic top, providing a larger liquid�
solid contact area with small contact angle for heat
transfer. At the later stage of growth (V > 1000 μm3)
when the condensate on the hybrid surface transitions
from filmwise to dropwise, the growth rates of the
droplets on the hybrid and nanograssed surfaces gra-
dually become closer. This is because as thedroplet gets
larger in size, the thermal conduction resistance of the
droplet begins to dominate the heat transfer, and the
total thermal resistances in both modes become com-
parable.Meanwhile, the continuously increasingdroplet
basal area of the CCA droplet also contributes to the
apparent rise of the growth rate.

Coalescence-Induced Droplet Departure. Remarkably, we
observed that the filmwise to dropwise transition on
the hybrid surface can activate an unusual coales-
cence-induced droplet departure,11,60�62 and further
promote the droplet self-removal efficiency. Conven-
tionally, the liquid film condensed on a hydrophilic
surface is susceptible to a large pinning force. For the
hybrid surface, however, the liquid film nucleated on
the patterned hydrophilic region rapidly grows and
reaches a metastable spherical shape63,64 due to the
fact that the condensates are spatially confined in a
tiny region and suspended by the surrounding super-
hydrophobic nanograss (see Supporting Information
Note 3). When the adjacent metastable droplets coa-
lesce with each other, sufficient surface energy is
released to overcome the adhesion on the hybrid
patterns, naturally resulting in a droplet self-propelling
(Figure 4, also see Supporting Information Movies 3

Figure 3. Droplet growthprocess and corresponding thermal
analysis. (A) Selected time lapse ESEM images of CCL and CCA
droplets showing the difference in the growth dynamics and
rate. (B) Time evolution of the average droplet volume V of
CCL and CCA droplets. The lines show the theoretical calcu-
lated droplet volume growth, for different modes, as a func-
tion of condensation time t (see Supporting Information
Note 2). The filled circles and squares indicate the experi-
mental data on different surfaces obtained in ESEM. For the
CCLdroplet, at theearly stage, the rapidgrowth in thefilmwise
mode results from the lower thermal resistance between the
droplet base and substrate. For the CCA droplet, the slower
growth rate is due to the small initial contact base and thegas-
filled nanogaps between the droplet and substrate.
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and 4). Figure 4A shows the top view of droplet
departure from the hybrid surface (D = 6 μm, S =
18 μm) in a custom-made chamber. As the metastable
droplets interact with the adjacent droplets, a serial
departure is triggered by coalescence, sweeping many
mobile droplets off the surface.47 This sweeping mo-
tion was captured as an out-of-planemotion, as shown
in Figure 4B. As a result, many fresh dry areas were
exposed for a continuous condensation process of
renucleation and departure. During the coalescence
process, we found that several droplets contacted
both hydrophilic and superhydrophobic areas and
formed a hybrid-wetting morphology. This natural
evolution of hybrid-wetting status decreases the drop-
let adhesion by covering the nanograss and preserves
the heat conduction path of the hydrophilic patterns as
well. As a result, these droplets maintain a metastable
state and tend to be more easily propelled by coales-
cence than the droplet on a single micropillar (see
details in Supporting Information Note 3).

To gain a quantitative understanding, we charac-
terized the condensation dynamics on hybrid surfaces
with three different morphologies and the nano-
grassed surfaces. For the hybrid surfaces, we keep a
constant D = 6 μm and vary the S from 12 to 24 μm,
corresponding to S/D = 2, 3, 4. The droplet number
density in the field of view (∼300 μm � ∼600 μm) for
these four samples increased from ∼(1.13 ( 0.15) �
109 m�2 for the nanograssed surface to (3.34( 0.11)�
109 m�2 for the hybrid surface with S/D = 2 (∼196%
increase), as shown in Figure 5A. Figure 5B shows the
cumulative droplet departure volumes in the field of
view (∼1 mm�∼2 mm) for these four samples which

demonstrates a similar tendency. Compared to the
nanograssed surface, nearly 215% increase in the
cumulative droplet departure volume was achieved
for the hybrid surface with S/D = 2. The droplet counts
were averaged over all the images recorded during a
5 min period of condensation, while droplet departure
volume was estimated from the departed droplets by
comparing sequential images taken at ∼12 s intervals.

Figure 4. Droplet departure behaviors. Snapshots showing
spontaneous droplet jumping: (A) top view (scale bar,
80 μm) and (B) side view (scale bar, 80 μm). All the images
were acquired using a high speed camera. Along with
volume increment, the transition from filmwise to dropwise
condensation promises enough driven energy to overcome
the contact pinning for droplet self-departure on the hybrid
surface. The red dash circle denotes a group of droplets just
prior to the coalescence and subsequent jumping, and the
blue dash circle highlights the fresh space right after
coalescence-induced jumping. The white arrow shows the
droplet jumping trajectory. The vapor pressure in the
experiment was 2800 ( 146 Pa, and the cooling stage
temperature was 12.02 ( 0.38 �C.

Figure 5. Characterization of condensation dynamics. (A)
Measured overall droplet number density on the various
surfaces showing the enhanced droplet nucleation via hydro-
philic patterns. Error bars are frommultiple measurements at
different areas of the same sample. (B) Quantification of the
cumulative droplet departure volumes on four different
surfaces in 5min condensation. For S/D=2, thehybrid surface
exhibits ∼215% enhancement in the departure volume re-
lative to the nanograssed surface. (C) Histogram of droplet
size distribution, averaged for an interval of 5 min of con-
densation, on four different surfaces. The hybrid surface of
S/D=2demonstrates a∼328% increase in droplets of <10μm
in diameter, compared to the nanograssed surface. The vapor
pressure in the experiment was 2800 ( 146 Pa, and the
cooling stage temperature was 12.02 ( 0.38 �C.
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As expected, the intensified nucleation density, fast
droplet growth and departure rates naturally led to a
larger surface coverage of small drops (as shown in
Figure 5C), and the hybrid surface with S/D = 2 had the
highest percentage (∼69%) of droplets with diameter
smaller than10μm. These results confirmour hypothesis
on the synergistic cooperation for enhanced condensa-
tion,which is enabledby the combinationof thefilmwise
and dropwise condensation through the wetting con-
trast of hydrophilic and superhydrophobic patterns.

Overall Heat Transfer Measurement. After qualifying the
microscopic condensation characteristics including

the initial growth rate, size distribution, and self-
removal rate, we measured the macroscopic heat
transfer coefficient. Figure 6A�D shows the snapshot
images of condensation on various surfaces, e.g., the
flat hydrophilic, flat hydrophobic, superhydrophobic
nanograss, and hybrid surfaces. The overall condensa-
tion heat transfer performance on these surfaces was
measured in the condensation chamber (see Methods).
Figure 6E shows the total heat flux q00 as a function of
the temperature differenceΔT between the saturation
vapor and condensed surface for these samples,
at the partial pressure of vapor Pv = 2800 ( 146 Pa.

Figure 6. Heat transfer measurement. The condensation during thermal measurements was recorded using a high-speed
camera on (A) flat hydrophilic, (B) flat hydrophobic, (C) nanograssed superhydrophobic surface, and (D) hybrid surface (scale
bar, 300 μm). (E) Steady-state overall surface heat flux q00 as a function of subcooling ΔT for different condensing surfaces,
undergoing filmwise, dropwise, and hybrid-wetting modes (hybrid surface design S/D = 2). (F) Steady-state condensation
coefficient h as a function of the partial pressure of saturated vapor Pv for different condensing surfaces. Error bars indicate
the propagation of the measurement errors associated with the temperatures of bulk gas, substrate back, and heat sink, as
well as the humidity measurement.
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The overall heat transfer coefficient (HTC) was obtained
from the slope of the curves shown in Figure 6E. On the
flat hydrophilic surface with SiO2 layer (Figure 6A),
vapor quickly condensed and formed a water film that
covered the entire surface. The HTC of the hydrophilic
surface (180 ( 98 W/m2

3 K) was the worst among the
four surfaces because of the high thermal resistance of
the unmovable liquid film. In contrast, for a flat hydro-
phobic surface, the discrete condensed droplets were
shed by gravity and the surface was cleared out
for renucleation, resulting in an improved HTC (939 (
188 W/m2

3 K). The superhydrophobic nanograssed sur-
face, however, showeda35%degradationofHTC (605(
165W/m2

3 K) compared to that of the flat hydrophobic
surface. As we previously discussed, the gas layer
beneath the condensed droplets significantly hinders
the heat transfer rate and leads to the thermal degra-
dation, despitemore droplets of small size (∼10�50 μm)
appear on the nanograssed surface. Meanwhile, for a
surface with homogeneous superhydrophobicity, the
concave structures of nanograss can also lead to the
formation of liquid bridge,65 which greatly increases
the droplet pinning force and thus can prevent coa-
lesced droplet departure.47 As shown in Figure 6C,
some immobile droplets inevitably form during
the condensation and gradually grow up to a large
size (∼300 μm). This immobile droplet coalescence
caused by liquid bridges further degrade the heat
transfer performance on the nanograssed surface dur-
ing a prolonged condensation period. Figure 6D clearly
shows the improvement of droplet nucleation density
and size distribution on the hybrid surface. The spatial
control of droplet condensation via the heterogeneous
wettability efficiently avoids the liquid bridge forma-
tion, and subsequently reduces the number of immo-
bile droplets on condensing surface. Therefore, it
results in the highest heat transfer performance in
the experiments, representing a 63% larger overall
HTC (1532 ( 272 W/m2

3 K) than that of the flat hydro-
phobic surface. The effect of partial vapor pressure on
the overall thermal performance was also investigated.
Figure 6F shows the overall HTC, h, as a function of the
partial pressure of water vapor Pv in the condensation
chamber. Note that the lower HTC relative to those
achieved under pure vapor condition,23,26 is mainly
originated from the high concentration of noncondens-
able gas (NCG) in our experiments, which dramatically
stunts the vapor diffusion to the condensing surface.66

To verify the accuracy of our measurement data, we
further compared our results on the hydrophilic and
nanograssed surfaces with prior similar studies.67�70

The data show reasonable agreement with literature
values of the condensation HTC (∼117 W/m2

3 K for
filmwise condensation and∼2000W/m2

3 K for jumping
condensation). The theoretical model for filmwise
condensation in the presence of NCG (red line) also
agrees well with the experiments (red symbols) (see

Supporting Information Note 5). According to the ther-
mal characterization, the enhancement inHTC obtained
on the hybrid surface is consistent with the prediction
from the parameters in microscopic observation.

DISCUSSION

As discussed previously, the combination of two
distinct condensation modes into one architecture
has conflicting requirements on the surface morpho-
logical and chemical properties. For example, a large
fraction of hydrophilic patch increases the droplet
nucleation density, while the droplet departure be-
havior is compromised. To gain further insight for the
surface optimization to harness the combinatorial
advantages in both filmwise and dropwise condensa-
tion, we proposed a simple figure of merit to quantify
the competition between the droplet nucleation,
growth rate as well as droplet self-propelling. The
figure of merit is expressed as

E�∼j 3 f
�
c 3ΔG� (1)

where j is the fraction of the hydrophilic patches on
the hybrid surface, whose value j = πD2/S2, can be a
reflection of the embryo density. fc* is the nondimen-
sional droplet coalescence frequency, which deter-
mines the efficiency of the condensation transition
from filmwise to dropwise, and ΔG* is the nondimen-
sional excess surface energy measuring the ability of
the droplet self-departure upon coalescence. Specifi-
cally, the droplet coalescence frequency can be ex-
pressed by fc

* = 1/(τc/τeq). Here, τc is the time of droplet
coalescence at themetastable state (i.e., θ = θc) and τeq
is the time when the condensed droplet reaches its
equilibrium state (i.e., θ = θeq), serving as the time
normalization factor. Specifically, θc is the coalescence
contact angle, calculated as θc = sin�1[(S/D)�1], and θeq
is equal to 15� for the flat hydrophilic SiO2 surface,
which is calculated from the advancing and receding
angles (see Supporting Information Notes 1 and 3). On
the basis of the different corresponding contact angles,
both τc and τeq can be calculated from the proposed
CCL droplet growth model (Supporting Information
Note 4). Similarly, ΔG* is expressed asΔG/Geq by using
the energy normalization, in which ΔG is the excess
surface energy released upon droplet coalescence, and
Geq = γlg 3Algþ γsl 3Asl is the total surface free energy at
the equilibrium state (θeq = 15�).
To simplify the energy derivation, it is assumed that

the coalescence occurs between two droplets on
adjacent micropillars (see Supporting Information
Note 3), and the droplet becomes completely dewet-
ting upon coalescence. Thus, ΔG can be expressed as

ΔG ¼ 2Gc � Gc
0 � 2Evis (2)

where Gc and Gc
0 are the surface free energies of

droplet before and after the coalescence, given by
Gc = γlg 3Alg þ γsl 3Asl with the droplets at θc, and
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Gc
0
= γlg 3Alg

0 þ γsl 3Asg
0
with the merged droplet at the

completely detached state. A and A0 are the interfacial
surface areas before and after coalescence, γ is the
interfacial energy density and the subscripts s, l, and g
denote the solid, liquid, and gas phase, respectively.
The viscous dissipation energy for each droplet Evis is
obtained as71,72 Evis = 36πμ(γlgr

3F�1)1/2, where the
droplet radius r is derived as r = D/(2 sin θ). For the
CCL droplet on a micropillar, the interfacial surface
areas can be estimated as Alg = 2πr2 (1 � cos θ), and
Asl = πD2/4. For the merged droplet, the interfacial sur-
face areas are Alg

0
= πS2[(1� cos θc)

2
3 (2þ cos θc)/2]

2/3

and Asg
0
= 2Asl, respectively.

As presented above, the droplet nucleation, coales-
cence frequency and induced departure driven energy
aredependent on themorphological parameters such as
the diameter of the hydrophilic patch D, the center-to-
center spacing of micropillars S, and the wetting proper-
ties of the hybrid patterns. In Figure 7, we plot the figure
of merit, E*, as a function of S/D. The optimal S/D where
themaximum E* occurs is between 2 and 3. This optimal
S/Dmay be attributed to the competing factors among
j, fc*, and ΔG* in eq 1. For a hybrid surface with smaller
S/D, the droplet nucleation density j and coalescence
frequency fc* are relatively larger. However, the fast
droplet coalescence of these dense droplets accordingly
leads to a smaller released energy ΔG*; therefore, the
figure of merit is undermined. By contrast, for a hybrid
surface with a larger S/D, due to the large spacing
between the individual droplets localized in the hydro-
philic patches, the droplet coalescence fc* is suppressed,
though the released energy is relatively large (see
Supporting Information Note 4). Thus, the figure ofmerit
is small as well. Note that for varying diameters of the
hydrophilic patches (D = 1, 6, and 10 μm), the optimal
S/D for E* is similar (see Supporting Information Note 5).
The hybrid surface can lose the benefit of filmwise to
dropwise transition when the hydrophilic patch is
too large (D > 10 μm). The condensed liquid fails to
form droplets in a rapid manner on an oversized hydro-
philic area, and becomes immobile due to the large
contact line pinning force (see Supporting Information
Movie 2). Although we only consider the two-droplet
coalescence in our model, the analysis shows excellent
agreement with the experimental data (Figure 5).
Therefore, the analysis of E* in the model we deve-
loped provides a reasonable prediction for the surface
optimization.
Note that in our model, we did not consider the

electrostatic charging of jumping droplets during
condensation, which has received increasing attention

recently.73�75 On the hybrid surface, although the
majority of droplets contact the hydrophilic SiO2 area
rather than the hydrophobic coating, we suspect that
the jumping droplets would be positively charged
due to the electric double layer formed between the
droplets and SiO2 surface, which possesses a negative
zeta potential similar to most fluoropolymer coatings.
This hypothesis will be validated in our future work via
the characterization of jumping droplets on the hybrid
surface in the electric-field assisted condensation, and
the potential of further enhancing condensation heat
transfer on the hybrid surfaces using electric fields will
also be investigated.

CONCLUSIONS

To summarize, we reported a novel strategy that
allowed for themutual reinforcement of two condensa-
tion modes. By wisely implementing the high wetting
contrast inspired by the natural beetle shell, our hybrid
surface reconciles the conflicts encountered in filmwise
and dropwise condensation in conventional designs.
We also proposed an analytical model that provided
important insight for the optimization of the morpho-
logical features. The measured heat transfer coefficient
of the optimized hybrid surface demonstrated a 63%
enhancement as compared to the conventional drop-
wise condensation on the flat hydrophobic silicon sur-
face. We believe our novel surface can also be extended
for many other promising applications such as water
harvesting, desalination, and anti-icing.76,77

METHODS

Fabrication Procedure of the Hybrid Nanostructured Surface. A525μm
thick silicon wafer coated with 1 μm silicon oxide coating was

used in the experiments. First, the silicon oxide layer was

patterned using standard photolithography, followed by ad-

vanced oxide dry etching. The resulted silicon oxide pattern

Figure 7. Surface optimization. Plot of the figure of merit E*
as a function of the ratio of the center-to-center space to the
diameter of the micropillar S/D. Here E* is defined as the
nondimensional overall energy release for evaluating the
synergetic effects of combined filmwise and dropwise con-
densation, indicating the competition between the embryo
nucleation density, coalescence frequency, and droplet self-
propelling. The maximum E* occurs at S/D ranging between
2 and 3. If S/D is too small or big, E* is compromised.
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served as a mask for wet etching of silicon. Next, the micropillars
were etched briefly in tetramethylammonium hydroxide (TMAH)
solution. Excess SiO2 rim on the top of the micropillars due to the
undercutting of TMAH etching was removed by a second photo-
lithography and oxide dry etching. Then themodified Bosch deep
reactive ion etching (DRIE) process was used to fabricate uniform
nanopillars on the sidewalls and in the spaces between the
micropillars. The DRIE process included cyclic passivation and
etching modes in which C4F8 and SF6 were used as the reactants,
respectively. In this study, the inductively coupled plasma DRIE
system (Surface Technology Systems, U.K.) was used as the etcher.
The coil power was set at ∼550 W. The chamber pressure and
temperature was kept at ∼25 mTorr and ∼20 �C. In the passiva-
tion cycle, the C4F8 flow rate was ∼85 sccm. In the etching cycle,
the SF6 flow rate was ∼70 sccm and platen power was set at
∼15 W. At the end of DRIE process, a thin film of hydrophobic
fluoride polymer was deposited on the nanpillars to achieve the
global superhydrophobicity, whereas the fluoride polymer on the
top of SiO2 was selectively removed by immersing in buffered
oxide etchant for ∼120 s to form the hydrophilic spots on the
surface. The dimension of the micropillars is ∼6 μm in diameter,
∼7 μm in height and the center-to-center distance varies from
12 to 24 μm. The nanopillars with diameter of∼200 nm, height of
∼5μm, andpitch of∼400�800nmwere fabricated using 20DRIE
processing cycles. The advancing and receding contact angles
were measured on the as-fabricated hybrid surface, flat SiO2,
fluorinated flat silicon, and fluorinated silicon nanograssed sur-
faces (see Supporting Information Table S2).

Condensation Characterization Using ESEM. Condensation nuclea-
tion and growth were studied on these fabricated surfaces using
an environmental scanning electron microscope (Philips XL-30).
The sample substrate was placed on a stainless steel sample
holder with a tilt angle of ∼45� on a Peltier cooling stage to
observe growth dynamics and wettingmorphologies. A gaseous
secondary electron detector was employed for imaging. The
electron beam voltage was set at∼15 keV in order to ensure the
better contrast for image visualization as well as limiting droplet
heating effect.78 The condensation process can be triggered by
precisely controlling the stage temperature and the water vapor
pressure in the chamber. The temperature of the Peltier cooling
stage was fixed at ∼0.3 �C. The water vapor pressure was
gradually increased to ∼4.9 Torr, resulting in the nucleation of
water droplets on the sample surface from the saturated water
vapor, and then maintained at ∼4.8 Torr during imaging.

Condensation Imaging and Thermal Characterization in Custom-Made
Chamber. Droplet growth behavior was studied using a custom-
made chamber. The supplied gas that consisted of saturated
water vapor and a high fraction of pure nitrogen simulated the
working condition of the cooling systems in dehumidification
and water harvesting applications. The vapor was generated
from a sealed chamber by injecting N2 into a temperature-
controlled water reservoir. The partial pressure of saturation
vapor varied from ∼1.93 to ∼3.17 kPa, corresponding to
saturation vapor temperatures of 17�25 �C. The tested samples
were mounted in the condensation chamber, in which the
relative humidity and temperature of the bulk gas were con-
tinuously monitored by a humidity probe (HX94C, Omega) and
thermocouples (TJ36-CAIN-032U-6, Omega). The temperature
gradient of the copper heat sink was measured by an array of
thermocouples to determine the condensation heat flux. The
heat released from condensation on the test surface was
removed by a cooling loop connected with a thermostatic
water bath. A flow meter (S-114, McMillan) with an accuracy
of(1.0% was integrated at the inlet to monitor the flow rate in
the cooling loop. The hydraulic diameter of the flow path was
7mm, and the flow rate of coolingwater was set at 2 L/min in all
experiments. By controlling the cooling water temperature, the
condensation subcooling was adjusted from 6 to 20 �C, extra-
polated from the temperature measurement (CHAL-003-BW,
Omega) taken at the backside of the substrate. The data was
recorded using the National Instruments NI-9214 thermocouple
module. Rapid evolution of droplet nucleation, growth and
departure was recorded using a high speed camera (Phantom
v7.3, Vision Research).
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