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water harvesting
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Multifunctional surfaces that are favorable for both droplet nucleation and removal are highly desirable for
water harvesting applications but are rare. Inspired by the unique functions of pitcher plants and rice leaves,
we present a hydrophilic directional slippery rough surface (SRS) that is capable of rapidly nucleating and remov-
ing water droplets. Our surfaces consist of nanotextured directional microgrooves in which the nanotextures
alone are infused with hydrophilic liquid lubricant. We have shown through molecular dynamics simulations that
the physical origin of the efficient droplet nucleation is attributed to the hydrophilic surface functional groups,
whereas the rapid droplet removal is due to the significantly reduced droplet pinning of the directional surface
structures and slippery interface. We have further demonstrated that the SRS, owing to its large surface area,
hydrophilic slippery interface, and directional liquid repellency, outperforms conventional liquid-repellent
surfaces in water harvesting applications.

INTRODUCTION
Engineered surfaces with exceptional droplet nucleation and removal
(1–5) are of great interest in various energy and water applications, in-
cluding power generation (6), thermal management (3, 7, 8), water
harvesting (2), and desalination (9). However, surfaces that have both
exceptional droplet nucleation and removal capabilities are rare. For ex-
ample, lotus leaf–inspired superhydrophobic surface(s) (SHS) (10–12)
can effectively repel water droplets through air-infused surface textures
and hydrophobic surface chemistry, but the trapped air can be easily da-
maged under pressure or high-humidity conditions. Once the trapped
air is damaged, the liquids will be in full contact with the surface textures
and become highly pinned (13, 14), that is, the droplets will be in the
Wenzel state (15). Advanced SHS designs have shown that it is possible
to revert the Wenzel state droplets through the jumping droplet depar-
ture mechanism (14, 16, 17). Under a large subcooling condition, how-
ever, the formation of Wenzel state droplets becomes unavoidable
because droplets nucleate within the surface textures. This greatly re-
duces droplet mobility and leads to surface flooding (16).

As an alternative strategy to resolve the droplet mobility issue of the
SHS, new types of liquid-repellent surfaces modeled after the slippery
rim of theNepenthes pitcher plant have been developed. These surfaces,
known as slippery liquid-infused porous surface(s) (SLIPS) (18, 19), are
characterized by a homogeneous and molecularly smooth interface
made by fully infusing a textured surface with a hydrophobic liquid lu-
bricant. These surfaces exhibit excellent droplet removal capabilities but
suffer from relatively small surface area for droplet nucleation (7, 8, 20).

It is energetically more favorable for water vapor and small water
droplets to nucleate on hydrophilic surfaces compared to hydrophobic
ones (2, 21–23). The Namib desert beetle, for example, uses patterned
hydrophilic surfaces to nucleate and capture tiny water droplets in air
for their survival (2). An ideal surface that sustains efficient droplet nu-

cleationandremovalmustusehydrophilic surface chemistry andenhanced
surface area to maximize droplet nucleation density, as well as must
have a pinning-free slippery interface to enhance droplet mobility.

Here, we report the design and applications of a bioinspired slippery
rough surface(s) (SRS), which combines the salient features of pitcher
plants and rice leaves; our surface has hydrophilic surface chemistry, a
slippery interface, directional structures, and large surface areas tomax-
imize droplet collection andmobility (Fig. 1). Specifically, our SRS con-
sists of liquid-infused nanotextures on directional microgrooves for
enhanced droplet nucleation and transport. The presence of the nanos-
cale textures on themicrogrooves helps retain a thin layer of hydrophilic
lubricant to provide a slippery interface for droplet removal. Unlike the
beetle-inspired surfaces where droplet nucleation only occurs in the
patterned hydrophilic areas (22, 23), our surfaces fully use the total
surface area for maximized droplet nucleation. Such a surface allows
nucleated droplets in the Wenzel state to be removed rapidly, which
cannot be achieved by conventional rough surfaces. Here, we have de-
monstrated that the hydrophilic directional SRS outperforms many of
the state-of-the art hydrophobic liquid-repellent surfaces such as SHS
and SLIPS in dropwise condensation and fog harvesting owing to the
large droplet nucleation density, and fast droplet coalescence and re-
moval.

RESULTS
Design rationale I: Surface chemistry
The hydrophilic directional SRS involves a careful design of both surface
wettability and structures. Surface wettability on a perfectly flat, rigid,
and chemically homogeneous solid surface is governed by Young’s
equation:cos q0 ¼ gSG�gSW

gWG
, where gSG is the solid-gas interfacial tension,

gSW is the solid-water interfacial tension, gWG is thewater-gas interfacial
tension, and q0 is the contact angle (CA) of the droplet on the smooth
surface (Fig. 2A). This equation predicts the thermodynamically most
stable CA on a smooth solid surface with negligible CA hysteresis. By
infusing a liquid lubricant into a nanotextured surface, the liquid
overcoat forms a homogeneous smooth surface (figs. S1 and S2) (18, 19).
Thus, the Young’s equation can be modified to cos q ¼ gOG�gOW

gWG
, where

q is the apparent CA of a water droplet on the liquid-infused substrate,
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gOG is the lubricant-gas interfacial tension, gOW is the lubricant-water
interfacial tension, and gWG is thewater-gas interfacial tension (Fig. 2B).
In this modified equation, all the interfacial tensions can be experimen-
tally determined directly. Here, we refer to a surface as “hydrophobic”
when q > 90° and “hydrophilic” when q < 90°. According to the mod-
ified Young’s equation, creating a hydrophilic surface (that is, q < 90°)
would require gOG to be greater than gOW (that is, gOG > gOW), whereas
creating a hydrophobic surface would require gOG to be smaller than
gOW (that is, gOG < gOW).

On the basis of these physical insights, we have investigated a range
of lubricants that could provide either hydrophobic or hydrophilic
properties. To create a stable liquid-infused substrate, three engineering
criteria must be satisfied (18, 19). First, the surfaces must allow the lu-
bricant to stably wet and conformally adhere to the solid textures. Sec-
ond, it must be energetically more favorable for the lubricants, rather
thanwater, towet the solid textures. Third, the lubricant andwatermust
be immiscible. The design principle of such a slippery surface includes
careful selection of silane coating and lubricant, as well as the design of
surface structures (fig. S1). We have investigated a number of water-
immiscible hydrophobic and hydrophilic lubricants, such as perfluori-
nated oils, hydrocarbons, silicone oils with different terminal functional
groups, and ionic liquids. These lubricants can stably wet the nanotex-
tured surfaces with either perfluorinated silanes or trimethylchlorosilane
(Sigma-Aldrich). Note that, in our surfaces, the surface wettability is pri-
marily governed by the lubricant, not the underlying silane coating. The
lubricants were applied onto the silanized nanotextured surfaces by a
spin-coating process to maintain a microscopically thin layer of lubri-
cant (24, 25). Then, we characterized the static, advancing, and receding
CAs on these liquid-infused smooth surfaces using an automated goni-
ometer (ramé-hart) at room conditions with a 5-ml water droplet and
compared these measurements with the predictions from the modified
Young’s equation. Note that the measured apparent CAs of these mac-
roscopic droplets are based on the best fitting of the droplet geometries,

and no noticeable oil meniscus was observed near the edge of the drop-
lets (Fig. 2, E and F) because of the thin lubricant layer, which is on the
order of 1 mm (26). CA hysteresis (Dq), which is the difference between
advancing (qA) and receding (qR) CAs, is used to characterize the degree
of water droplet pinning onto the surface. The CA hysteresis for these
surfaces is less than 5°. The negligible CA hysteresis indicates that
pinning of water droplets on all of these lubricated surfaces is minimal
(Fig. 2C).

The measured static CAs range from 121.5° for a hydrophobic
SLIPS with perfluorinated lubricant down to 76.2° for a hydrophilic
SLIPS with hydroxy-terminated polydimethylsiloxane (PDMS) as the
lubricant (Fig. 2, D to F, and movie S1). Hydroxy-terminated PDMSs
with a viscosity of 25, 65, and 95 cSt are referred to as hydroxy PDMS-25,
PDMS-65, and PDMS-95, respectively. Our experimental measurements
indicated that the modified Young’s equation can precisely predict the
apparent CAs for these lubricated smooth surfaces. Note that the ap-
plicability of the modified Young’s equation is contingent on three
criteria. First, the surface textures have to be fully immersed under
the lubricant layer (figs. S2 and S3). Second, the lubricant thickness
has to be significantly smaller than the height of the droplet. Relatively
thick lubricants could lead to surface deformation, and the resulting
CA will significantly deviate from the theoretical predictions. The typ-
ical thickness of the lubricant is on the same order of the height of the
nanotextures (that is, ~1 to 2 mm; fig. S2). Third, if a thin lubricant
wrapping layer around the water droplet exists, then the governing
equation would need to be modified to account for the presence of
the wrapping layer (that is, by replacing gWG with gOG + gOW in the
modified Young’s equation). When these criteria are met, the experi-
mental measurements on the macroscopic droplets are in excellent
agreement with those predicted by the modified Young’s equation
(table S1). As a result, the modified Young’s equation allows us to pre-
cisely engineer the wettability of the liquid-infused smooth surfaces,
which can be achieved by using appropriate lubricants.

Fig. 1. Hydrophilic directional SRS inspired by pitcher plants and rice leaves. Side view (top left) and three-dimensional view (top right) of the hydrophilic
directional SRS. Photos and schematics showing the pitcher plant–inspired slippery surface (bottom left) and rice leaf–inspired directional structured surface (bottom
right). The photography of rice leaf was reprinted with permission from Bixler and Bhushan (39).
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Design rationale II: Surface structure
To design a surface for effective condensation, it is important to in-
crease the number of potential nucleation sites (that is, surface area)
without compromising the droplet mobility. Although SLIPS is known
for its excellent droplet mobility, the molecularly smooth and flat sur-
face leads to relatively low numbers of droplet nucleation events. To
this end, we have designed three different SRS: lubricated micropillar
arrays (isotropic SRS), lubricated microgrooves perpendicular to the
droplet sliding direction (perpendicular SRS), and lubricated micro-
grooves parallel to the sliding direction (parallel SRS; fig. S5, A and
B). Hydroxy PDMS-25 is used as the lubricant for all these surfaces.
Note that the isotropic SRS and perpendicular/parallel SRS have the
dimensions of width (50 mm), spacing (50 mm), and height (20 mm).
The perpendicular and parallel SRS are the same sample but were
placed at different orientations during the experiments. The surface
roughness factor R (defined as the ratio of the apparent surface area
and the projected surface area) of SLIPS and the SRS used in our
experiments are ~1 and ~1.4, respectively.

We compared the droplet mobility on these three SRS with a SLIPS,
which consists of liquid-infused nanotextures. Note that all the SRS are
in full contact with thewater droplets (that is, droplets are in theWenzel
state) in the experiments. Compared with the isotropic and perpendic-
ular SRS, the parallel SRS has a smaller CAhysteresis (that is, 1.9° ± 0.8°)
that is comparable to that on SLIPS (that is, 1.2° ± 0.5°; fig. S5A). This is
due to small pinning effects on the liquid droplets in the direction
parallel to the slippery microgrooves, a property that is consistent with
the directional wetting of the rice leaves (27, 28). Because the retention
force for a liquid droplet on a surface is proportional to cos qR − cos qA
(29), liquid droplets condensed on the parallel SRS and SLIPS would
experience similar retention forces. However, the augmented surface
area of parallel SRS as compared to SLIPS will lead to a significantly

increased number of nucleation events, which will further facilitate
the droplet condensation and removal process. Overall, our results in-
dicate that it is possible to design a surfacewith greatly enhanced surface
area without compromising the droplet mobility when the droplets are
in the Wenzel state, which is important for condensation and water
harvesting purposes.

Dropwise condensation
Condensation is a phase change heat transfer process, where a vapor
releases its latent heat and is converted into water droplets. We first in-
vestigated the influence of surface wettability on the condensation per-
formances of the slippery smooth surfaces (that is, SLIPS). Dropwise
condensation experiments were performed using an environmental
scanning electronic microscope (ESEM). This allowed us to observe
the droplet nucleation, coalescence dynamics, and mobility at the mi-
croscale. The samples were fixed at a tilt angle of 60° on a tilting stage.
Then, we set the cooling temperature to –4.5° ± 0.5°C and the chamber
pressure to 3.8 torr (where the associated saturation temperature is
–2.5°C) to maintain the continuous condensation from vapor to water
droplets.We visualized the droplet dynamics at themicroscale on two dif-
ferent water-repellent surfaces, namely, (i) hydrophobic and (ii) hydro-
philic SLIPS. The hydrophobic and hydrophilic SLIPS were composed
of perfluorinated oil (q = 121.5°) and hydroxy PDMS-25 (q = 76.2°)
lubricants, respectively.

Despite the effectiveness of the slippery surfaces in removing con-
densed droplets, we observed that hydrophobic SLIPS greatly hindered
droplet nucleation during the condensation process compared to its hy-
drophilic counterpart (Fig. 3, A to D). For example, the visible drop-
let density (that is, the maximum number of droplets per unit area with
the droplet size <14 mm) during the droplet nucleation process on hy-
drophilic SLIPS is ~268% higher than that on hydrophobic SLIPS at a

Fig. 2. Wetting characteristics of water droplets on lubricant-infused nanostructured surfaces. Schematic showing a liquid droplet sitting on a chemically homo-
geneous and smooth solid surface (A) and a SLIPS (B). (C) CA hysteresis of 5-ml water droplets on SLIPS with different lubricants. Note that ionic liquid used in the experiment is
1-butyl-3-methylimidazolium hexafluorophosphate ([bmim][PF6]). (D) Comparison of theoretical prediction and experimental measurements of water CAs on hydrophobic and
hydrophilic SLIPS. The capital letters correspond to the lubricants used (C). Note that, in our surfaces, the surface wettability is governed by the lubricant, not the underlying
silane coating. Optical images showing a macroscopic water droplet on a hydrophobic (E) and a hydrophilic (F) SLIPS without any noticeable oil meniscus at the contact line.
Krytox 101 and hydroxy PDMS-25 are used as our hydrophobic and hydrophilic lubricants, respectively.
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temperature of −4.5° ± 0.5°C (Fig. 3, B, D, and E, and movie S2). This
observation is consistent with a recent condensation theory, which pre-
dicts that hydrophilic substrates could lead to almost an order of mag-
nitude higher droplet nucleation density compared to hydrophobic
surfaces (21).

Fast droplet coalescence on hydrophilic slippery surfaces can
effectively increase the droplet volume over time, which in turn favors
fast droplet removal by gravity (Fig. 3, C and F). We calculated the co-
alescence rate bymeasuring the time from the onset of nucleation to the

time the largest observed droplet reaches a specified volume (for exam-
ple, ~4462 mm3). The coalescence rate on the hydrophilic slippery sur-
face is ~388%higher than that on the hydrophobic one. This finding can
be understood from three perspectives: First, each single droplet on a
hydrophilic surface has a larger contact area compared to the one with
the same droplet volume on a hydrophobic surface. This reduces the ef-
fective distance between the neighboring droplets, which creates an envi-
ronment that promotes the occurrence of coalescence events. Second,
the relatively large nucleation density enables faster droplet coalescence

Fig. 3. Influence of surface chemistry on dropwise condensation performance. (A) Schematic showing dynamic coalescence on a hydrophobic slippery surface with
small nucleation density. (B) Microscale condensate on a hydrophobic slippery surface (with Krytox 101 as the lubricant; CA = 121.5° ± 2.2°). The droplets are highly mobile,
resulting in dynamic coalescence, but the hydrophobic nature of the surface limits droplet nucleation. (C) Schematic showing dynamic coalescence on a hydrophilic slippery
surface. The surface has a large number of nucleation sites, resulting in efficient coalescence. The large contact area of the droplets facilitates heat conduction from the hot
side to the cold side and coalescence of neighboring droplets. (D) Microscale condensate on a hydrophilic slippery surface. The surface has numerous nucleation sites, and the
droplets are highly mobile (with hydroxy PDMS-25 as the lubricant; CA = 76.2° ± 1.8°). (E) Visible droplet density (that is, the maximum number of droplets per unit area with
droplet size <14 mm during the nucleation process) on the hydrophilic and hydrophobic slippery surfaces. (F) Coalescence rate on the hydrophilic and hydrophobic slippery
surfaces. (G) Shedding frequency of coalesced droplets on the hydrophilic and hydrophobic slippery surfaces. The tilt angle of the surface is 60°. Scale bars, 100 mm. Error bars
represent SDs of measurements from three separate image analyses of a given condensation experiment.
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because the droplets are closer to each other on the hydrophilic surface.
Finally, we have observed that microscale water droplets on some of the
hydrophobic lubricants form a wrapping layer at the water-air interface,
which leads to non-coalescence droplets, and greatly reduce the coales-
cence rate (30). However, these non-coalescence events have not been
observed in the hydroxy PDMS system (movie S3), which could also ac-
count for the faster droplet coalescence rate for the hydrophilic SLIPS.

In addition to droplet coalescence, shedding of droplets by gravity is
an important droplet removal mechanism during the condensation
process. Here, the shedding of a droplet occurs when the gravity acting
on a growing droplet overcomes the surface retention force (29). The
shedding frequency of condensate droplets on the hydrophilic slippery
surface is ~194%higher than that on the hydrophobic one (Fig. 3, D and
G). Distinct from the vertical jumping droplet motion on SHS (12), the
tangential sweeping droplet movement is another efficient mechanism
for droplet coalescence and removal (31). On the hydrophilic slippery
surfaces, droplet sweeping can occur efficiently owing to the high-
density nucleation, resulting in fast removal of adjacent droplets. Note
that this phenomenon has never been observed on hydrophilic solid
surfaces previously because of the pinning of liquid droplets at defects
and surface flooding.

Because the nucleation process originates at the molecular scale,
experimental study of nucleation is extremely challenging. Therefore,
we have performed molecular dynamics (MD) simulations to gain fur-
ther physical insight into the nucleation process on our surfaces (Fig. 4).
Building on recent MD studies showing the effect of surface energy (or
surface wettability) on condensation nucleation (32), we considered the
functional groups relevant to our surface chemistry displayed as the
terminal groups on an alkanethiol self-assembled monolayer (SAM).
Namely, we characterize the influence of different functional groups
on nucleation by using a well-defined control surface. Our MD simula-
tions demonstrate that surface functional groups can significantly influ-
ence the nucleation process on the liquid-infused surfaces. In our MD
simulations, the SAM surface is kept at 373 K, whereas the initial water
vapor temperature is set at 450 K. The nucleation rate for each func-
tional group was characterized from an average of nine independent
simulations as the time for most (70%) of the water vapor molecules
to condense on the surface. Our data show that the more hydrophilic
the surface, the faster the vapor condenses. For example, the –OH
group showed ~16 and ~17 times faster heterogeneous nucleation rates
than the –CH3 and –CF3 groups, respectively (Fig. 4E and table S2).

We observed that, on hydrophobic surfaces (that is, the –CH3 and
–CF3 terminated SAMs), individual water molecules or small clusters
that impact the surface will return to the vapor phase due to the rela-
tively weak attraction forces (fig. S7), similar to those observed by Xu et al.
(32). Only when a large enough cluster of around 50 ± 20 water mole-
cules encounters the surface does it finally attach onto the surface, and at
that point, the cluster continues to grow while maintaining a high CA
(Fig. 4, A and B). In contrast, for a hydrophilic surface (that is, the –OH
terminated SAM), individual water molecules or small clusters attach
directly onto the surface without revisiting the bulk vapor phase
(Fig. 4C); therefore, the formation of water clusters within the bulk
vapor phase (which can be thought of as homogeneous nucleation) is
suppressed. This greatly enhances the water condensation process on
the surface. In addition, the growing water clusters spread on the sur-
face, which is consistent with the wetting characteristic of a hydrophilic
surface. This further enhanced the vapor condensation rate because
there is a much larger surface area on the hydrophilic surface for water
vapor to condense,whereas for the hydrophobic surfaces, thewater vapor

is restricted to condensing onto a small surface area because the droplet is
prevented from spreading due to the surface hydrophobicity.

With this fundamental understanding, we constructed a model sys-
tem to consider the nucleation process on hydroxy PDMS using MD
simulations. On the basis of the composition of the hydroxy PDMS
we used in our experiments, we constructed a SAM surface that consists
of randomly distributed 80% –CH3 and 20% –OH terminal functional
groups. Water condensation occurs in the vicinity of the –OH sites, as
shown in Fig. 4D and fig. S7. In particular, the nucleation rate on hy-
droxy PDMS is about seven and six times faster than that on the –CF3
and –CH3 terminated surfaces, respectively (Fig. 4E and table S2). These
results are consistent with relatedMD studies showing that hydrophilic
spots can have a large effect on the surface-water interactions (2, 33, 34).
Our MD simulations provide the molecular basis on how a hydroxy-
terminated surface can enhance the surface-water interactions, thereby
significantly reducing the water nucleation time on the surface. This
further supports the importance of hydrophilic surface chemistry in
promoting water nucleation.

Fig. 4. MD simulations of water condensed on SAMs. Representative snapshots
of water droplets/layers for (A) –CF3 functional groups, (B) –CH3 functional
groups, (C) –OH functional groups, and (D) hydroxy PDMS (80% –CH3 and 20%
–OH functional groups). The CA during droplet growth is consistent with the mac-
roscopic angle expected for each surface chemistry but with large fluctuations.
(E) Water condensation timeline for a representative simulation of each surface
chemistry in (A) to (D). The y axis records the number of water molecules within
4 nm (in the z direction) of the surface; this includes some vapor and thus has a
nonzero baseline, as shown in the plot.
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Next, we investigated the influence of a slippery interface (that is,
liquid lubrication) on the overall dropwise condensation performance.
We compared the performance of micro/nano hierarchical micro-
grooves (that is, hierarchical SHS) and hydrophilic parallel SRS (that
is, hierarchical SHS with a conformally coated lubricant layer) to de-
termine the influence of a slippery interface on condensation efficiency.
Note that the hierarchical SHS used in this study do not perform
jumping droplet function. Compared to hierarchical SHS (Fig. 5A),
our hydrophilic parallel SRS have much higher droplet mobility due
to slippery interfaces while the nucleated droplets on the SHS are
highly pinned (Fig. 5, A and C, and movies S3 and S4). Liquid-infused
slippery surfaces favor droplet growth and movement due to the
higher thermal conductivity of oil than gas and negligible CA hyster-
esis (8, 35). For example, the thermal conductivity of hydroxy PDMS-
25 is ~0.15 W/(m·K), which is about six times higher than that of air

(table S1). Thus, liquid lubricant could substantially reduce the thermal
resistance for heat conduction compared to gas lubricant in SHS
(Fig. 5A). In addition, a single microscale droplet can be highly mobile
on the liquid lubricant, resulting in a more effective droplet coales-
cence and removal on liquid-infused surfaces compared to SHS, where
the droplet is in contact with the solid surface. As shown by our ESEM
studies, the SRS can remove condensates faster, quickly re-exposing
large water-free regions for further condensation. This indicates that
the presence of the lubricant layer greatly enhances droplet mobility
and removal. Note that, to facilitate the droplet coalescence, it is de-
sirable to use a thin lubricant layer (that is, on the order of 1 mm
or less) because relatively thick lubricant layers [for example, >50 ±
10 mm; see the study of Boreyko et al. (30)] will be prone to the for-
mation of droplets with significant wrapping layers and form non-
coalescence droplets.

Fig. 5. Dropwise condensation on hierarchical SHS, hydrophilic SLIPS, and hydrophilic directional SRS. (A) Condensation on a hierarchical SHS. The droplets are
highly pinned, and the SHS shows complete flooding after 100 s. The presence of gas holes (highlighted with white circles) acts as a thermal barrier and hinders heat
transport. (B) Condensation on a hydrophilic SLIPS. Smaller droplets coalesce and are rapidly removed, but the larger droplets act as thermal barriers on the surface.
(C) Condensation on a hydrophilic directional SRS. Smaller droplets move into the slippery microchannels, and larger droplets can be effectively drained away by the
slippery microchannels. Hydroxy PDMS-25 was used on the SLIPS and on the SRS to ensure that they had the same surface chemistry. Note that the orientations of
the SEM images in (C) were rotated 180° so that the direction of gravity in the image and in reality (for the reader) is aligned. The surface was tilted by 60° during the
tests. Scale bar, 100 mm (for all images).

S C I ENCE ADVANCES | R E S EARCH ART I C L E

Dai et al., Sci. Adv. 2018;4 : eaaq0919 30 March 2018 6 of 10

 on April 23, 2020
http://advances.sciencem

ag.org/
D

ow
nloaded from

 



Finally, we compared the performance of hydrophilic SLIPS and hy-
drophilic parallel SRS to understand the effect of microscale structures
and increased surface area. Compared to SLIPS, SRS have a larger ex-
posed surface per unit projected area and therefore more nucleation
sites. Furthermore, the capillary wetting and effective drainage on SRS
resulted in faster condensate removal relative to SLIPS, leading to supe-
rior vapor condensation performance (Fig. 5, B and C, and movie S5).
Overall, the hydrophilic parallel SRS showed a superior condensation
performance over its equivalent hierarchical SHS and SLIPS owing to
the significantly improved droplet nucleation, coalescence, and shedding.

Fog harvesting
In another application example, we used the hydrophilic parallel SRS for
fog harvesting at the macroscale (Fig. 6). Fog harvesting is a water col-

lection process where tiny water droplets frommist are adsorbed onto a
surface without any heat transfer (2, 36). In ourmeasurements, we used
an infrared camera and thermocouple to measure the surface, water,
and atmosphere temperatures to ensure that there is no net temperature
difference for the occurrence of heat transfer.

First, we investigated the influence of surface chemistry on the over-
all fog harvesting performance.Whenwe compared the performance of
hydrophobic and hydrophilic SLIPS (Fig. 6 and movie S6), we found
that hydrophilic SLIPS exhibited a fog harvesting rate of 351.2 ±
9.2 mg/(hr∙cm2), which is 71.1 ± 4.4% higher than that of a hydropho-
bic SLIPS (Fig. 6D). The result further reinforces that it is energetically
more favorable for tiny water droplets from themist to adsorb onto hy-
drophilic slippery surfaces than onto the hydrophobic ones, and high-
lights the importance of the hydrophilic surface chemistry for fog

Fig. 6. Fog harvesting on hydrophobic SLIPS, hydrophilic SLIPS, hydrophilic SRS, and hierarchical SHS. Optical images showing water droplet nucleation and
mobility comparisons for the following: (A) the influence of surface chemistry (fog harvesting on hydrophobic and hydrophilic SLIPS), (B) the influence of surface
structure (fog harvesting on hydrophilic SLIPS and hydrophilic directional SRS), and (C) the influence of slippery interface (fog harvesting on hierarchical SHS and
hydrophilic directional SRS). (D) Fog harvesting rates on different surfaces. The surfaces were positioned vertically during the tests. Scale bars, 5 mm. Error bars rep-
resent SDs from three individual measurements.
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harvesting. In addition to hydrophobic and hydrophilic SLIPS, we have
also compared the fog harvesting performances of hydrophilic SRS and
hydrophobic SRS of R = ~2 (movie S7). On the hydrophilic SRS, dro-
plets can be absorbed and transported away faster. This is due to the
hydrophilic surface chemistry where the spreading of droplets favors
droplet coalescence and removal. However, on the hydrophobic SRS,
the water absorption is comparatively slower. Therefore, our direct ex-
perimental comparison shows that the hydrophilic SRS performs better
in fog harvesting than hydrophobic SRS.

Next, we investigated the influence of a slippery interface on the
fog harvesting performance. We compared the performance of hier-
archical SHS and hydrophilic parallel SRS (Fig. 6B and movie S8). The
channel and pillar widths for the parallel SRS were both 50 mm with a
depth ranging from 20 to 50 mm, which corresponds to roughness
factors of ~1.4 and ~2, respectively. The fog harvesting rate on the
hydrophilic parallel SRS is 206.9 ± 7.7% better compared with the hi-
erarchical parallel SHS (Fig. 6, C and D). The large air fraction of the
nanoscale textures of SHS encourages tiny water droplets larger than
the nanopillar spacing from attaching to the surface by maintaining
them in the Cassie state (movie S8). When smaller water vapor drop-
lets adhere onto the surface, they would enter the Wenzel state be-
cause of high Laplace pressure arising from the nanoscale spacing
of the nanotextures and become pinned. As a result, hierarchical
SHS displayed a much smaller droplet removal rate compared to that
of hydrophilic parallel SRS. This observation is consistent with the fog
harvesting performance on a control nanotexture-only SHS, where the
performance is inferior to that of the hydrophilic SLIPS (that is, nano-
textured SHS infused with the hydrophilic lubricant; movie S9).

Finally, we investigated the influence of surface structures on fog
harvesting performance.We compared the performance of hydrophilic
SLIPS and hydrophilic parallel SRS (Fig. 6, C and D). The hydrophilic
parallel SRS (with the height h = 20 mm) exhibited a fog harvesting rate
of 435.1 ± 11.3 mg/(hr∙cm2), which is 23.9 ± 3.2% better than hydro-
philic SLIPS. The slippery microgrooves are favorable for droplet coa-
lescence and efficient for water drainage, resulting in fast droplet
removal (Fig. 6D and movie S10). By increasing the heights of the mi-
crogrooves from 20 to 50 mm at a constant width of 50 mm (that is, R
increases from~1.4 to ~2), the fog harvesting rate on parallel SRS can be
further increased by 15.1 ± 2.9% (Fig. 6D). This indicates that the fog
harvesting performance can be further enhanced by engineering the
dimensions of the surface structures.We note that while increasing sur-
face roughness enhances fog harvesting rates, the rate increase is not
proportional to the surface area because the fog harvesting process is
also dependent on the droplet coalescence and transport. Parametric
study on the channel geometry of the directional SRS on the overall
fog harvesting rate will be interesting to investigate further and will
be a subject of future study.

Overall, the fog harvesting rate on the hydrophilic parallel SRS
investigated here is 206.9 ± 7.7% and 143.8 ± 6.1% higher than that
on the hierarchical SHS and hydrophobic SLIPS, respectively. There-
fore, hydrophilic parallel SRS showed the best performance in fog
harvesting compared to the hydrophilic and hydrophobic SLIPS, as
well as the SHS present in this study.

DISCUSSION
In summary, we have demonstrated that hydrophilic directional SRS
can outperform their hydrophobic counterparts and nonlubricated
SHS in both droplet nucleation and mobility during dropwise conden-

sation and fog harvesting processes. Many of these water conden-
sates have traditionally pinned to the surface textures—a result of an
irreversible transition from the Cassie state to the “sticky”Wenzel state.
Our hydrophilic directional SRS resolves this long-standing issue by
combining the unique surface functions of pitcher plants (that is, slip-
pery interface) and rice leaves (that is, directional structures and micro/
nano hierarchical structures), which can repel liquids regardless of how
they wet the surfaces. Note that the longevity and robustness of the
hydrophilic directional SRS can be further optimized by engineering
the surface textures, tuning the lubricant viscosity, or using lubricant-
infused polymers accordingly depending on specific applications (fig. S6).
Our work not only demonstrates the first examples of applications using
Wenzel state droplets but also shows the possibility of creating a hydro-
philic coating with excellent droplet nucleation and water-repellent
functions, which may contribute to a broad range of applications related
to water and energy, such as antifouling for marine ships, dropwise con-
densation for power generation and desalination, and water harvesting
in arid regions.

MATERIALS AND METHODS
Fabrication of nanotextured surface
The nanostructures were fabricated on a 100 mm <100> p-type silicon
wafer with a thickness of 450 mm. We used a modified black silicon
method (37), in which SF6, C4F8, and O2 with the flow rates of 300,
300, and 100 sccm (standard cubic centimeter perminute), respectively,
were used to etch the plain silicon wafer and obtain uniform nanostruc-
tures. The nanotextured siliconwafer was cleaned using oxygen plasma.
Subsequently, the sample was silanized using trimethylchlorosilane
(Sigma-Aldrich). Afterward, lubricant such as Krytox 101 (viscosity
of 17.4 cSt at 20°C; DuPont) or hydroxy-terminated PDMS (viscosity
of 25 cSt at 25°C; Sigma-Aldrich) was coated on the silanized nanotex-
tured silicon wafer using a spin coater (Laurell, model WS-650MZ-
23NPP). We used a spin speed of 12,000 rpm to fully remove excess
lubricant from the surface because the CA does not change when the
spin speed is further increased (fig. S3D).

Dropwise condensation in ESEM
The lubricant-infused nanotextured surface was visualized using an
ESEM (FEI Quanta 3D 200) by Peltier cooling to capture the surface
morphology on an angled stage (tilted at 60°). The applied voltage
was 20 kV, and the current was 2.1 nA for the operation of ESEM.
The temperature was reduced to – 4.5° ± 0.5°C, and the pressure was
set to 3.8 torr during the ESEM tests. All the images and videos were
captured at the same pressure and temperature conditions.

Fog harvesting
A conventional ultrasonic humidifier (Crane EE-5301) was used to
produce cool mist. The droplet size was 2 to 4 mm. All the surfaces
were placed vertically, facing the mist, which flow toward the sur-
face at a tilted angle of 45° ± 5°. The distance between the outlet of
the mist and the vertical substrate was ~5 cm. To avoid the edge effect
from the sample substrate, the mist was diverted onto the sample sur-
face directly. The dripping water was collected by a clean beaker. The
mass measurements of the collected water were performed using a
high-resolution analytical balance (resolution = 0.1 mg; Mettler Toledo
XP504 DeltaRange). The weight of the beaker before and after collection
was measured asM0 andMa, respectively. The weight of the lubricated
sample before and after collection was measured as Ms0 and Msa,
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respectively. The total mass of harvested fog in a given interval of
time was Mf = (Msa + Ma) – (Ms0 + M0).

MD simulations
Two hundred twenty-four alkanethiol molecules have their sulfur
atoms fixed in the x-y plane, as if they are bonded to a gold (111)
surface, with lattice constant a = 5√2 (21.6 Å2 per sulfur) following
the study of Acharya et al. (33). The fully fluorinated chains have
lattice constant a = 5.9√2 (30.1 Å2 per sulfur) (38). Fully atomistic
force field parameters were obtained from CGenFF (CHARMM
General Force Field). The flexible SPC/E water model was used be-
cause it is one of the few water models with the correct liquid/vapor
surface tension. The simulation cell was 300 Å high with a water vapor
density of 2 × 10−4 molecules/Å3; the upper 40 Å was thermostated at
450 K, and the initial water vapor temperature was set at 450 K; the
alkanethiols were thermostated at 373 K to provide a “cool” surface
following the study of Xu et al. (32). To mimic the hydroxy PDMS
surface, three different randomly generated surfaces consisting of
80% –CH3 and 20% –OH functionality of the alkanethiol molecules
were constructed, each using a different seed for the random number
generator so that the –OH functional sites were in different locations.
This allows us to conduct three separate simulations to ensure that our
results were not biased by any one choice of the functional group as-
signments. Detailed information about material design, lubrication
and wetting characterization, and the MD simulations can be found
in the Supplementary Materials.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/4/3/eaaq0919/DC1
section S1. Descriptions of movies S1 to S10
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section S3. Wetting equations on liquid-infused surfaces
section S4. Design of SRS
section S5. Longevity of SRS
section S6. MD simulations for droplet nucleation
fig. S1. Design principle of the surface structures.
fig. S2. SEM images of nanotextures and SLIPS.
fig. S3. Wetting characteristics on liquid-infused slippery surfaces.
fig. S4. Wetting models of a water droplet on difference surfaces.
fig. S5. Design of directional SRS.
fig. S6. The effect of nanotextures on lubricant retention.
fig. S7. Nucleation on various functionalized surfaces.
table S1. CAs and thermal conductivities of different lubricants used in this study.
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