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Microscale water droplets move

toward larger ones spontaneously

A thicker hydrophilic lubricant

layer shows a higher heat transfer

coefficient

A stronger coarsening effect leads

to a larger water harvesting rate
The rapid removal of condensed droplets is desired for efficient water harvesting.

In this work, Guo et al. report a coarsening effect—in other words, smaller droplets

climb spontaneously on the oil meniscus of a larger one. This coarsening effect can

rapidly remove microscale condensates to increase the water harvesting rate.
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SUMMARY

Water harvesting through the condensation of vapor in air has the po-
tential to alleviate water scarcity in arid regions around the globe.
When water vapor is condensed on a cooled surface, tiny water drop-
lets act as thermal barriers. Thus, theymust be removed rapidly for effi-
cient water harvesting. Passive technologies for droplet removal rely
on in-site growth and direct contact of densely distributed droplets.
However, it is challenging to remove submicrometer droplets that
lead to a poor water harvesting rate. Here, we present a coarsening ef-
fect to rapidly remove water droplets with diameters <20 mm from the
hydrophilic slippery liquid-infused porous surface (SLIPS).We quantita-
tively study the driving and drag forces to enhance the rapid droplet
size evolution. The self-propelled coarsening effect enables rapid
droplet removal regardless of surface orientations, showing a prom-
ising approach compared to those on PEGylated hydrophilic surface,
hydrophobic SLIPS, and superhydrophobic surface inwater harvesting.

INTRODUCTION

Surfaces that enable rapid vapor-to-liquid condensation and promote droplet

removal to reduce thermal resistances are strongly desired for condensation-driven

water harvesting.1–5 A hydrophilic surface favors vapor-to-liquid nucleation in a

steam environment, but typically the condensed water droplets are pinned on the

surface and lead to complete coverage of the surface by a layer of water (i.e., film-

wise condensation), which is characterized by a small heat transfer coefficient

(HTC) due to the low thermal conductivity of water (0.6 W/m , K at 20�C).6 Liquid-re-
pellent surfaces, either air-infused surfaces (also called superhydrophobic surfaces

[SHSs]) or liquid-infused surfaces (also called slippery liquid-infused porous surface),

promote dropwise condensation that shows a 10 times higher HTC than filmwise

condensation due to the rapid removal of condensates.7

The jumping droplet phenomenon gives rise to a special dropwise condensation.8

When condensed droplets grow to a certain size, they will coalesce with one

another. During the coalescence process of those droplets, their surface energy

will be converted to kinetic energy and the coalesced droplets will jump off the sur-

face, which has been shown to produce the effective removal of condensates from

the surface. However, the jumping process relies on an air lubricant and hydrophobic

coatings,8 which implies some challenges to effective condensation: (1) air has a

much lower thermal conductivity (0.026 W/m , K) than water; (2) hydrophobic sur-

face chemistry hinders vapor-to-liquid nucleation in a steam environment; (3)

condensation may occur inside the rough structures, and the condensate can cover

the surface;9 (4) the direct contact of condensed droplets with one another is essen-

tial for coalescence, which results in densely distributed droplets and a reduced

water-free area for further vapor condensation.
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To circumvent the use of an air lubricant, researchers developed the slippery liquid-

infused porous surface (SLIPS) by replacing the air lubricant with liquid lubricant.10–12

The original liquid-infused surfaces were designed to minimize the pinning forces

and achieve super-liquid repellency, so the surface design did not consider the

nucleation process. Liquid-infused surfaces weremodified for condensation applica-

tions by minimizing the wrapping layer (also called cloaking)13 or creating patterned

hydrophilic micropillars to improve nucleation.14 Unlike an air lubricant that does not

favor thermal conductance, the liquid lubricant completely covers the solid gaps, so

the condensation occurs on either the solid or the liquid surface.15 When condensed

droplets grow to a certain diameter, they are shed from a vertical surface by gravity

owing to the small pinning force.13

Recent studies have observed the dynamic movements of water droplets on hy-

drophobic liquid-infused surfaces. The droplet motion could be controlled by

the capillary mechanism similar to the ‘‘Cheerios effect’’ on silicone oil-infused sur-

faces.16 Droplets moved to the sidewalls of the channel through the oil meniscus at

the sharp corners.17 Likewise, the silicone oil menisci formed around patterned hy-

drogel dots could generate a contact angle gradient on the two sides of each

droplet so that all of the surrounding droplets move toward the hydrogel

dots.18 By adding hollow channels in the center of the patterned hydrogel dots,

directional water droplet pumping and collection were achieved.19 On Krytox

oil-infused surfaces, condensed smaller droplets could also move toward larger

ones, but the speed decreased sharply as the smaller droplet entered into the

oil meniscus between them through Stokes flow and showed a decreased speed.

When droplets were fully submerged into the Krytox oil, a large amount of non-

coalescence droplets were observed due to the existence of the oil wrapping

layer.20,21 Surrounding the large droplets, there are many tiny non-coalescence

droplets, which hinder further nucleation. Even though droplet dynamics have

been extensively investigated on hydrophobic SLIPS, four fundamental challenges

in condensation remain unsolved: (1) Droplet dynamics during the condensation of

water vapor on hydrophilic SLIPS remains poorly understood. As SLIPS was origi-

nally developed for droplet repellency, hydrophobic but not hydrophilic oil lubri-

cants (e.g., silicone oil,15 Krytox oil20) are widely used. (2) When the hydrophobic

lubricant cloaks the water droplets, droplet growth and coalescence are signifi-

cantly delayed.22 (3) Microdroplets with diameter D < 20 mm cannot be rapidly

removed before the contact-triggered coalescence or shedding occurs.22,23 (4)

The design guidelines to improve condensation on hydrophilic SLIPS are not

clearly elucidated. In particular, the meniscus-mediated climbing effect has not

been reported before.

To address those challenges, on a hydrophilic SLIPS (i.e., a hydrophilic oil-

infused surface), we present a meniscus-mediated coarsening effect that en-

ables rapid droplet coalescence and removal. We define the coarsening effect

as a smaller droplet climbs spontaneously toward a larger droplet that is sur-

rounded by oil meniscus. The unique climbing mechanism contributes to the

rapid coalescence and removal, resulting in rapid droplet size evolution during

condensation. We find that the coarsening-enabled droplet removal provides

large water-free areas and significantly reduces the thermal resistance of

condensed water. Therefore, the improved coarsening effect rapidly removes

tiny droplets with diameters <20 mm on hydrophilic SLIPS with increased lubri-

cant thickness, which contradicts the convention that a higher thickness of liquid

lubricant increases the conductive thermal resistance and hinders condensation

heat transfer.
2 Cell Reports Physical Science 2, 100387, April 21, 2021



Figure 1. Coarsening droplets on hydrophilic SLIPS

(A) Schematic of coarsening droplets on hydrophilic SLIPS. Small and medium droplets move

toward a larger droplet and form a coalesced droplet (moving direction shown by the arrows). The

small droplet climbs on the oil meniscus. The insets are a confocal image of the oil meniscus dyed

by Coumarin 6 around a water droplet, and the schematic is the chemical composition of hydroxy-

terminated PDMS infused into the nanopillar. Scale bar, 200 mm.

(B) ESEM images of the coarsening droplet. The white arrows show the direction of movement of

the smaller droplets 1, 2, and 3, which is toward the larger droplet 4. The right panel shows a

coalesced large droplet.

(C) Schematic of the droplet growth phenomenon on a PEGylated hydrophilic surface. Droplets

need to contact others and coalesce to form a large droplet.

(D) ESEM images of droplet coalescence on the PEGylated hydrophilic surface. Droplets 1, 2, and 3

contact each other and coalesce.

(E) Contact angle and contact angle hysteresis of three slippery surfaces. Scale bars, 200 mm. The

error bars are from the measurement uncertainties.

(F and G) Coarsening droplet is observed on both (F) dew harvesting and (G) fog harvesting tests on

hydrophilic SLIPS.
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RESULTS

Coarsening droplet

Our experiments were carried out on hydrophilic SLIPS with hydroxy-terminated pol-

ydimethylsiloxane (HPDMS) as the liquid lubricant (Figure 1A; refer to Method de-

tails for details on sample preparation and setup) in a humid chamber with a cooling

plate at 4�C (detailed parameters are in Experimental procedures, Dew harvesting

and fog harvesting test). The hydroxy group of HPDMS provides strong electrostatic

forces with water molecules. Therefore, it is more attractive to water vapor on the

entire surface than other functional groups such as the trifluoromethyl group, result-

ing in superior vapor-to-liquid nucleation.2When a water droplet is condensed or set

on hydrophilic SLIPS, an oil meniscus spontaneously forms around the droplet due to

the larger surface tension of water than that of HPDMS (right inset in Figure 1A). Each

water droplet will be surrounded by oil meniscus due to the elastocapillary ef-

fect.24,25 When the oil menisci are in contact, but the water droplets are not con-

tacted, the surface tension force of the oil menisci induces spontaneous droplet
Cell Reports Physical Science 2, 100387, April 21, 2021 3
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movement. Therefore, tiny droplets move toward droplets with an equivalent or

larger size from all directions and coalesce with them immediately when they are

in contact (<0.1 s) during dew harvesting (Figures 1A, 1B, and S1A; Video S1).

Tiny water droplets climb toward their adjacent larger water droplets through the

oil menisci surrounding the larger ones. This meniscus-mediated spontaneous

droplet climbing on hydrophilic SLIPS leads to the rapid removal of smaller droplets

and the rapid growth of larger droplets.

To elucidate the importance of the oil meniscus, we studied the droplet dynamics on

a hydrophilic surface with negligible contact angle hysteresis (i.e., PEGylated hydro-

philic surface26). On PEGylated hydrophilic surfaces, droplet growth is dominated by

either vapor adsorption or contact-triggered coalescence (Figures 1C and 1D; Video

S1). Tiny droplets only grow in a fixed position before they contact adjacent droplets

and coalesce to form a larger droplet, even though the water contact angle and con-

tact angle hysteresis on the PEGylated hydrophilic surface are 38� G 1� and 3� G 1�,
respectively. On hydrophilic SLIPS, the water contact angle and contact angle hys-

teresis are 76.4� G 1� and 2.3 G 0.5�, respectively (Figure 1E). This shows that the

oil meniscus is essential to achieving the coarsening effect.

The coarsening effect (i.e., climbing)-enabled rapid droplet coalescence is unique on

hydrophilic SLIPS owing to three characteristics (Figure S1; Video S2; Supplemental

experimental procedures): (1) ultra-small oil/water interfacial tension, (2) hydrophilic

surface chemistry that gives a small meniscus angle, and (3) surface tension force pro-

vided by the oil meniscus. We observed the coarsening effect independently on

HPDMS and ionic liquid lubricants, which have interfacial tensions with water as 7.1

and 17.8mN/m, respectively (Figure S1). We experimentally demonstrated that micro-

scale water droplets can float on HPDMS oil and coalesce with each other (Figure S2).

This supported that water droplets could climb on the oil meniscus but not submerge

in it. (If not specified, we use HPDMS oil as the hydrophilic lubricant in this work.) The

coarsening effect can be identified by the climbing effect and rapid coalescence. This is

distinct from the Ostwald ripening, which relies on the diffusion of a disperse phase

within a bulk phase in emulsions.27 As a comparison, water droplets on hydrophobic

SLIPS with Krytox 101 or mineral oil show Stokes flow but not climbing. Their interfacial

tensions with water are 53.8 and 50.7 mN/m, respectively. Krytox 101 forms a wrap-

ping layer (i.e., cloaking) (Figures S3A and S3B) and mineral oil does not form a wrap-

ping layer (Figures S3C and S3D), but the small droplets on these 2 hydrophobic SLIPS

show Stokes flow andmove into the oil menisci, resulting in a large drag force and non-

coalescence. Such a Stokes flow prevents droplets from rapid coalescence. This indi-

cates that the wrapping layer may be irrelevant to the climbing effect, as droplets on

both Krytox 101 andmineral oil exhibit Stokes flow. Themeasured lubricant properties

are found in Table S1. Recent work showed small satellite droplets that were

condensed on large droplets on an ionic liquid-infused SLIPS, while we observed the

coarsening effect. The nucleation of satellite droplets was initiated after SLIPS was fully

covered by the large cloaked host droplets,28 indicating ionic liquid formed awrapping

layer on the water droplets. This further demonstrates that the coarsening effect does

not directly rely on the absence of the wrapping layer. To enhance the coarsening ef-

fect, we require a small tilted angle of oil meniscus (Figure S2) and a large driven force

provided by the surface tension force of the oil lubricant. Therefore, a hydrophilic lubri-

cant with a low oil-water interfacial tension and a high oil surface tension could enhance

the coarsening effect.

To distinguish the coarsening effect with thermocapillary flow,29 we performed dew

harvesting with cooling (Figure 1F) and fog harvesting at room temperature
4 Cell Reports Physical Science 2, 100387, April 21, 2021



Figure 2. Droplet size distribution on different surfaces

(A) Droplet size distribution on hydrophilic SLIPS was captured by a microscope during the dew harvesting test. It shows the coarsening effect-induced

evolution of droplet size distribution with time.

(B) Droplet size distribution on PEGylated hydrophilic surface captured by a microscope during the dew harvesting test.

(C) The number of droplets on hydrophilic SLIPS. Tiny droplets (D% 20 mm) evolve to intermediate size droplets (20%D% 150 mm) and giant droplets (D

R 150 mm).

(D) The number of droplets on the PEGylated hydrophilic surface. It shows only tiny droplets (D % 20 mm).
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(Figure 1G). We observed the coarsening effect during both tests. The maximum

percentage of water coverage area of fog harvesting is 23%, which is lower than

that of dew harvesting, at 27%, because condensation generates more tiny droplets

(Figure S4; Video S3). With the oil meniscus-mediated coarsening effect, tiny drop-

lets rapidly coalesce and form giant droplets that can be removed by gravity.

Coarsening effect enabled rapid droplet size evolution

Themeniscus-mediated coarsening effect gives rise to a rapid droplet size evolution

on hydrophilic SLIPS. In this work, we define droplets with diameters <20 mm as

‘‘tiny’’ droplets and droplets with diameters >150 mm as ‘‘giant’’ droplets. The coars-

ening effect resulted in a large number of giant droplets immediately after nucle-

ation on the surface (Figure 2A; Video S4). In contrast, the PEGylated hydrophilic sur-

face is covered by a large number of tiny droplets (Figure 2B; Video S4). We found

that such long-distance and fast coalescence led to an evolution of droplet size dis-

tribution with time (Figure 2C). The evolution of droplet size is not related to gravi-

tational effects, but results mainly from the meniscus-mediated coarsening effect

(Video S5). The coarsening effect increases the number of giant droplets significantly

(e.g., from 16 to 510 /cm2 within 5 s, as shown in Figure 2C). Meanwhile, the number

of the medium-sized droplets (D = 20–150 mm) increases from 2.33 103 to 3.53 103

/cm2 (black columns, Figure 2C). The nucleation and condensation constantly occur

in the water-free area and the number of tiny droplets varies slightly, from 2.5 3 105

to 2.1 3 105 /cm2 (blue columns, Figure 2C). The number of tiny droplets was main-

tained due to the hydrophilic surface chemistry-enabled rapid nucleation. The giant
Cell Reports Physical Science 2, 100387, April 21, 2021 5
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droplets also spontaneously move laterally and coalesce with each other. The coars-

ening effect removes tiny droplets rapidly and provides a large water-free area for

further condensation/dew harvesting. On the PEGylated hydrophilic surface, the

droplet size distribution evolves slightly from 7 to 12 s due to the contact-triggered

droplet coalescence (Figure 2D; Video S5). Even though the hydrophilic nature of

the PEGylated surface could increase the harvesting rate of water, droplets are

highly pinned on the surface before coalescing and shedding. As a result, the oil

meniscus-mediated coarsening effect provides giant droplets with sizes >150 mm

immediately after nucleation, outperforming the PEGylated hydrophilic surface

that lacks the coarsening effect.

Coarsening droplet on hydrophilic and hydrophobic SLIPS

The coarsening effect significantly increases the heat transfer performance as it pro-

vides a rapid droplet size evolution and droplet removal. As HPDMS has a low ther-

mal conductivity (�0.15 W/(m , K)), a thicker HPDMS layer provides a larger thermal

resistance, which results in a smaller condensation HTC or water harvesting rate.

However, we showed that the water harvesting rate on hydrophilic SLIPS with a

thicker lubricant is faster than the one with a thinner lubricant due to a stronger

coarsening effect. To elucidate this, we studied 2 lubricants: hydrophilic lubricant2

and hydrophobic lubricant,12 with the similar thicknesses of 9.1 G 0.3 mm and

3.0G 0.3 mm, respectively (Figures 3A–3D). We used different spin speeds to control

the thicknesses of the lubricants (Figure S5). The apparent contact angles and

apparent contact angle hysteresis decreased with the increasing lubricant thickness

(Figure S6). During the dew harvesting test, we observed giant droplets on the hy-

drophilic lubricant with a thickness of 9.1 mm (Figure 3A) forming faster than that

on the one with a thickness of 3.0 mm (Figure 3B). This results from a stronger coars-

ening effect that enabled droplet size evolution on the hydrophilic SLIPS with a

thicker lubricant. However, we observed a much smaller number of giant droplets

on hydrophobic SLIPS with the lubricant thickness of 9.1 mm than that on hydrophilic

SLIPS with the identical lubricant thickness (Figure 3C). On hydrophobic SLIPS with

the lubricant thickness of 3.0 mm, only tiny droplets are formed on the surface

without a coarsening effect (Figure 3D). The hydrophilic SLIPS with the lubricant

thickness of 9.1 mm shows the strongest coarsening effect (Video S6), resulting in

rapid droplet size evolution.

To quantize the impact of the coarsening effect on water harvesting, we measured

the dew harvesting rate on both hydrophilic and hydrophobic SLIPS with varying

lubricant thicknesses (Figure 3E). On hydrophobic SLIPS, the dew harvesting rate de-

creases from 3.8 to 2.4 g m�2 min�1 when the lubricant thickness is increased from

3.0 to 9.1 mm (i.e., increased thermal resistances) (red squares, Figure 3E). However,

the dew harvesting rate increases from 4.2 to 7.1 g m�2 min�1 when the lubricant

thickness is increased from 3.0 to 9.1 mm (i.e., increased thermal resistances) on hy-

drophilic SLIPS (blue dots, Figure 3E). With an identical lubricant thickness, hydro-

philic SLIPS shows a higher harvesting rate than hydrophobic SLIPS due to the stron-

ger coarsening effect-induced rapid droplet size evolution. This indicates that the

dew harvesting rate is governed by the competition of the coarsening effect and

thermal resistance when the lubricant thickness varies.

To elucidate the influence of the coarsening effect and thermal resistance on

condensation-governed dew harvesting, we calculated the HTC of hydrophilic and

hydrophobic SLIPS based on a well-developed condensation model.22,30,31 Note

that we used the theoretical size distribution to calculate the HTC by considering

the coarsening length (see Supplemental experimental procedures). With the
6 Cell Reports Physical Science 2, 100387, April 21, 2021



Figure 3. Water harvesting on hydrophilic SLIPS versus hydrophobic SLIPS with varying lubricant thicknesses

(A and B) Water harvesting performance on hydrophilic SLIPS (HPDMS) during the dew harvesting test on (A) 9.1 mm lubricant thickness and (B) 3.0 mm

lubricant thickness. The rapid formation of large-size droplets on the thicker lubricant results from the stronger coarsening effect.

(C and D) Water harvesting performance on hydrophobic SLIPS (Krytox 101) during the dew harvesting test on (C) 9.1 mm lubricant thickness and (D)

3.0 mm lubricant thickness. No large droplet was formed due to the weak coarsening effect.

(E) Experimental study of water harvesting rate on hydrophilic and hydrophobic SLIPS performed in a humidity chamber.

(F) Theoretical study of the heat transfer coefficient on hydrophilic and hydrophobic SLIPS during dropwise condensation.

Scale bars, 250 mm. The thicknesses have a standard error bar of G0.3 mm. The error bars are from the measurement uncertainties.
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increase in the lubricant thickness on hydrophobic SLIPS, the thermal resistance in-

creases and leads to a reduced HTC of 23.8–12.3 kW/m2 , K (red squares, Figure 3F).

This trend is in line with the convention that increasing thermal resistance reduces

the HTC. However, due to a stronger coarsening effect on hydrophilic SLIPS, the

HTC increases from 30.6 to 78.4 kW/m2 , K with the increased lubricant thickness

(blue dots, Figure 3F) (see Supplemental experimental procedures). Even though

a thicker lubricant layer (i.e., 9.1 mm) has a larger thermal resistance than a thinner

one (i.e., 3.0 mm) (Figures S7 and S8), the stronger coarsening effect shows a long

coalescence length. This reduces the radius of coalesced small droplets, indicating

easier droplet removal. As condensed droplets are rapidly removed from the sur-

face, the water-free area will favor further vapor nucleation on hydrophilic SLIPS

due to electrostatic interactions. The theoretical study of the HTC reveals the
Cell Reports Physical Science 2, 100387, April 21, 2021 7



Figure 4. The mechanism of the coarsening effect on hydrophilic SLIPS

(A) Schematic of climbing.

(B) ESEM image of climbing. The white arrow shows the droplet movement as the water droplet

climbs on the oil meniscus.

(C) Schematic of lateral movement.

(D) ESEM image of lateral movement. The white arrow shows the droplet movement.

(E) Theoretical and experimental coarsening speed. Droplets in the light blue-colored area are in

the climbing state. The lubricant used is hydroxy-terminated PDMS. The thickness of the lubricant is

9.1 mm. Scale bars, 100 mm. The error bars are from the measurement uncertainties.
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importance of coarsening effect for condensation enhancement. On hydrophobic

SLIPS, even though droplets could move to one another by the oil meniscus, the

dense distribution of droplets significantly increases the thermal resistance. On hy-

drophilic SLIPS, a stronger coarsening effect is able to remove smaller sizes of drop-

lets when the coalescence length is identical. As a result of the rapid removal of tiny

droplets, the water harvesting rate and HTC are both increased with the increased

lubricant thickness due to a stronger coarsening effect on hydrophilic SLIPS, despite

the increased thermal resistance.

Modeling of coarsening droplet

To further understand the mechanism of the meniscus-mediated coarsening process

on hydrophilic SLIPS, we divided the droplet movement into two stages: climbing

(Figures 4A and 4B) and lateral movement (Figures 4C and 4D). We introduce the no-

tation that LO,L is the length of the oil meniscus surrounding the larger droplet, where

DS is the diameter of the smaller droplet. When LO,L > DS, and the smaller droplet is

in contact with themeniscus of the larger droplet, the smaller droplet will move later-

ally toward the larger droplet and climb on the oil meniscus (Figures 4A and 4B;

Video S7, left). When LO,L < DS, the 2 droplets move laterally toward each other

and coalesce (Figures 4C and 4D; Video S7, right). Once the menisci of those
8 Cell Reports Physical Science 2, 100387, April 21, 2021
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droplets are connected, they will spontaneously move toward each other.

Compared with the well-known Cheerios effect32 (i.e., solid particles move laterally

toward one another33), our meniscus-mediated droplet movement exhibits three

characteristics: (1) the water droplet shows both climbing and lateral movement, de-

pending on the droplet diameters on hydrophilic SLIPS; (2) the water droplets could

coalesce immediately when they contact one another; and (3) the meniscus-medi-

ated coalescence leads to the rapid removal of smaller droplets and enhances the

growth of larger droplets. Moreover, due to the coarsening effect, smaller droplets

can move toward larger droplets and coalesce with them from all directions, regard-

less of the surface orientation (Videos S5 and S7).

To provide quantitative design rules for the coarsening effect, we studied the phys-

ical mechanisms of the climbing and lateral movement processes. We simplified the

coarsening effect and only focused on two droplets, as shown in Figures 4A and 4C,

whereDL andDS are the diameters of the larger and smaller droplets, respectively; qL
and qS are apparent contact angles of the larger and smaller droplets, respectively;

LO,L and LO,S are the meniscus lengths of the larger and smaller droplets, respec-

tively; H(x) is the meniscus shape function based on the length of oil meniscus LO;

h is the lubricant thickness; and LC = LO,L + LO,S is the ‘‘coarsening length’’ between

two droplets (Figure 4C). In the modeling, we simplified the droplets as a sphere

shape for calculation. The driving force for lateral movement in the x-direction

(see Supplemental experimental procedures) studied in a previous paper34 is

Fx = Fs;x = 2pgov

QLQS

x
(Equation 1)

where Fx is the force component in the x-direction; x is the distance between 2 drop-

lets, with 0% x% LC; Fs,x is the surface tension force component in the x-direction of

the oil meniscus surrounding the water droplet; gov is the oil-vapor interfacial tension

(i.e., 21.2 mN/m for HPDMS); and QL and QS are the ‘‘capillary charges’’35 of larger

and smaller droplets, respectively. The capillary charge relates to the contact angle

of the water droplet on oil lubricants (Equation S18 in Supplemental experimental

procedures). Here, we assume that the contact angles of those droplets are the

same as the static contact angle (i.e., 64�) on the hydrophilic SLIPS.

When the smaller water droplet climbs the oil meniscus of the larger water droplet,

there is one additional force applied on the smaller droplet due to the tilting of the

oil meniscus while the lateral force acts on the smaller droplet. As shown in Table S2,

the Bond number (Bo) = 8.4 3 10�3 << 1 for water droplets with diameters no more

than 150 mm. The interfacial tension force dominates, and gravitational force can be

neglected. Thus, the climbing droplet can be simplified as it moves on the oil

meniscus that surrounds a larger droplet. Then, the total driving force for the climb-

ing droplet is

Fx = Fs;x + Fp;x (Equation 2)

where Fs;x is the lateral movement force in Equation 1, including the contribution

from forces due to the interface (Figures S9 and S10), and Fp;x is the simplified force

of hydrostatic pressure of the oil meniscus acting on the smaller water droplet in the

x-direction (Equations S18, S19, S20, S21, S22, S23, S24, S25, S26, S27, S28, and S29

in Supplemental experimental procedures). Figure S9 shows the surface tension

contribution and simplified force of the hydrostatic pressure components in the x-di-

rection due to the tilting of the smaller water droplets on the oil meniscus. The

driving force for lateral movement in Equation 1 is given by Equation 2, with Fp,x =

0. While the smaller water droplet moves laterally on the oil-infused surface, there
Cell Reports Physical Science 2, 100387, April 21, 2021 9
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is a layer of oil lubricant underneath the water droplet, which generates a drag force

dependent on the droplet size and speed.36,37 As the height of the oil meniscus is

smaller than the droplet height, we assume that the oil meniscus moves underneath

the droplet, which is not the Stokes flow in this case, and is different from the droplet

movement on Krytox oils.20 For a coarsening droplet, the climbing time is <1 s (Fig-

ure 4B). Moreover, the thickness under the moving droplet predicted by Landau-

Levich entrainment is similar to the meniscus height. In this case, the underneath

thickness could be simplified with the drag force for average speed (Supplemental

experimental procedures). Thus, the drag force is estimated as:

FdzpgloDSCa
2 =

3 (Equation 3)

where Ca = hU/glo is the capillary number, glo is the interfacial tension of water and

oil, h is the viscosity of the lubricant, and U is the speed of the water droplet. During

the coarsening process, climbing occurs within 1 s, and the distance between the 2

water droplets is <200 mm. Thus, the Reynolds number of the smaller droplet is Re =

ðrUDs =mÞ, where r = 998 kg/m3 is the density and m = 1.5 N , s/m2 is the dynamic

viscosity of water at 4�C, U = 200 mm/s is the speed of the water droplet, and Ds =

100 mm is the diameter of the droplet. Thus, Re = 10�4 << 1 shows that the convec-

tive inertial effects are much smaller than the viscous effects,38 and the acceleration

of the droplet could be ignored. To attain the coarsening speed for both climbing

and lateral movement water droplets, the driving force is equal to the drag force

as Fd = Fx. Therefore, the theoretical coarsening speedU of the smaller water droplet

as a function of distance x is (see Supplemental experimental procedures)

U =
glo

h

 
gov

glo

Q2Q1

Rx
+

gov

gloR
Q2

1

LO;L
HðxÞ+ gov

2gloR

1

LO;L

�
DS

2

1

LO;L
HðxÞ

�2
!

3
2 (Equation 4)

where H(x) is the height of the oil meniscus at distance 0 % x % LR between the

smaller and larger droplets (Figure S10). As we measured the experimental coars-

ening speed based on the distance and time of the movements on SLIPS with a lubri-

cant thickness of 9.1 mm, we simplified the average theoretical coarsening speed U

shown as Equation S29 in the Supplemental experimental procedures. In this case,

to obtain a reliable speed, we fixed the diameter of the larger water droplet DL =

200 mm and then measured the speed of smaller water droplets with diameters

from 10 to 200 mm. The experimental coarsening speed and theoretical coarsening

speed U show good agreement both in climbing and lateral movement processes

(Figure 4E). Note that the critical droplet diameter between the lateral movement

and climbing is hard to determine experimentally, leading to a sharp transition.

The light blue area in Figure 4E is the coarsening speed for climbing droplets,

with DS % 55 mm < LO,L, while a droplet could only be in the lateral movement

when LO,L < DS. The experimental coarsening speed of the self-climbing droplet

could reach as high as 250 G 10 mm/s at DS = 10 mm showing a higher speed than

lateral movement.
Coarsening speed and coarsening length

We define the speed of a coarsening droplet as average coarsening speed and

instantaneous coarsening speed. The instantaneous speed is the speed of the

droplet at a certain position, which depends on the distance x between larger and

smaller droplets shown in Equation 4. Meanwhile, the average coarsening speed

is the integral of instantaneous speed along the moving direction, which includes

both lateral and climbing movement. We measured the average coarsening speed

based on the coarsening length (LC) between two droplets (i.e., the distance be-

tween red-dashed circles of 1 and 2) (Figure 5A). When the oil menisci start to
10 Cell Reports Physical Science 2, 100387, April 21, 2021



Figure 5. The dynamics of coarsening droplets on hydrophilic SLIPS with varying lubricant

thicknesses

(A) Average coarsening speed: coarsening length over the total time of lateral movement and

climbing. The coarsening length (LC) shown as the white arrow is the distance between two

droplets. The red dashed circle denotes a droplet, and the yellow dashed circle denotes an oil

meniscus surrounding a droplet.

(B) Instantaneous coarsening speed: the coarsening speed of a smaller droplet at a certain position.

Here, we chose the position that is closest to the larger droplet, which shows the highest

instantaneous coarsening speed due to climbing.

(C) Average coarsening speed depends on lubricant thickness.

(D) Oil meniscus length depends on lubricant thickness. Selected droplet diameters are 30, 50, 70,

and 100 mm.

(E) Coarsening effect increased the number of giant droplets (D R 150 mm) and reduced the

number of tiny droplets (D % 20 mm) on hydrophilic SLIPS with increasing lubricant thickness. The

data were collected 20 s after first nucleation on the surfaces. The error bars are from the

measurement uncertainties.
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contact (i.e., the yellow-dashed circles of 1 and 2 are tangent in Figure 5A), droplet 2

starts moving toward droplet 1. Then, we calculated the average coarsening speed

as U = LC=t, where t is the time for droplet 2 to droplet 1. Meanwhile, the instanta-

neous coarsening speed increases when the smaller droplet is close to the larger

droplet (climbing), showing a higher speed (�1,200 mm/s; Figure 5B) than the

average coarsening speed (�230 mm/s, D = 50 mm; Figure 4E). The smaller droplet

is accelerated when it moves close to the larger droplet in the climbing process on

hydrophilic SLIPS (Figure 5B). However, droplets on hydrophobic SLIPS show a sharp

deceleration of speed from 800 to 0 mm/s when they are close to the larger drop-

lets.20 While the instantaneous coarsening speed varies at different positions, the

average coarsening speed is more appropriate to characterize the speed during

the entire coarsening process.

As the lubricant thickness significantly influenced the coarsening effect (Figure 3), we

quantified the average coarsening speed on hydrophilic SLIPS with the lubricant
Cell Reports Physical Science 2, 100387, April 21, 2021 11
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thicknesses of 3.0, 3.7, 6.5, and 9.1 G 0.3 mm, where the average coarsening speed

of the smaller coarsening droplets (D = 10–50 mm) are 80, 110, 200, and 250 mm/s,

respectively (Figure 5C). When the lubricant thickness is increased from 3.0 to

9.1 mm, the coarsening speed is increased by 210%, showing a stronger coarsening

effect.

We also found that the oil meniscus length LO surrounding a water droplet is equally

important as the coarsening speed. As the coarsening effect requires the contact of

oil menisci, a larger water droplet with a longer coarsening length could potentially

harvest a larger area of smaller water droplets. Therefore, there are no droplets

within the oil meniscus length, which provides a larger water-free area for sustain-

able condensation. Here, 4 different diameters,D = 30, 50, 70, and 100 mm, are cho-

sen to show the oil meniscus length of a single droplet (Figures 5D and S11). A larger

oil meniscus length on a thicker SLIPS enables a tiny droplet to move over larger dis-

tances for generating giant droplets. As a consequence of increased lubricant thick-

ness, which shows a higher coarsening speed and longer coarsening length, the

number of the droplets <20 mm decreases significantly from 6.5 3 104 to 3.1 3

103/cm2, and the number of giant droplets (Figure 5E) increases from 0 to 530/

cm2 (Figure S12; Video S8). The number of giant droplets formed during the given

time indicates that the coarsening effect effectively removes the tiny water droplets

on the hydrophilic SLIPS. A thicker lubricant layer h = 9.1 mm shows a stronger coars-

ening effect, which is visualized by a smaller number of tiny droplets and a high den-

sity of the giant droplets. This phenomenon is determined by the drag force, which

strongly depends on the lubricant thickness. Once the smaller water droplet moves

on SLIPS, a shear force will be applied in the lubricant layer underneath the droplet.

When two droplets move on the lubricant at the same velocity, the drag force caused

by the thinner lubricant will be larger due to a larger velocity gradient in the lubricant

layer t = mðdu =dyÞ, where m is the viscosity of the oil lubricant, ðdu =dyÞ is the veloc-

ity gradient within the oil lubricant, and t is the shear stress. As a consequence, a

thinner lubricant layer will decrease the coarsening effect due to the higher drag

force and smaller oil meniscus length. A strong coarsening effect will show a high

coarsening speed with a long coarsening length.

Coarsening effect enhanced dew harvesting

The coarsening effect occurs on SLIPS with different coarsening speeds, but not on

the PEGylated hydrophilic surface (Figures 6A and S13; Video S9). Hydrophilic SLIPS

shows a higher average coarsening speed (U z 250 mm/s) enhanced by climbing,

while hydrophobic SLIPS shows a lower speed (U z 130 mm/s). There is no droplet

movement on the PEGylated hydrophilic surface. The hydrophilic SLIPS also showed

the largest number of giant droplets due to the strongest coarsening effect (Fig-

ure 6B; Video S9). Based on the driving force in Equation 2, a larger contact angle

provides a smaller force for lateral movement. In addition, when water droplets

are on the hydrophobic SLIPS, the length of the oil meniscus may be smaller or iden-

tical to the diameter of the water droplet, which leads to the smaller droplet not

climbing. With a small oil meniscus, the coarsening effect is weak, so large droplets

can still contact one another directly. On hydrophilic SLIPS, the coarsening effect

generates a large number of giant droplets. Therefore, the percentage of water

coverage area is maintained at �30% before droplet shedding (Figure 6C). On hy-

drophobic SLIPS, the percentage of coverage area is 14% at the beginning, which

is smaller than that on hydrophilic SLIPS. This is due to poor nucleation on the hydro-

phobic lubricant. Due to the weak coarsening effect and the existence of non-coales-

cence droplets, the percentage of the coverage area increased before the droplet

shedding, demonstrating an average percentage of coverage area of 51%
12 Cell Reports Physical Science 2, 100387, April 21, 2021



Figure 6. Coarsening effect enabled rapid water harvesting

(A) Coarsening speed varies with the choice of the surfaces. No coarsening effect on PEGylated

hydrophilic surface with a negligible contact angle hysteresis. The coarsening speed is measured

for droplets with a diameter of 10–50 mm.

(B) The number of droplets >150 mm varies with the surfaces. The inset images show a part of the

surfaces with the large droplets. The scale bars are 500 mm for inserted images. The data were

collected 20 s after the first nucleation on the surfaces.

(C) The percentage of water coverage area varies for different surfaces during the dew harvesting

test. The starting time is the first nucleation that occurs on the surfaces. The arrow points out that

the droplet shedding decreases the coverage area.

(D) Dew harvesting rates on hydrophilic SLIPS, hydrophobic SLIPS, PEGylated surface, and SHS. All

of the tests are condensation-driven dew harvesting. No droplet shedding in the yellow region due

to slow droplet size evolution during the 5 min dew harvesting tests. The error bars are from the

measurement uncertainties.
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(Figure 6C). However, on the PEGylated hydrophilic surface, droplet growth relied

only on vapor absorption and contact-triggered coalescence, so small droplets

are densely distributed. Therefore, the percentage of water coverage area is 74%,

which is 150% larger than that on hydrophilic SLIPS (Figure 6C). Hence, there was

a small water-free area for further vapor nucleation. We also observed that droplet

shedding only occurred on hydrophilic SLIPS during the dew harvesting test for

500 s. This resulted from the rapid coarsening effect that enabled droplet size evo-

lution. Thus, droplets could easily reach the shedding diameter and shed off on hy-

drophilic SLIPS, which further reduced the water coverage (Figures 6C and S13;

Video S9).

Due to the strong coarsening effect for removing tiny droplets and gravity-assisted

shedding of giant droplets,13 the dew harvesting rate on hydrophilic SLIPS is 200%

and 219% higher than those on hydrophobic SLIPS and PEGylated hydrophilic sur-

face, as well as 220% higher than that on the SHS (Figure 6D). There was no droplet

shedding on the hydrophobic SLIPS and the PEGylated hydrophilic surface, so they

showed a nearly identical harvesting rate. With a high coarsening speed and large

coarsening length, the nucleated tiny droplets could spontaneously move toward
Cell Reports Physical Science 2, 100387, April 21, 2021 13
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and coalesce with larger ones, resulting in a large water-free area for further vapor

condensation. Thus, the coarsening effect-enabled rapid removal of tiny water drop-

lets on hydrophilic SLIPS results in the highest harvesting rate.

DISCUSSION

We reported a meniscus-mediated spontaneous droplet climbing and rapid coa-

lescence on hydrophilic SLIPS, which we characterize as a coarsening effect. The

self-generated oil menisci surrounding water droplets can provide a bridge for

droplets with sizes <20 mm to climb toward and coalesce with the larger droplets.

The coarsening effect enabled rapid droplet climbing, and coalescence without

any external energy or temperature gradient is unique on hydrophilic SLIPS, which

results in rapid droplet size evolution and small water coverage area during the

condensation process. Droplets with sizes >150 mm can rapidly form and shed

from hydrophilic SLIPS, providing large water-free areas for further vapor conden-

sation. The fundamental driving force for the coarsening effect results from the

surface tension force and oil meniscus-mediated capillary force acting on water

droplets. In particular, an increased oil thickness improves the coarsening speed

and coarsening length (i.e., smaller droplets can climb the oil menisci and coalesce

with the larger droplets faster). To enhance the coarsening effect, a hydrophilic

lubricant with low interfacial tension and a high oil surface tension is preferred.

There also exists a trade-off between the coarsening effect and thermal resistance.

Although an increased thickness of hydrophilic lubricant provides a larger thermal

resistance, the stronger coarsening effect-assisted droplet removal significantly re-

duces the thermal resistance of condensed water, giving rise to rapid nucleation

and droplet size evolution. Therefore, a slightly thicker lubricant leads to a higher

heat transfer performance, although its conductive thermal resistance is slightly

higher. As a result, the rapid removal of smaller droplets and fast shedding of

larger droplets on hydrophilic SLIPS maintain a percentage of water coverage

<�30% for dropwise condensation. This, in turn, provides a higher water harvest-

ing rate on hydrophilic SLIPS than those on hydrophobic SLIPS, the PEGylated hy-

drophilic surface, and the SHS.

This work focused on the fundamental elucidation of the coarsening effect (i.e.,

meniscus-mediated climbing), which will provide a theoretical guideline for surface

design. The current HPDMS-enabled hydrophilic SLIPS suffers from lubricant deple-

tion after 4 h during dew harvesting. Creating a durable coarsening surface is a po-

tential research direction in this area. We envision that our fundamental understand-

ing will provide design guidelines to make artificial surfaces for the coarsening

effect, which will pave a way for water harvesting, condensation, and refrigeration

applications.

EXPERIMENTAL PROCEDURES

Resource availability

Lead contact

Further information and requests for resources should be directed to and will be ful-

filled by the lead contact, Xianming Dai (dai@utdallas.edu).

Materials availability

All unique surfaces generated in this study are available from the lead contact

without restriction.

Data and code availability

All data are available from the lead contact upon reasonable request.
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Preparation of SHSs

The nanostructures (Figure S14) on SHSs were fabricated on a 10 cm < 100 > p-

type silicon (Si) wafer (Nova Electronic Materials) with a thickness of 450 mm.

Cleaned Si wafers were immediately immersed into a solution of 4.8 M hydrofluoric

acid (HF) and 0.01 M silver nitrate (AgNO3) for 1 min to deposit catalysts. The silver

ions (Ag+) were reduced to Ag nanoparticles, which deposited on the Si surfaces

and acted as catalysts to enhance local etching. The wafer with catalyst was placed

in the etching solution containing 4.8 M HF and 0.3 M hydrogen peroxide (H2O2)

for 4 min, which gave a 1-mm depth of the nanostructures. After the etching, the

wafers were placed into a 30% diluted nitric acid (HNO3) solution to dissolve the

Ag nanoparticle. Then, the wafer was washed with deionized water (DI water)

and dried with nitrogen (N2) gas. Finally, the nanostructured black Si was silanized

by chlorotrimethylsilane (Sigma-Aldrich) in the vapor phase to make superhydro-

phobic surfaces.
Preparation of SLIPS

Oil lubricant was spin coated on the SHSs to form liquid-infused surfaces by a spin

coater (Laurell WS-650-23B). The spin speed determined the thickness of the oil

lubricant (Figure S5). Hydroxy-terminated poly(dimethylsiloxane) (average Mn

�550, viscosity �25 cSt) was purchased from Sigma-Aldrich. The ionic liquid

(1-butyl-1-methylpyrrolidinium bis (trifluoromethylsulfonyl) imide [BMP-BTI]) was

purchased from TCI Chemicals. Perfluorinated fluid (Krytox GPL 101) was obtained

from DuPont. Carnation white mineral oil was obtained from Sonneborn.
Preparation of PEGylated hydrophilic surface

We followed the recipe reported in a previous paper.26 Cleaned Si wafers were

exposed to oxygen (O2) plasma for 15 min and subsequently immersed in a solution

consisting of 1 mL 2-[methoxy(polyethyleneoxy)6-9propyl]trimethoxysilane (Gelest)

and 8 mL hydrochloric acid (Fisher Chemical) in 10 mL anhydrous toluene (VWR)

for 18 h at room temperature. Lastly, the PEGylated surfaces were rinsed with anhy-

drous toluene, ethanol, and DI water and stored in DI water for further use.
Dew harvesting and fog harvesting tests

A self-built chamber was used for the condensation test at atmospheric pressure

(1 atm). For the dew harvesting test, a cooling plate was added underneath SLIPS

to generate and harvest tiny droplets, which was controlled by a chiller (NESLAB

RTE111). The humidity was 95% G 3%, generated by a humidifier (Crane Drop

Ultrasonic Cool Mist Humidifier). The room temperature (water vapor temperature)

was 22�C and the dew point was 20�C. The sample temperature was 4�C, the same

as the cooling plate temperature. The videos and images were captured using a

Nikon camera (D5600) assembled with a microscope (Amscope 7X-45X Binocular

Stereo Zoom microscope). We measured the weight of the substrate before and

after the dew harvesting test to calculate the dew harvesting rate. The fog harvest-

ing test was performed at room temperature (20�C–22�C) with a humidifier.
Fluorescence confocal microscopy

To test the lubricant thickness andmeniscus shape on the lubricated black Si surface,

the FV-MPEMultiphoton Microscope (Olympus MPE-RS TWIN) was used. Lubricants

were dyed by Coumarin 6 (TCI Chemical) at a weight concentration of 1%with further

filtration. The power was fixed as 9% with voltage 560 V. The infrared (IR) laser wave-

length was 900 nm and the fluorescence filter was U-FGW (green, 530–550/570/575

LP). Water droplets were not dyed.
Cell Reports Physical Science 2, 100387, April 21, 2021 15



ll
OPEN ACCESS

Please cite this article in press as: Guo et al., Hydrophilic slippery surface enabled coarsening effect for rapid water harvesting, Cell Reports
Physical Science (2021), https://doi.org/10.1016/j.xcrp.2021.100387

Article
Contact angle and surface tension measurements

The contact angle measurements and the surface tension measurements were car-

ried out using a standard goniometer (model 290, ramé-hart instrument) at room

temperature under ambient conditions (20�C–22�C, �50 % relative humidity). All

of the contact angle values were averaged from at least 5 independent measure-

ments by applying �5 mL droplets on the test platform. With the change in the lubri-

cant thickness, the contact angles change at the same time. In Figure S6A, the

apparent water contact angles on hydrophilic SLIPS are 64.2�, 65.7�, 72.4�, and
76.4� for lubricant thickness of 9.1 G 0.3 mm, 6.5 G 0.3 mm, 3.7 G 0.3 mm, and

3.0 G 0.3 mm, respectively. In Figure S6B, the apparent water contact angles on hy-

drophobic SLIPS are 113.4�, 115.5�, 117.5�, and 121.3�, for lubricant thickness of

9.1 G 0.3 mm, 6.5 G 0.3 mm, 3.7 G 0.3 mm, and 3.0 G 0.3 mm, respectively. For sur-

face tension measurements, we used the pendant droplet method. The measure-

ment stand error is G1 mN/m.
Environmental SEM

The oil-infused nanotextured surface was visualized using an environmental scan-

ning electron microscope (ESEM, Zeiss EVO LS 15 SEM) on a Peltier cooling angled

stage (tilted at 60�). The applied voltage was 20 kV and the current was 2.1 nA for the

operation. The pressure was set to 3.8 torr, and the temperature was fixed at

�4.5�C G 0.5�C.
SUPPLEMENTAL INFORMATION

Supplemental Information can be found online at https://doi.org/10.1016/j.xcrp.

2021.100387.
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