
Preferential water condensation on
superhydrophobic nano-cones array

Item Type Article

Authors Jin, Yong; Qamar, Adnan; Shi, Yusuf; Wang, Peng

Citation Jin Y, Qamar A, Shi Y, Wang P (2018) Preferential water
condensation on superhydrophobic nano-cones array.
Applied Physics Letters 113: 211601. Available: http://
dx.doi.org/10.1063/1.5053697.

Eprint version Publisher's Version/PDF

DOI 10.1063/1.5053697

Publisher AIP Publishing

Journal Applied Physics Letters

Rights This article may be downloaded for personal use only. Any other
use requires prior permission of the author and AIP Publishing.
The following article appeared in Applied Physics Letters and may
be found at http://doi.org/10.1063/1.5053697.

Download date 23/05/2023 20:36:24

Link to Item http://hdl.handle.net/10754/630184

http://dx.doi.org/10.1063/1.5053697
http://hdl.handle.net/10754/630184


Reuse of AIP Publishing content is subject to the terms at: <a href="https://publishing.aip.org/authors/rights-and-permissions">https://publishing.aip.org/authors/rights-
and-permissions</a>. Downloaded to: 109.171.137.210 on 03 December 2018, At: 04:32

Preferential water condensation on superhydrophobic nano-cones array
Yong Jin, Adnan Qamar, Yusuf Shi, and Peng Wang

Citation: Appl. Phys. Lett. 113, 211601 (2018); doi: 10.1063/1.5053697
View online: https://doi.org/10.1063/1.5053697
View Table of Contents: http://aip.scitation.org/toc/apl/113/21
Published by the American Institute of Physics

Articles you may be interested in
Phase control of plasmon enhanced two-photon photoluminescence in resonant gold nanoantennas
Applied Physics Letters 113, 211101 (2018); 10.1063/1.5051381

Efficient generation of nitrogen-vacancy center inside diamond with shortening of laser pulse duration
Applied Physics Letters 113, 211102 (2018); 10.1063/1.5054730

Surfactant-induced chemical ordering of GaAsN:Bi
Applied Physics Letters 113, 211602 (2018); 10.1063/1.5045606

Atomic layer deposition of titanium nitride for quantum circuits
Applied Physics Letters 113, 212601 (2018); 10.1063/1.5053461

Beyond coffee ring: Anomalous self-assembly in evaporating nanofluid droplet on a sticky biomimetic substrate
Applied Physics Letters 113, 213701 (2018); 10.1063/1.5063605

Nonlinear vibrations of circular single-layer black phosphorus resonators
Applied Physics Letters 113, 211901 (2018); 10.1063/1.5055950

http://oasc12039.247realmedia.com/RealMedia/ads/click_lx.ads/test.int.aip.org/adtest/L16/325634570/x01/AIP/MMR_AOL_1640x440_Nov_14_20_2018/MMR-APL_PDF_1640x440_Nov_14-20_2018.jpg/6b33416a6446764a2b52554143633676?x
http://aip.scitation.org/author/Jin%2C+Yong
http://aip.scitation.org/author/Qamar%2C+Adnan
http://aip.scitation.org/author/Shi%2C+Yusuf
http://aip.scitation.org/author/Wang%2C+Peng
/loi/apl
https://doi.org/10.1063/1.5053697
http://aip.scitation.org/toc/apl/113/21
http://aip.scitation.org/publisher/
http://aip.scitation.org/doi/abs/10.1063/1.5051381
http://aip.scitation.org/doi/abs/10.1063/1.5054730
http://aip.scitation.org/doi/abs/10.1063/1.5045606
http://aip.scitation.org/doi/abs/10.1063/1.5053461
http://aip.scitation.org/doi/abs/10.1063/1.5063605
http://aip.scitation.org/doi/abs/10.1063/1.5055950


Preferential water condensation on superhydrophobic nano-cones array

Yong Jin, Adnan Qamar, Yusuf Shi, and Peng Wanga)

Water Desalination and Reuse Center, Division of Biological and Environmental Science and Engineering,
King Abdullah University of Science and Technology, Thuwal 23955-6900, Saudi Arabia

(Received 24 August 2018; accepted 4 November 2018; published online 19 November 2018)

Condensed water droplet jumping on superhydrophobic surfaces has been a hot research topic during

the last decade for various applications including enhancing condensation, antifogging, self-cleaning,

electrostatic energy harvesting, and anti-icing/frosting surfaces. In the present work, a superhydro-

phobic nano-cone array is prepared by simple chemical bath reaction followed by silane modification.

The tip of an individual nano-cone is only around 10 nm. The nano-cone array is also characterized

by cavities among cones with varying sizes due to the imperfect alignment of individual nano-cones

to the substrate. We demonstrate theoretically and experimentally that water condensation preferen-

tially occurs within larger cavities among hydrophobized nano-cone arrays. After extrusion from cav-

ities, droplets form a partial Cassie state which is a prerequisite of coalescence induced jumping.

Moreover, growth rates of droplets extruded from larger cavities are larger than those from smaller

cavities. Droplet jumping is observed at the very first coalescence and after multiple coalescence

events under a microscope. The jumping droplet size is at tens of microns, demonstrating that drop-

lets can be efficiently removed from the nano-cone array. In general, it is indicated that condensation

can be controlled by purposely designing nano-scale structures, which would provide valuable sug-

gestion for applications involving water condensation. Published by AIP Publishing.
https://doi.org/10.1063/1.5053697

Water condensation is a ubiquitous phenomenon occur-

ring both in nature and engineered industrial processes with

wide applications ranging from heat transfer,1 thermal desa-

lination2–4 to dew harvesting.5–7 Dropwise condensation

has been well recognized to be more efficient in terms of

heat transfer than filmwise condensation8 and thus is pre-

ferred in such processes as condensation in power plant and

water collection in membrane distillation. Recently, con-

densed droplet jumping on superhydrophobic surfaces has

been a hot research topic during the last decade.9,10

Condensed water droplet jumping on superhydrophobic sur-

faces is an interesting phenomenon in which neighboring

(two or multiple) condensed water droplets coalesce and

jump off the surface due to the release of surface energy

upon coalescence and low adhesion from the surface. Due

to the small size of the jumping water droplets, enhanced

condensation induced by droplet jumping has been reported

at low sub-cooling degrees.11–20 In addition to enhancing

condensation heat transfer, the droplet jumping phenome-

non has also been reported to enhance the performance of

antifogging,21 self-cleaning,22 electrostatic energy harvest-

ing,23,24 thermal management of electronic devices,25,26 and

anti-icing/frosting surfaces.27–31

It is critical to understand the condensation behavior on

superhydrophobic surfaces for optimizing surface design

in different applications. Although condensation on some

well-patterned surfaces has been investigated using an environ-

mental scanning electron spectroscope (E-SEM)32,33 and simu-

lation studies,34 fundamental insights into condensation

behavior on various existing superhydrophobic surfaces

promoting condensation droplet jumping are still under-

explored.35–38

As a phase change process, water condensation starts

from nucleation according to the classical nucleation theory,

followed by individual droplet growth and coalescence. Water

condensation spontaneously occurs when the change in Gibbs

free energy (DGtotal) is negative. DGtotal can be expressed as

DGtotal ¼ �qVDeþ DGboundary; (1)

where q is the density of water, V is the volume of liquid

water, De is the Gibbs free energy change from vapor to liq-

uid per unit mass, and DGboundary is the boundary Gibbs free

energy change including liquid-vapor and liquid solid inter-

faces. For homogeneous condensation, DGboundary only

includes liquid vapor interfacial surface free energy, while it

includes liquid-vapor and liquid-solid boundaries in hetero-

geneous condensation. Energy barrier needs to be overcome

in order to form stable nuclei when a critical nuclei size (r*,

usually around 10 nm under low supersaturation conditions;

see supplementary material S1 for a detailed description) is

reached.39

The hydrophobic structure with a small dimension

(characteristic length R) comparable to the critical nuclei

size (r*) should have an impact on DGtotal as nucleation on

extremely small objects resembles homogeneous condensa-

tion.40 Here, the normalized energy barrier is defined as the

ratio of Gibbs free energy change of heterogeneous to that

of homogeneous condensation when the critical nuclei size

is reached. Figure 1(a) shows the normalized energy barrier

as a function of ratio of structural dimension to critical

nuclei size (R/r*) at different contact angles, which can be

expressed as

a)Author to whom correspondence should be addressed: peng.wang@

kaust.edu.sa

0003-6951/2018/113(21)/211601/5/$30.00 Published by AIP Publishing.113, 211601-1

APPLIED PHYSICS LETTERS 113, 211601 (2018)

https://doi.org/10.1063/1.5053697
https://doi.org/10.1063/1.5053697
ftp://ftp.aip.org/epaps/appl_phys_lett/E-APPLAB-113-021847
mailto:peng.wang@kaust.edu.sa
mailto:peng.wang@kaust.edu.sa
http://crossmark.crossref.org/dialog/?doi=10.1063/1.5053697&domain=pdf&date_stamp=2018-11-19


DG�heterogeneous

DG�homogeneous

¼ 1

2
þ 1

2

1� R=r� cos hA

g

� �3

þ 1

2

R

r�

� �3

2� 3

R

r�
� cos hA

g

0
@

1
A

2
4

þ
R

r�
� cos hA

g

0
@

1
A

3
3
75þ 3

2
cos hA

R

r�

� �2

�
R

r�
� cos hA

g
� 1

0
@

1
A
; (2)

g ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ R

r�

� �2

� 2 cos hA
R

r�

s
; (3)

where hA is the advancing contact angle.

From Fig. 1(a), it can be inferred that nucleation is easy

to occur on hydrophilic substrates and that nucleation is diffi-

cult to occur on the hydrophobic structure with a size dimen-

sion comparable to the critical nuclei size (i.e., R/r* close to

1; images in the inset of Fig. 1(a) representing homogeneous

condensation when R¼ 0 and heterogeneous condensation

when the size is comparable to r*). Thus, it can be deduced

that nucleation can occur on a substrate with a larger dimen-

sion under low super saturation conditions more easily, which

is similar to the easier occurrence of nucleation on hydrophilic

sites.41 (see supplementary material S1 for detailed analysis).

Moreover, nucleation is also affected by the wedge-like

structure between two nanostructures (Fig. S2 in supplemen-

tary material S1).37,42 The normalized energy barrier of

nucleation in the wedge-like structure is expressed as

DG�heterogeneous
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¼ 1

4p
coshA sinhA
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2
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where hA is the advancing contact angle and v is the angle of

the wedge.

Figure 1(b) shows the normalized Gibbs free energy bar-

rier for nucleation to occur on wedges of different angles

[60�, 90�, and 180�; see the images in the inset of Fig. 1(b)].

It shows that heterogeneous condensation should be usually

more easily observed than the homogeneous one, especially

in cavity-like structures. For example, the nucleation energy

barrier within the 60� wedge is much lower than that on the

flat surface (180� wedge).

In addition, as sketched in Fig. 1(c), water vapor can

penetrate through larger cavities among nanostructures more

easily than small cavities. Simulation and experimental

works showed that the nanostructure assembly has an impact

on vapor diffusion, which further impacts water condensa-

tion.15,34 For example, it was shown that condensation

tended to occur on the top of nanostructures with a high

length to inter-distance ratio.34

We test our above analysis by conducting condensation

on the nano-cone array prepared from Co(OH)2 deposition on

the substrate (see supplementary material S2 for the prepara-

tion method). Figures 2(a) and 2(b) show the top view and

cross-sectional view SEM images of the as-grown nano-cone

array. It is observed that the nano-cones are closely packed

together. Another important characteristic of the closely

FIG. 1. (a) Relationship between the normalized nucleation energy barrier and the ratio of substrate dimension to critical nuclei size. (b) Relationship between

the normalized nucleation energy barrier and the nano-substrate geometrical angle at different contact angles. (c) Sketch showing the limited diffusion of vapor

into confined nano-structures. Note: the insets in Fig. 1(a) represent homogeneous condensation when R¼ 0 and heterogeneous condensation when the size is

comparable to r*.

FIG. 2. (a) Top view and (b) cross-sectional view SEM images of the as-

prepared nano-cone array. (c) TEM images of an individual nano-cone. (d)

Advancing, (e) static, and (f) receding contact angles of the as-prepared

nano-cone array after the hydrophobic coating modification.
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packed nano-cone array is that single nano-cone is not always

well aligned perpendicularly to the substrate. The majority of

the nano-cones are slanted to different extents, giving rise to

cavities with varying sizes among nano-cones [delineated by

the yellow circled lines in Fig. 2(a)]. These cavities with dif-

ferent sizes are very important in the following condensation

experiment. From both Fig. 2(b) (SEM) and Fig. 2(c) (TEM),

the length, tip diameter, and base diameter of a typical

nano-cone are determined to be 2 lm, 10 nm, and 350 nm,

respectively. A monolayer of a hydrophobic coating (per-

fluoro-silane) is then deposited on the nano-cones by a simple

chemical vapor deposition (CVD) method. After modifica-

tion, the advancing, static, and receding contact angles of the

sample are 179.8�, 179.7�, and 179.7�, respectively [Figs.

2(d)–2(f)], indicating a superhydrophobic state with an

extremely small hysteresis.

A water condensation experiment under an environmen-

tal SEM (E-SEM) is then conducted to observe the conden-

sation processes down to microscale on the as-prepared

superhydrophobic nano-cone array. Both side and top views

of single droplet growth in Fig. 3(a) show that the first step

of an individual droplet growth starts from filling a cavity

with certain size among nano-cones. Then, water inside the

cavities starts to extrude upwards, forming a spherical drop-

let on the surface. The apparent contact angle of the spherical

droplet is almost 180�. From Fig. 3(a), a partial Cassie state

is clearly observed, which is a prerequisite for coalescence

induced jumping. During E-SEM experiments, it is found that

droplets initially appearing are always in the partial Cassie

state similar to the droplet shown in Fig. 3(a) (Fig. S4). The

benefit of the partial Cassie state over the complete Cassie state

is proved previously to facilitate faster individual droplet

growth.43 A statistical analysis of the size distribution of the

water filled cavities is shown in Fig. 3(b), indicating that the

area of the filled cavities mostly lies in the range of 3–9 lm2,

which is far beyond the areas of small cavities. These results

indicate that droplets preferentially grow from large cavities

on our prepared surface. The phenomenon is well correlated

with the theory discussed above. Due to the small dimension

and hydrophobic nature (the advancing contact angle is 115�;
Fig. S5) of nano-cone tips, it is difficult for nucleation to occur

on the top of the nano-cone array under low supersaturation

conditions such as the present E-SEM experiment (cooling

stage temperature: �2 �C; vapor pressure: around 600 Pa).

Meanwhile, wedge structures at the bottom of larger cavities

give rise to a lower nucleation energy barrier and easy diffu-

sion. Thus, it seems that nucleation prefers to occur at the bot-

tom side of larger cavities.

After formation of stable nuclei, individual droplets start

to grow within the cavities. The growth direction of individ-

ual droplets within the cavities is limited by the Laplace

pressure difference. The nano-cone array is characterized by

larger cavities surrounded by closely packed nano-cones.

Thus, we reasonably establish a simplified model to study

the growth direction of water inside the cavities. The model

structure consists of 36 closely packed individual nano-

cones forming a circular large cavity (Fig. S6). Figure 3(c)

shows water growth (in orange) inside the model structure

both from the side view (upward growth and extrusion) and

top view (lateral growth). The liquid advancing front needs

to overcome Laplace pressure to squeeze into the space

between two neighboring nano-cones in order to grow later-

ally. As is shown in Fig. 3(c), the lateral growth of droplets

needs to overcome the Laplace pressure induced by curva-

ture which can be expressed as

DPl ¼
2c

L

2
þ 1� sin aþ uð Þ½ �r

sin hA þ aþ u� pð Þ

: (6)

The liquid front contains a Laplace pressure defined by the

temporal cavity size when the liquid front moves upwards.

Upward growth inside cavities needs to overcome Laplace

pressure

DPu ¼
2c

L0=2

cos p� b=2� hAð Þ

: (7)

Extrusion out of cavity needs to satisfy the condition where

h0 is larger than the advancing contact angle (hA). Upward

extrusion needs to overcome the Laplace pressure which can

be expressed as

DPe ¼
2c

L0top

2
=sin h0

: (8)

FIG. 3. (a) E-SEM images showing the side view and top view of the growth

process of individual droplets on the nano-cone array. (b) Bar graph showing

the distribution frequency of the cavity area where the water film extrudes

from. (c) Schematic showing the contact line frontier of lateral and upward

growth in larger cavities. (d) Figure showing the ratio of lateral growth

Laplace pressure (DPl) to upward growth Laplace pressure (DPu) as a func-

tion of parameters a and Z. (e) Figure showing the ratio of lateral growth

Laplace pressure (DPl) to upward growth Laplace pressure (DPe) as a func-

tion of parameters a and h0.
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The value of DPl, DPu, and DPe at the same moment should

be compared in order to predict the growth direction. If DPl

>DPu, upward growth inside cavities is favorable. If DPl

>DPe, upward extrusion is favorable. Figure 3(d) shows the

plot of DPl/DPu as a function of angle a and height z as

sketched in Fig. 3(c). It is clear that DPl is larger than DPu

for any given a and z. Figure 3(e) shows the plot of DPl/DPe

as a function of angle a and h0 as sketched in Fig. 3(c). In

order to grow laterally, angle a needs to be larger than p.

However, DPl/DPe increases with increasing a, resulting in

values larger than 1 before angle a reaches p. Thus, it is clear

that upward growth and extrusion are favorable (see supple-

mentary material S5 for detailed analysis).

Figure 4(a) shows typical E-SEM images of droplet

growth with time. From the images, droplets of different

sizes exist before the very first coalescence event occurs.

Interspace among droplets is at the magnitude of 10 lm

under present supersaturation conditions. The relationship

between the cavity size and the mass growth rate of typical

droplets 1–7 marked by the red number in Fig. 4(a) is shown

in Fig. 4(b). It is obvious that the mass growth rate is almost

linearly proportional to the cavity area. The mass growth

rate of droplets corresponds to the heat flux transferred. The

faster growth rate within larger cavities indicates larger heat

flux transferred. From the image shown in the inset of Fig.

4(b), it is found that larger cavities provide a larger heat

transfer area from both surrounding solid nano-cones and liq-

uid within cavities than smaller cavities.

The condensation experiment in the ambient environ-

ment (sub cooling degree: 6 �C; supplementary material S6)

is also conducted on the superhydrophobic nano-cone array.

Observation under an optical microscope shows that the

droplets initiate their first coalescence at a diameter of

around 6.5 lm [Fig. 5(a), red circle]. At low supersaturation

conditions such as the present experiment, the nucleation

density is at the magnitude of 105/mm2. Thus, the first drop-

let coalescence normally occurs when the droplet size is

around several microns. Coalescence induced droplet jump-

ing indeed occurs on the surface with droplets disappearing

from the view after coalescence. It is observed that droplet

jumping can occur when the very first coalescence event

happens including two droplet and multi-droplet coalescence

[Fig. 5(a), red circle]. Jumping also occurs following two or

more coalescence events [Fig. 5(a), orange circle]. Although

it is impossible for us to get the jumping velocity of droplets

from the very first coalescence due to the resolution limit, it

should be affected by adhesion force from cavities, which

would result in lower jumping velocity compared to previous

predictions.44 Typical high speed camera images in Fig. 5(b)

confirm two droplet coalescence induced jumping after

multiple coalescence (the droplet size is around 12 lm). A

three-dimensional Volume of Fluid (VOF) simulation (sup-

plementary material S7) of two spherical drops on a flat

superhydrophobic surface with a contact angle of 179.7� is

also performed. The velocity of jumping after multiple coa-

lescence events is well correlated by previous predictions44

(supplementary material S6) and our own VOF simulation

[Fig. 5(c), Fig. S9] because droplets from multiple coales-

cence are at a complete Cassie state.

In conclusion, we theoretically and experimentally dem-

onstrate that condensation preferentially occurs within larger

cavities among nano-cones and forms a partial Cassie state.

Growth rates of droplets from larger cavities are larger than

those from smaller cavities due to larger heat transfer

FIG. 4. (a) E-SEM iamges showing droplet growth with time before the first

coalescence event occurs. (b) Relationship between the cavity area and the

droplet mass growth rate (with the image in the inset showing higher heat

flux from larger cavities).

FIG. 5. (a) Microscopy images showing first coalescence induced jumping

(red circles) and jumping after multiple coalescence (yellow circles). (b)

High speed camera images showing two droplet coalescence induced jump-

ing after multiple coalescence events. (c) Relationship between the initial

droplet jumping velocities and coalesced jumping droplet diameters.
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interfaces. Meanwhile, efficient removal of droplets by coa-

lescence induced jumping (at tens of microns) is observed.

See supplementary material for all theoretical analysis

and experimental details.

We are grateful to KAUST for very generous financial

support. We thank Sankara Arunachalam for helping setting

up high speed camera equipment.
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