
RYKACZEWSKI ET AL. VOL. 5 ’ NO. 12 ’ 9746–9754 ’ 2011

www.acsnano.org

9746

October 28, 2011

C 2011 American Chemical Society

Dynamics of Nanoparticle Self-Assembly
into Superhydrophobic Liquid Marbles
during Water Condensation
Konrad Rykaczewski,†,* Jeff Chinn,‡Marlon L.Walker,† JohnHenry J. Scott,† AmyChinn,‡ andWanda Jones‡

†Material Measurement Laboratory, National Institute of Standards and Technology, Gaithersburg, Maryland 20899-8320, United States and, ‡Integrated Surface
Technologies, Inc., 1455 Adams Drive, Suite 1125, Menlo Park, California 94025, United States

P
articles with similar wetting properties
adsorbed onto a gas�liquid interface
experience mutually attractive forces

due to lateral capillary forces created by the
deformation of the liquid surface.1 As a
result of this so-called “Cheerios effect”,1,2

floating breakfast cereal as well as nanopar-
ticle dispersions tends to aggregate into
films with properties similar to that of an
elastic solid.2,3 When formed on a drop, the
particle film can fully encapsulate the liquid,
creating a robust and durable4,5 soft solid
with superhydrophobic characteristics6 re-
ferred to as a liquid marble.5,7,8 When in con-
tact with a solid surface, liquid marbles exhibit
solid-like behavior with a nearly 180� contact
angleandrolling rather thanslidingmotion.9,10

These soft solids are common in nature, form-
ing, for example, when rain falls on hydropho-
bic soil created by a wild fire.11 Liquid marbles
can also be created by insects.12,13 For in-
stance, aphids coat honeydew droplets in
wax nanoparticles during defecation to pre-
vent being entrapped and drowning in their
own sugary excrement.12,13 Artificially cre-
ated liquid marbles have been studied only
for about a decade5,7,8 but are already uti-
lized in some hair and skin care products.14

Numerous other potential applications for
liquid marbles such as liquid storage,15,16

microreactors,17 gas18,19 and pollution20 sen-
sors, micropumps,21 and even templates for
spherical structures22 have also been de-
monstrated. Macroscale liquid marbles are
usually formed in small quantity by deposit-
ing and rolling a drop of liquid on a layer of
hydrophobic particles,7,8 but larger quanti-
ties of microscale liquid marbles can also be
made in an industrial mixer.16,23�25 In this
work, we demonstrate that microscale liquid
marbles can also form through self-assembly
duringwater condensation on a superhydro-
phobic surface (SHS) covered with a loose
layer of hydrophobic nanoparticles. Using

in situ environmental scanning electron
microscopy (ESEM)26 and optical microscopy,
we study the dynamics of liquid marble for-
mation and evaporation as well as their inter-
action with condensing water droplets. We
show that these processes involve a variety of
unique dynamic three-dimensional phenom-
ena resulting from a combination of solid-like
and liquid-like behaviors. We also introduce a
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ABSTRACT

Nanoparticles adsorbed onto the surface of a drop can fully encapsulate the liquid, creating a

robust and durable soft solid with superhydrophobic characteristics referred to as a liquid

marble. Artificially created liquid marbles have been studied for about a decade but are

already utilized in some hair and skin care products and have numerous other potential

applications. These soft solids are usually formed in small quantity by depositing and rolling a

drop of liquid on a layer of hydrophobic particles but can also be made in larger quantities in

an industrial mixer. In this work, we demonstrate that microscale liquid marbles can also form

through self-assembly during water condensation on a superhydrophobic surface covered with

a loose layer of hydrophobic nanoparticles. Using in situ environmental scanning electron

microscopy and optical microscopy, we study the dynamics of liquid marble formation and

evaporation as well as their interaction with condensing water droplets. We demonstrate that

the self-assembly of nanoparticle films into three-dimensional liquid marbles is driven by

multiple coalescence events between partially covered droplets and is aided by surface flows

causing rapid nanoparticle film redistribution. We also show that droplet and liquid marble

coalescence can occur due to liquid-to-liquid contact or squeezing of the two objects into each

other as a result of compressive forces from surrounding droplets and marbles. Irrelevant of

the mechanism, coalescence of marbles and drops can cause their rapid movement across and

rolling off the edge of the surface. We also demonstrate that the liquid marbles randomly

moving across the surface can be captured and immobilized by hydrophilic surface patterns.

KEYWORDS: water condensation . ESEM . superhydrophobic surfaces . liquid
marbles . self-assembly
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method for site-specific immobilization of randomly
moving liquid marbles using hydrophilic grooves pat-
terned onto the SHS.

RESULTS AND DISCUSSION

We study water condensation occurring on a multi-
layer Al2O3 nanoparticle film modified with a perfluori-
nated silane coating dispersed on naturally hydrophilic
silicon, a hydrophobic silicon surface modified with a
perfluorinated silane coating, and SHS consisting of
Al2O3 nanoparticles encapsulated in a glass-like matrix
and modified with a perfluorinated silane coating.27

Following sufficient water condensation onto all of the
surfaces, the nanoparticles migrate from the solid to
the liquid surface and aggregate into floating rafts (see
Figure 1). The nanoparticle patches thus formed pack
sufficiently tightly to support condensation of second-
ary microdroplets (see Figure 1b�e and movie 1 in
Supporting Information corresponding to Figure 1e).
The nearly spherical shapes of the condensed second-
ary microdroplets demonstrate that the particle films
are superhydrophobic and retain their wetting proper-
ties during condensation. It is important to note that
most SHS are wet completely following sufficient conden-
sation and only selected natural28�30 and artificial31�36

surfaces with properly designed surface chemistry and
nanoscale and microscale topography37,38 retain their
superhydrophobic characteristics during condensa-
tion.31,32,35,39,40 The particle films conform to the shape
of the water interface, with nearly flat floating rafts
forming on the hydrophilic silicon and liquid marbles
formingon the SHS. The three-dimensional self-assembly
process and secondary droplet condensation occur under
partial vacuum conditions in the ESEM (see Figure 1b�d)
as well as standard conditions for temperature and pres-
sure (see Figure 1e). On the basis of the visual information
presented, one could form a naïve hypothesis that the
three-dimensional structures form when nanoparticles
are picked up from below by condensing droplets in an
inflating-balloon-type process. By studying the dynamics
of the process, we reveal that the liquid marbles are
formed in a far more complex manner.
The lack of visible nanoparticles on thewater surface

during the early stage of the condensation process
suggests that, initially, individual droplets growmostly
on top of the multilayer nanoparticle film (see Figure
2a). In contrast, evenwith onlymonolayer nanoparticle
coverage of the SHS, a hypothetical spherical dropwith
radius R growing directly on the surface would have
clearly visible initial surface nanoparticle coverage of
πR2/4πR2 or 25%. Furthermore, the initially high de-
gree of droplet pinning decreases over time to a level
typical for condensation occurring directly on a bare
SHS.39�41 The nonsymmetrical shapes of the droplets
could be caused by insufficient packing of the loose
nanoparticles to form a SHS11,42,43 and some degree of

capillary condensation.44 Past initial nucleation, the
drop nanoparticle surface coverage can increase via

two mechanisms. In the first mechanism, the nanopar-
ticles can migrate to the drop surface via liquid vapor
meniscus as the drop expands over additional nano-
particles by direct vapor condensation. In the second
mechanism, the nanoparticles canmove frombelow to
the side or the top of the drops during a coalescence
event between two drops. In general, the dominating
drop growth mechanism can be systematically deter-
mined by evaluating the average drop diameter, Ædæ, as
a function of time.45�48 Typically Ædæ grows according
to the power law Ædæ∼ tR, where R = 1/3 for individual
droplet growth viadirect vapor condensation irrelevant
of surface properties and R = 1 or R = 0 for coalescence
dominated growth on patterned hydrophobic49�52 or

Figure 1. (a) Schematic of the dependence of the self-
assembled nanoparticle film geometry on the wetting
properties of the underlying substrate and optical images
of water drops deposited on the substrates without the
presence of nanoparticles. (b�d) ESEM images of nanopar-
ticlefilms formed followingwater condensation onto (b) the
hydrophilic silicon surface, (c) the hydrophobic silicon sur-
face modified with perfluorinated silane, and (d) the super-
hydrophobic surface formed from Al2O3 nanoparticles
encapsulated in a glass-like matrix and modified with a
perfluorinated silane coating. (e) Optical images of liquid
marbles formed on the nanoparticle-covered superhydro-
phobic surface as in (d) but under the standard conditions
for temperature and pressure. The focus is adjusted to three
vertical positions indicated in the images to reveal second-
ary droplet condensation on multiple locations on the self-
assembled liquid marble. In all images, white arrows indi-
cate position of secondary droplets.
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SHS, respectively.31,53 Unfortunately, the ESEM experi-
ments are performed in pressure-varying mode,39,54 im-
plying that the drops do not grow under steady state
conditions, and fitting the growth rate law is not an
appropriatemethodofdetermining thedominatingdrop
growthmechanism (see further discussion in Supporting
Information). However, drop growth via coalescence is
likely the dominating growthmechanism because of the
drastic decrease in the total number of drops from∼150
to ∼20 during the 6 to 18 s time range in the process
shown in Figure 2a (also see Figure 2 in Supporting
Information). Furthermore, the decrease in the total drop
number is accompanied by increase in Ædæ and emer-
gence of visible nanoparticle coverage of the droplets. In
the following 25 s, the droplet's nanoparticle surface
coverage clearly increases with the number of coales-
cence events (see movie 2 in Supporting Information).
This trend can be easily explained by evaluating the
nanoparticle surface coverage as a function of the

number of coalescence events between two identical
spherical drops with common radius R0 (corresponding
to surface area A0 = 4πR0

2) and a common initial nano-
particle surface coverageC0. The newdrop resulting from
themerging of the twoparent dropswill have a diameter
of R1 = 1.26R0, surface area of A1 = 4πR1

2 = 4π(1.58R0
2),

and a nanoparticle surface coverage of 2C0(4πR0
2)/

(4πR1
2) or 1.26C0. The surface coverage of the newly

formed drop is higher than that of the individual parent
drops because the total number of nanoparticles remains
unchanged but total surface area decreases (A1/2A0 =
0.79) during the coalescence event. Figure 2b shows that,
for this idealized case, a full nanoparticle surface coverage
is reached within 12 coalescence events even for C0 as
low as 6.7%. Also, there is clear experimental evidence
that excess nanoparticles can be added to a fully covered
drop (i.e., surface coverage greater than 1 is possible). In
an extreme case shown in the inset in Figure 2b, coales-
cence of a small liquid marble with a larger fully covered
marble results in creationof a bumpconsisting of stacked
nanoparticles on the surface of the larger sphere.
Even without being fully encapsulated in nanoparti-
cles, the droplets begin to exhibit solid-like properties
of liquid marbles. For example, 42 s into the conden-
sation process the nearly fully covered droplets do not
coalesce when coming in contact with other drops
and stack on top of each other. It is interesting to note
that a reverse mechanism has been observed in the
literature. Namely, liquid marbles can be divided into
separate marbles only a few times before losing their
solid-like characteristics.8,55 In this case, the total surface
area of the newly formed marbles increases with each
division, eventually diluting the particle surface cover-
age to thepoint that themarbles behave as liquiddrops.
Droplet surface flows play an important role in the

formation of liquid marbles through standard
methods14,56�60 as well as their self-assembly during
water condensation. In the case of the standardmethods
for liquid marble formation, surface and internal flows
arise due to the kinetic energyof droplet impact or rolling
on hydrophobic powder. When a drop is deposited
carefully onto a hydrophobic powder, liquid marble

Figure 2. (a) Time sequence of ESEM images showing the
dynamics of liquid marble self-assembly during condensa-
tion on a SHS and (b) surface coverage as a function of the
number of coalescence events between two identical sphe-
rical drops with the same nanoparticle surface coverage.
The inset in the left top corner shows an example of a bump
on top of a liquid marble with saturated nanoparticle sur-
face coverage formed after coalescence with a smaller
liquid marble.

Figure 3. Time sequence of ESEM images showing surface
movement of a nanoparticle film on top of a partially
covered liquid marble formed after coalescence of a simi-
larly sized liquid marble and water drop.
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formation is not observed57 unless the drop is allowed to
mostly evaporate.11 In contrast, strong surface flows are
observed in stationary drops and in partially formed
liquid marbles during water condensation. For exam-
ple, in the sequence of ESEM images shown in Figure 3,
strong surface flows evidently contribute to the nano-
particle film reorganization after a coalescence event
between partially and nearly fully covered drops. Inter-
estingly, secondary droplets or small liquid marbles
formed on the particle films are transported by the
flow and reposition themselves on the surface of the
primary drop along with the films (see Figure 3 and
movie 3 in Supporting Information). Surface and inter-
nal flows during the condensation of microscale dro-
plets can be caused by a coalescence event61 or the
thermocapillary Marangoni effect.62 These strong sur-
face flows allow for quick redistribution of the nano-
particle films on the surface of drops and accelerate the
formation of the liquidmarbles. Furthermore, exposure
of a liquid surface due to film reorganization could also
trigger a coalescence event.
The presence of self-assembled liquid marbles dra-

matically alters the nature of the condensation process
on the SHS. The combination of their mechanical
rigidity and the superhydrophobic nature of their
self-assembled surfaces reduces the number of coales-
cence events. The presence of numerous liquidmarbles

also significantly increases the surface area available for
nucleation of new water droplets. The cumulative result
of these effects is a highly dynamic and fully three-
dimensional condensation process in which solid-like
interactions become as important as liquid-like inter-
actions. Multiple levels of drop-on-marble, marble-on-
marble, andmarble-on-drop stacking shown in Figure 4a
highlight the three-dimensional nature of the process.
Typically, the merging of two artificially made liquid

marbles is difficult10 and can be achieved only through
collision of marbles with high velocity63 or through a
strong external stimulus such as substrate vibration64

or magnetic field.17,63,65,66 In contrast, self-assembled
liquid marbles readily coalesce with other liquid mar-
bles and drops. Careful examination of the sequential
ESEM images shown in Figure 4a reveals that liquid
marbles can merge with other liquid marbles or drops
via two different mechanisms. The first mechanism is
typical for condensation and occurs due to liquid-to-
liquid contact on the surface of two drops or partially
covered liquid marbles. This type of event occurs, for
example, between the two central liquid marbles 48 s
into the condensation process (Figure 4a and movie 4
in Supporting Information). In the second mechanism,
coalescence is induced by the pushing of two liquid
marbles or a liquid marble and a droplet into each
other by surrounding droplets and marbles. Coales-
cence occurs only after significant force is exerted on
the two objects and is accompanied by a significant
degree of deformation prior to coalescence. The second
coalescence mechanism is evident from images of de-
formed liquid marbles being “squeezed into each other”
at 48.2, 66, and 79 s into the condensation process, as
depicted in Figure 4. Regardless of how the coalescence
event was triggered, it can cause rapid motion and
possible departure of the newly formed marbles and
droplets from the surface (see Figure 4b).31,67

To study the later stages of the liquid marble behav-
ior, we optically image water condensation onto the
SHS with multilayer nanoparticle film occurring under

Figure 4. Time sequence of ESEM images showing (a) water
condensation dynamics on a SHS in the presence of self-
assembled liquid marbles. (b) Coalescence-triggered liquid
marble movement.

Figure 5. Time sequences of optical images showing
(a) short-range and (b) long-range movement of liquid
marbles after coalescence, (c) preferential water condensa-
tion and selective immobilization of liquid marbles on
scratched hydrophilic grooves. White arrows in (a,b) indi-
cate direction of the drop translation and in (c) indicate
position of secondary droplets.

A
RTIC

LE

http://pubs.acs.org/action/showImage?doi=10.1021/nn203268e&iName=master.img-004.jpg&w=185&h=292
http://pubs.acs.org/action/showImage?doi=10.1021/nn203268e&iName=master.img-005.jpg&w=197&h=113


RYKACZEWSKI ET AL. VOL. 5 ’ NO. 12 ’ 9746–9754 ’ 2011

www.acsnano.org

9750

standard conditions for temperature and pressure (see
Methods section for details). Liquid marbles form and are
present on the surface during the whole duration of the
40 min condensation experiment (see Figure 1e for
example of observed liquid marble with secondary drops
andmovie 1). As in the ESEMexperiments, coalescence of
larger (diameters above ≈20 μm) liquid marbles and
drops causes the newly formed object to move across
the surface. The distance the newly formed marbles or
drops travel after coalescence varies from tens of micro-
meters to several millimeters (see Figure 5a,b and movie
5).Wealsoobserve that themovingmarbles anddropsdo
roll off the edge of the surface. Consequentially, as in the
case of water condensation on a bare SHS,35,53 we do not
observe liquidmarbles anddropletswith diameters larger
than 300 to 400 μm. During the experiment, we
noticed that spontaneously moving liquid marbles
can be immobilized on the SHS by introducing local
hydrophilic defects. We demonstrate that such site-
specific immobilization of liquid marbles is possible by
usingmetal tweezers to scratchout a squarepatternonto
the SHS prior to initiation of water condensation. As
shown in Figure 5c, water preferentially condenses49,68

and fills the hydrophilic scratched grooves within 25 s of
lowering the substrate temperature. Throughout the rest
of the experiments, liquid marbles passing through the
filled grooves are stopped. The immobilized liquid mar-
bles grow by coalescing with neighboring or moving
marbles and drops (see movie 6 in Supporting
Information). The presence of numerous secondary dro-
plets on the surface of the immobilized liquid marbles
shown in Figure 5c demonstrates that the immobilized
liquid marbles retain superhydrophobic characteristics
over extended periods of time.

Having explored the dynamics the early and the late
stages of formation, we turn our attention to the
dynamics of liquid marble and water droplet evapora-
tion caused by an increase in the substrate tempera-
ture or a decrease in the chamber pressure. In agree-
ment with previous reports,4,22,69�73 increasing the sub-
strate temperature results in theevaporationof surround-
ing water droplets as well as liquid marble shrinking,
crumbling, and eventual collapse (see Figure 6a and
movie 7 in Supporting Information). Similar but sig-
nificantly faster behavior is observed when the liquid
marble and surrounding water droplet evaporation is
caused by a decrease in the surrounding water vapor
pressure to a value slightly below the pressure corre-
sponding to the triplepointofwater (adecrease from750
Pa to about 500 Pa;see Figure 6b and movie 8 in
Supporting Information). The liquid marbles likely eva-
porate faster in response to the surrounding pressure
decrease than during the substrate temperature increase
because change in pressure affects the whole surface
area of the marble while substrate�marble heat transfer
occurs through a small interfacial area. Regardless of the
cause of evaporation, surrounding water droplet eva-
poration is faster than that of the liquid marbles. The
slower evaporation rate of the liquidmarble is caused by
the additional diffusion barrier imposed by the nanopar-
ticle layer.4,22,70,72 With surrounding pressure decrease to
pressure significantly below the pressure corresponding
to the triple point of water, this diffusion barrier prevents
significant liquid evaporation from the liquid marble and
allows for solidificationof the liquid. As shown in Figure 6c,
when the pressure is decreased to 300 Pa, the liquid
marble shrinks relatively uniformly without the dramatic
crumbling and collapse observed in Figure 6a,b.

Figure 6. Time sequence of ESEM images showing evaporation of liquid marbles due to (a) a temperature increase at nearly
constant pressure, (b) a pressure decrease to about 500 Pa, and (c) a pressure decrease to about 300 Pa.
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Breakage of the nanoparticle shell and subsequent
emergence of an icicle projecting out of the liquid
marble 5 s into the evaporation process clearly demon-
strates the freezing of the liquid inside the marble and
highlights the almost explosive nature of this forced
phase change process (see movie 9 in Supporting
Information).

CONCLUSION

In summary, we demonstrate that hydrophobic
nanoparticles can self-assemble into elastic films dur-
ing water condensation and, depending on the wet-
ting properties of the underlying substrate, form flat
floating rafts or liquid marbles. The films that form as a
result are sufficiently tightly packed to display super-
hydrophobic characteristics during secondary droplet
condensation on their surface. The self-assembly of
these films into three-dimensional liquid marbles is
driven by multiple coalescence events between par-
tially covered droplets. We also observe that liquid
marble formation during water condensation is aided
by rapid nanoparticle film redistribution, likely due to
the Marangoni effect. Once the droplets become
mostly covered, they behave as soft solids and drama-
tically alter the dynamics of dropwise condensation on
the SHS. The process involves a combination of liquid-
like and solid-like interactions. As a result, droplet and
liquid marble coalescence can occur due to liquid-to-
liquid contact or squeezing of the two objects into
each other as a result of compressive forces from
surrounding droplets and marbles. Irrelevant of the
mechanism, coalescence of marbles and drops with
diameters above 20 μm causes their rapid movement

across the surface. Consequently, the marbles and
drops can roll off the edge of the surface and have
maximal diameters in the 300 to 400 μm range. Using
optical microscopy, we demonstrate that the self-
assembled liquid marbles retain their superhydrophobic
characteristics over extended periods of time (40 min)
under standard conditions for temperature and pressure.
We also demonstrate that the randomly moving liquid
marbles canbecapturedand immobilizedby site-specific
hydrophilic grooves filled with water. Finally, we explore
liquidmarble and surrounding liquiddroplet evaporation
due to temperature increase and surrounding pressure
decrease. While evaporation behavior during tempera-
ture increase or pressure decrease to about 500 Pa did
not differmuch from previous reports, pressure decrease
to 300 Pa caused rapid freezing of the liquid entrapped
within the liquid marble highlighted by the dramatic
rupture of the nanoparticle layer by icicles generated
during the phase change. The condensation-aided liquid
marble formation introduced in this work could be
extended to the formation of liquid marbles encapsulat-
ing a variety of liquids. Furthermore, the introduced
method is not sensitive to surrounding conditions and
only requires the hydrophobic nanoparticles and the
SHS, which can be readily made in a number of econom-
ical ways.37,38,74,75 In contrast, the mixing method re-
quires expensive industrial mixer, and formation of liquid
marbles occurs only with a specific water introduction
method, mixing rate, and blade orientation.16,23�25 Thus
the condensation-aided liquid marble formation process
may be a simple alternative to the industrial mixing
method for midscale production of microscale liquid
marbles.

METHODS

Wetting Properties of the Utilized Surfaces. We study water con-
densation occurring on Al2O3 nanoparticles dispersed on hy-
drophilic silicon with a native oxide surface (contact angle of 49
( 4�), a hydrophobic silicon surface modified with a perfluori-
nated silane coating (contact angle of 106 ( 4�), and a SHS
consisting of Al2O3 nanoparticles encapsulated in a glass-like
matrix and modified with a perfluorinated silane coating
(contact angle of 157( 6�). Loose nanoparticles are transferred
by dragging a drop of water across the surface, depositing the
drop on the unmodified and the modified silicon wafers, and
letting the drop evaporate. The about 3 μm thick nanoparticle
film and superhydrophobic coating are formed simultaneously
during the fabrication process (see details below). The static
contact angles were measured using a camera-based system
(First 10 Angstroms)26 with vendor-supplied image capture and
analysis software. The reported static contact angles are
averages of goniometermeasurements in three locations across
the surface; the calculated uncertainty is expressed with cover-
age factor of 2.

Procedure for Perfluorinated Silane Coating of Silicon. Wafers are
rinsed with 2-propanol (isopropyl alcohol) and distilled water
prior to being placed in aUV ozone cleaner for approximately 15
min for the removal of adventitious hydrocarbon. After cleaning
and subsequent rinsing with 2-propanonl, samples are blown

dry with nitrogen and placed in a desiccator which is pumped
down with house vacuum and brought back to atmospheric
pressure with house N2. Monolayer formation on the wafers by
vapor deposition is accomplished by exposure to 1H,1H,2H,2H-
perfluorodecyltrichlorosilane (Alfa Aesar) in the desiccator un-
der house vacuum for 24�48 h. Wafers are then rinsed with
2-propanol and dried, yielding the hydrophobic silicon surface.

Fabrication Procedure of Al2O3 Nanoparticles and Superhydrophobic
Surface. The Al2O3 nanoparticles as well as the SHS are fabri-
cated using RPX-540 manufactured by Integrated Surface
Technologies.26 The chamber includes inlets for five precursor
chemicals and is evacuated using a mechanical pump. An
applicator plate, which is located above the substrate to be
coated, is permeated with numerous holes to help uniformly
disperse the gases over areas as high as several square feet. The
Al2O3 nanoparticles deposit from the gas phase onto an iso-
propyl alcohol rinsed silicon wafer. The nanoparticles form in
the reaction of trimethylaluminum (TMA) and water vapor:
2Al(CH3)3 þ 3H2O f Al2O3 þ 6CH4. The reaction takes place
in a low-pressure reaction chamber, with injection of TMA at
about 27 Pa (200 mTorr) lasting about 3 s followed sequentially
by injection of water�alcohol mixture at about 270 Pa (2 Torr)
lasting about 20 s. The injection sequence followed by a pump/
purge is repeated six times. In order to create the SHS with a
multilayer nanoparticle film on top, the interparticle and particle�
substrate adhesion is altered by gas phase deposition of thin
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SiO2 encapsulating matrix via atomic layer deposition (ALD). The
SiO2 ALD process consists of two self-limiting surface reactions,
SiOH* þ SiCl4 f SiOSiCl3* þ HCl and SiCl* þ H2Of SiO* þ HCl,
and is catalyzed using pyridine (C5H5N).

76,77 About 400 ALD cycles
deposited in about 2 hproduced about a 40 nm thick SiO2 layer. In
the final fabrication step, the surface with nanoparticles is mod-
ified with a functionalization exposure to tridecafluoro-1,1,2,2-
tetrahydrooctyltrichlorosilane (FOTS). During fabrication of the
superhydrophobic coating, the temperature of the chamber is
maintained at 45 �C. After deposition or in the intermediate steps
of thedepositionprocess, the residual vapors arepumped/purged
out of the chamber with nitrogen gas. The fabrication process
produces a 3.16( 0.74 μm thick layer of loose nanoparticles with
≈50 to≈500 nmporositywith underlying≈150 nm thick surface-
bound superhydrophobic film. As shown in TEM images in Figure
7a�c, the nanoparticle layer consists of 10�200 nm diameter
particles with irregular shapes. To measure the thickness of the
superhydrophobic coating, the loose nanoparticles were re-
moved by acetone rinsing. The top-down as well as cross-
sectional images of the SHS with and without the nanoparticle
layer are shown in Figure7d�g. The thickness of the nanoparticle
layer is estimated by SEM imaging of the focus ion beam (FIB) cut
cross section of the sample (see Supporting Information for
details of the FIB cutting process). To characterize the nanopar-
ticle morphology, loose nanoparticle powder was suspended in
ethanol, ultrasonicated for 5 min, and drop-casted onto a holey
carbonTEMgrid, and imaged in TEM (see Supporting Information
for imaging conditions). Measurement of the water contact
angle with the multilayer nanoparticle film was challenging
because evenwith careful deposition drops tend to bounce and
roll off the surface (see Figure 4 in Supporting Information for
example). On the basis of the captured images, we estimate the
water the contact angle of 160 ( 4� for the surface with
nanoparticles. After removal of the multilayer nanoparticle film
with acetone rinsing, the surface has a water contact angle of
157 ( 6�.

ESEM Imaging Procedure. Droplet condensation is achieved in
the ESEM by increasing the chamber vapor pressure 600 to 900
Pa while the sample temperature is held below the saturation
temperature (0 to 7 �C). To prevent condensation during the
pump down cycle and prior to imaging, the samples are
attached to a stage heated to 15 �C when first introduced into
the microscope and are subsequently cooled to �10 to�15 �C
at a vapor pressure of 150 Pa for 2 min after two purging cycles.
Sustained water condensation is achieved by a step increase in

pressure to about 600 Pa followed by a gradual increase to
about 900 Pa. Because the water-cooled thermoelectric (Peltier)
cooling stage cannot remove all of the heat released by the
condensation process, the sample temperature quickly in-
creases to the saturation temperature corresponding to the
set chamber vapor pressure. To avoid any electron beam
heating effects,41 the drops are imaged with low electron beam
energy of 10 keV and an electron beam current of 0.16 nA. We
observe that prolonged direct electron beam exposure of the
perfluorinated SHS degrades the surface hydrophobic proper-
ties (see Figure 8). The electron-beam-induced wettability
change in the surface could be caused by surface damage
due towater radiolysis,78 amorphous carbon film formation,79,80

or electron-beam-induced dissociation of the surface coating.81

However, due to the low penetration depth of electrons at 10
keV, once the surface is mostly covered by water, no further
degradation of the surface is observed. To prevent electron-
beam-induced wettability changes in the surface, the electron
beam was blanked prior to initiation of condensation.

The dynamics of the condensation process were imaged
with 512 pixel� 471 pixel frame sizes and 250 and 750 μs dwell
times (0.25 and 0.75 s frame times). The corresponding images
were saved every 0.2 s.

Optical Imaging Procedure. The condensation process was also
imaged with Leitz Wetzlar Aristomet optical microscope equipped
with Jenoptik Progres digital camerawith 50 and 100� objectives.
The sample was mounted using Antec Formula 5 silver thermal
compound to a 1.2 cm � 1.2 cm Analog Technologies thermo-
electric cooler module mounted to a 2.5 cm � 5 cm � 5 cm
aluminum heat sink. The experiment was performed under
standard conditions for temperature and pressure (20 �C and
101.3 kPa) and relative humidity of 40 to 43%, which was
continually measured and logged using Lascar EL-USB-2-LCD
logger. The thermoelectric cooler module surface temperature
was measured using a Fluke thermocouple attached to the
surface with the silver thermal compound and electrical tape.
Condensation was initiated by quickly decreasing and main-
taining the thermoelectric cooler module surface temperature
to 0.2 ( 0.2 �C. For each experiment, 694 � 516 pixel images
with 100ms exposure time and 8.5 V illuminationwere captured
with a 5 Hz frequency over 20�40 min. To provide a 10� tilt
angle without defocusing part of the viewing area, one side of
the microscope was raised about 8 cm (see images of the set up
in Supporting Information).
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tion and evaporation processes as well as further infor-
mation on chamber pressure, total number of drops, and
average drop diameter vs time, FIB cross-sectioning and
imaging procedure, TEM imaging, optical imaging setup,

Figure 7. (a�c) TEM images of the hydrophobic nanoparti-
cles dispersed on a holey carbon TEM grid, (d,f) 30� tilt and
(e,f) FIB cut 52� cross-sectional SEM images of the of the SHS
(d,e) with and (f,g) without loose Al2O3 nanoparticles (NPs).
The bulk samples were imaged in low-pressure mode with
water vapor of 50 Pa, electron beam energy of 5 keV, and
spot size 3 to prevent charging, while the cross-sectional
samples were locally grounded using a Pt pad and imaged
with electron beam energy of 5 keV and current of 0.4 nA in
the immersion mode.

Figure 8. Electron beam damage of the superhydrophobic
surface due to prolonged beam exposure.
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and contact angle measurement on superhydrophobic sur-
face with the nanoparticle film. This material is available free
of charge via the Internet at http://pubs.acs.org.
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