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ABSTRACT: It is well known that superhydrophobic surfaces (SHSs) possess self-cleaning
ability, either by impacting or rolling water droplets or by self-propelled jumping condensate.
However, contaminants that are present in the air are various. Is it possible that these
contaminants can all be removed from SHSs by jumping condensate? In this study, hydrophilic
SiO2 micro- or nanoparticles with diameters larger than, comparable to, and smaller than the
width of the nanogaps of the SHS were first filled in the nanogaps or suspended on the
nanostructures with the help of ethanol, and the resulting SHS was exposed to condensing water
vapor. Direct observation through microscopy showed that jumping condensation was still
obvious on the SHS that were capped or filled with micro- or nanoparticles. Scanning electron
microscopy (SEM) imaging demonstrated that following jumping condensation, particles that
possessed diameters significantly smaller or larger than the width of the nanogaps were both
removed from the SHS. However, most particles possessing diameters comparable to the width
of the nanogaps remained on the SHS. This confirms for the first time that not all contaminants
or dust can be removed from an SHS by self-propelled jumping condensate. Furthermore, the study also simply demonstrates that
vapor condensation occurs within the nanogaps of the SHS. This study is helpful in further understanding the mechanism of the self-
cleaning caused by jumping condensate and exploring the initial formation of condensate droplets on the SHS.

■ INTRODUCTION
It is well known that superhydrophobic surfaces (SHSs) possess
self-cleaning,1−4 antifreezing,5,6 antidew,7 microfluid nonloss
transportation,8 water harvest,9 and biochemical separation10

abilities. The impacting or rolling water such as rain and washing
water can bring away dust adhering on SHSs easily, although in a
practical environment, due to the complexity of dust particles,
the durability of such unique self-cleaning ability is suspect-
able,11−13 from a scientific viewpoint, this phenomenon and its
associated mechanism have been widely accepted. In addition to
extra water, in situ condensed water drops, here means those
showing the jumping or Cassie state,14−18 can also bring away
the dust deposited on the SHSs.19−21 This is another mechanism
for the self-cleaning of SHSs, which was demonstrated by Chen
et al. for the first time.19 Their findings offer new insights for the
development of self-cleaning materials.

However, the diameters of dust particles used in the study of
self-cleaning by jumping condensate are all much larger than the
feature width and spacing (∼200 nm) of the SHSs.19−21

Contaminants or dust particles in the atmosphere vary greatly in
diameter, and the removal of smaller dust particles by jumping
condensate has not been confirmed. Factually, so far, little study
has been focused on the effect of dust size on the self-cleaning
ability caused by jumping condensates even by rain or rinsing
water.22 Can all sizes of dust particles be brought away by the
jumping condensed water easily? Is it possible that some dust
particles just are stuck between the micro- or nanostructures of

SHSs and thus could not be brought away by the jumping
condensates from the SHSs easily?

In the past 14 years, more attention has been focused on the
SHSs on which condensate droplets can spontaneously jump
upon coalescence with each other.5,6,14−18,23 However, the
mechanism of droplet nucleation, growth, and especially
ascending in nanogaps before mobile coalescence, e.g., the
location of droplet nucleation, have not yet been demonstrated
simply due to the low definition and magnification in observing
such phenomena using environmental scanning electron
microscopy (E-SEM).24,25 Does the nucleation occur on the
bottom of nanogaps, wall of the nanostructure, and tip of the
nanostructure homogeneously? Or does it occur preferentially
on the condensate droplets once the condensation occurs?

In this study, hydrophilic nanoparticles as dust models, with
diameters larger, comparable to, and smaller than the width of
nanogaps of the SHS, were first filled in the nanogaps of the
SHSs or suspended on the nanostructures of the SHSs with the
aid of ethanol. The resulting SHSs were then exposed to vapor
condensation or water rinsing. Microscopic observations show
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that jumping condensate is still present on the SHS. After
condensation, particles possessing a diameter size significantly
smaller or larger than the width of the nanogaps were both
removed from the SHS. However, most particles with a diameter
comparable to the width of the nanogaps remained on the SHS.
This confirms for the first time that not all dust particles can be
removed by self-propelled jumping condensates. Moreover, the
study also simply demonstrates that vapor condensation occurs
within the nanogaps of the SHS.

■ MATERIALS AND METHODS
Preparation of the Copper Superhydrophobic Sur-

face. The surface of copper foils was superhydrophobilized
according to procedures described in our previous studies.14

Briefly, copper foils with a size of 30 mm × 60 mm × 0.5 mm
(purity 99.99%, Aldrich) were first washed by an ultrasonic bath
with ethanol and deionized water for 5 min, separately, and then
immersed in a 4 M HCl aqueous solution for 5 s to remove
surface oxide. After that, the copper foils were incubated in an
aqueous solution composed of 2.5 M NaOH and 0.1 M
(NH4)2S2O8 at 4 °C for 1 h. Then, the blue copper foils were
rinsed with deionized water and dried at 180 °C for 2 h.
Subsequently, the copper foils were immersed at room
temperature for 60 min in a 0.5 wt % hexane solution of
1H,1H,2H,2H-perfluorodecyltriethoxysilane (FAS17, Sicong
New Material Ltd., Quanzhou, China) and then dried at 120
°C for 1 h.

Preparation of Silica Nano- and Microparticles.
Monodisperse spherical silica particles were prepared using
the classic Stöber method.26 Briefly, for the preparation of silica
particles with a diameter of 100 nm, in a 60 °C water bath, 9 mL
of ammonia (NH3·H2O, 28 wt %) was first mixed with 100 mL
of alcohol in a flask to form an alcoholic ammonia solution.
Then, 9 mL of tetraethylorthosilicate (TEOS) was added to the
flask with rapid stirring. After the reaction for 17 h, the resulting
suspension was evaporated and centrifuged (4000 r/min) to
decant most of the supernatant. The sediment was purified twice
by resuspending and centrifugation using alcohol as a medium
and finally stored in alcohol. To prepare 300 nm silica, a
procedure identical to that described above was conducted,
except the temperature of the water bath was 25 °C and the
volume of ammonia was 15 mL. To prepare 1 μm silica, a
seeding growthmethod was adopted. Briefly, 2 g of 300 nm silica
particles as nucleation seeds were first filled in the above reaction
solution for the preparation of 300 nm silica particles. After 17 h,

the resulting suspension was evaporated and centrifuged (2000
r/min) to give larger silica particles (with a diameter of 0.8−1.0
μm) and then purified and stored in alcohol.

Characterization of SHS and Silica Particles. The surface
morphology of the resulting copper foils was scanned by field
emission scanning electron microscopy (FE-SEM, S4700,
Hitachi, Japan). A software named ImageJ was used to analyze
the average diameters of nanoribbons and the width of the
nanogaps. The water contact angles (CAs) and slide angles
(SAs) of the surfaces were measured by a contact-angle system
(Dataphysics OCA35, Germany). A 4 μL droplet was used. The
CA and SA values are the averaged values of five different
measuring points on each surface. The diameter and
morphology of the synthesized silica particles were characterized
by transmission electron microscopy (FEI, Tecnai G2 F30 S-
Twin). The morphologies of the resulting copper SHSs filled
with or covered by silica particles, before and after water vapor
condensation, were characterized by the above FE-SEM.

Condensation Experiments. Obviously, using optical
microscopy directly to observe vapor condensation under
ambient conditions is more valuable than using environmental
SEM. A closed room with a height of 3 m and an area of 25 m2

was selected to perform the condensation experiments. Both the
ambient temperature and the relative humidity (RH) were
stable, respectively, at 26 ± 1 °C and 96 ± 1%. An aluminum
block was horizontally deposited and almost completely
immersed in a mixture of ice and water (0−1 °C). Then,
copper foils, with the size of 3 cm × 3 cm × 0.5 mm, were placed
on the aluminum block. This ensured the stability of the copper
foils, and thus, the following video could be focused on the same
area. An optical 10× objective microscope (CVM-600E,
Shanghai Changfang, China), together with a 25 fps charge-
coupled device (CCD) camera, was used to observe and
visualize the spontaneous motion of condensate droplets. All
four videos of the condensation on the SHSs without or with
dust particles were analyzed to quantify the spontaneous motion
phenomenon. Five short periods of time (only 1 s), e.g., at 0, 15,
30, 45, and 60 s, were selected for statistics. The average number
of discriminable droplet position changes (appearing or
disappearing in continuous microscopic images) in the 1 s
video was referred to here as “spontaneous motion frequency.”

To deposit silica particles on the SHSs, the silica particles/
alcohol suspensions obtained from the above procedures were
adjusted to a concentration of ∼10 mg/mL and then dropped
onto the copper foil SHSs (∼0.05 mL/cm2). After drying at

Figure 1. SEM images of copper surfaces after being immersed in 2.5MNaOH and 0.1M (NH4)2S2O8 at 4 °C for 1 h, followed by drying at 180 °C for
2 h and then treatment with FAS17 for 1 h. (b) Magnified view of (a). The inset shows the profiles of the 4 μL sessile water droplet with CA at 160°.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.2c07328
ACS Omega 2023, 8, 5731−5741

5732

https://pubs.acs.org/doi/10.1021/acsomega.2c07328?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c07328?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c07328?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c07328?fig=fig1&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c07328?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


room temperature and atmospheric pressure, the copper foils
were exposed to water vapor condensation for 1 or 2.5 h at
ambient RH and room temperature. As a control experiment,
the copper foils filled with silica particles were also rinsed with
flowing water at a speed of 750mL/min and 7.5 kPa pressure for
1 h to compare the differences in removing silica particles using
these two methods. To explore the removal mechanism of the
silica particles by jumping condensates, two different con-
densation methods, one in which the SHS was placed
horizontally and the other in which the SHS was placed
vertically, were performed.

■ RESULTS AND DISCUSSION
Morphology and Wettability of the Prepared Surfa-

ces. Figure 1 shows the top-view morphology of the prepared
copper surface. We can see that dense nanoribbons with
diameters of ∼100 nm and lengths of ≥1 μm are present on the
surface. The gap widths between these nanoribbons are less than
1 μm (0.3−1.0 μm). The superhydrophobicity of the prepared
surfaces was confirmed by measuring water CAs and SAs. The
results show that the CA and SA of a 4 μL water droplet on the
copper surface are 159.0 ± 0.3 and 2°, respectively. This
confirms that the prepared surfaces are typically super-
hydrophobic. In our previous studies,14,15,27 we confirmed that
SHSs possessing such nanostructures generally lead to obvious
jumping condensate when exposed to condensing water vapor.

Cassie Condensation before and after Silica Particle
Deposition. Figure 2 and Movie S1 show the time-lapse top-

view optical images of vapor condensation on the copper SHS
without deposition of micro- and nanoparticles of silica, clearly
showing that the Cassie condensation phenomenon occurs on
the SHS, i.e., the rapid removal of condensate droplets was
observed (see the dashed circles with the same color, the time
scale is in seconds). Due to the substantial reduction of the total
liquid−air interfacial area, the surface energy released upon drop
mobile coalescence gives power to the spontaneous motion of
condensate drops.19,28

In our previous studies,14,15 we speculated and indirectly
demonstrated the microscopic mechanism of the Cassie

condensation on the SHS, i.e., nucleation occurs at the top,
side, and bottom of the nanostructures at the early beginning of
vapor condensation. At a slightly later stage, the growth of the
droplet is dominated by continuous vapor condensation and
droplet coalescence until the gaps are filled. Subsequently, a
Wenzel droplet, covering more than one gap with an external
and relatively flat surface, forms. Finally, the Laplace pressure
caused by the interconnected and hydrophobic narrow gaps
forces the Wenzel droplets to ascend and rapidly become Cassie
droplets. It is the coalescence between the Cassie droplets that
initiates the jumping phenomenon. However, as the droplets
formed during the Wenzel-to-Cassie transition are so small, it is
extremely difficult to observe them directly.

Herein, the deposition of silica particles on the SHS provides a
new insight for studying the microscopic mechanism of Cassie
condensation. Figure 3 and Movies S2−S4 show the time-lapse

top-view optical images of vapor condensation on the copper
SHSs being deposited with hydrophilic micro and nanoparticles
of silica, clearly showing that in a 1 h experiment, the jumping
condensate is still obvious on the SHSs being deposited with all
three types of silica particles. The condensate droplets on the
SHSs continuously depart from their original locations via
coalescence with neighboring droplets (see the dashed circles
with the same color, the time scale is in seconds). This departure
exposes a fresh surface for the formation of new droplets.
Compared with Figure 2, it appears that after the deposition of
hydrophilic silica particles, the spontaneous motion frequency14

changes little, and the corresponding spontaneous motion
frequencies of condensate drops were 72, 71, 69, and 70 drops/s
(Table 1). In theory, hydrophilic dots on the SHS should
accelerate vapor nucleation and result in higher spontaneous
motion frequency;29 the gravity of the particles may counteract
such acceleration.

Self-Cleaning of SHS by Jumping Condensates. Using a
cicada wing as amodel surface, Chen et al. demonstrated that the
self-propelled jumping condensate on the SHS is an effective

Figure 2. Time-lapse optical images (top-view) of vapor condensation
on the horizontally placed copper SHS without silica particles at (a) 33
s, (b) 36 s, (c) 39 s, and (d) 40 s. The surface temperature is 0 °C, and
the ambient RH is 96 ± 1% (26 ± 1 °C). The coalescence and
spontaneous motion of condensate droplets are obvious. The scale bar
is 100 μm.

Figure 3. Time-lapse optical images (top-view) of vapor condensation
on the horizontally placed copper SHS, followed by the deposition of
silica particles with diameters of 100 nm (a), 300 nm (b), and 1 μm (c).
The surface temperature is 0 °C, and the ambient RH is 96±1% (T = 26
± 1 °C). The coalescence and spontaneous motion of condensate
droplets are obvious. The scale bar is 75 μm.
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tool for the removal of a variety of contaminants, including both
hydrophobic/hydrophilic and organic/inorganic particles.19

However, the contaminant models they used consist of
hydrophilic glass particles (diameter 50 μm), silica particles
(20 μm), less hydrophilic poly(methyl methacrylate) (PMMA)

particles (100 μm), pollen particles (∼20 μm), and hydrophobic
polystyrene particles (8 μm). These particles are all much larger
than the surface gap width of the cicada wing. This raises the
question of how particles with diameters much smaller than or
approximately comparable to the gap width can be autono-
mously removed by the jumping condensate.

Figure 4 shows themorphology of the copper SHS being filled
with hydrophilic SiO2 particles (diameter 100 nm) before (a, b)
and after 1 h of Cassie condensation (c, d) or 1 h of water rinsing
(e, f). As the silica nanoparticles are much smaller than the gap
widths (0.3−1.0 μm) of the SHS, all of the particles fall into the
nanogaps of the SHS with the help of alcohol. However, after 1 h
of Cassie condensation, no particles could be found on the SHS.
The self-cleaning effect is very good. It is clear that these
nanoparticles are removed from the SHS by the jumping

Table 1. Spontaneous Motion Frequencies of Condensate
Drops on the SHSs with or without Hydrophilic Silica
Particles

particle diameter
(nm)

spontaneous motion frequencies of condensate drops
(drops/s)

no particle 72
100 nm 71
300 nm 69
1000 nm 70

Figure 4. SEMof the copper SHS being filled with SiO2 nanoparticles (diameter 100 nm) before (a, b) and after 1 h of Cassie condensation (c, d) or 1 h
of water rinsing (e, f). The SHS temperature is 0 °C, and the ambient RH is 67 ± 1% (T = 23 ± 1 °C).
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condensate. However, differing from the self-cleaning mecha-
nism proposed by Chen et al. in which large microparticles are
removed from the SHS by floating, lifting, and aggregating
forces,19 the nanoparticles in our study are removed by an
embedding force (Figure 7a). The vapor first condenses on the
hydrophilic nanoparticles, and then the nanoparticles that are
embedded in the condensate droplets ascend to the top of the
nanoribbons, finally forming water/nanoparticle composite
Cassie droplets. When these droplets coalesce with a
neighboring droplet, the surface energy released upon
coalescence triggers an out-of-plane jumping or sweeping
condensate that carries away the embedded nanoparticles
from the nanogaps of the SHS.

Recently, Gao et al.30 fabricated a superhydrophobic surface
with spatially heterogeneously patterned superhydrophilic
microdots by a mask-assisted photodegradation method.

Based on such a novel surface, they realized confined growth,
more efficient coalescence, and self-ejection of condensate
droplets. In our study here, during vapor condensation
nucleation, the hydrophilic silica nanoparticles deposited on
the copper SHS play the same role as superhydrophilic
microdots in the work of Gao et al.30 The difference is that
the hydrophilic particles were finally removed away from the
SHS, while the superhydrophilic microdots could not be
removed away.

A similar result was also obtained by rinsing the SHS filling
with SiO2 particles (100 nm) for 1 h (Figure 4). Moreover, the
self-cleaning effect caused by the Cassie condensation appears to
be a little better than rinsing with water. This demonstrates that
particles smaller than the gap width of the SHS can be effectively
removed from the SHS by jumping condensates. However, for
particles with diameter sizes comparable to the width of the

Figure 5. SEM of the copper SHS being filled with SiO2 nanoparticles (diameter 300 nm) before (a, b) and after 2.5 h of Cassie condensation (c, d) or
rinsing with water for 1 h (e, f). The SHS temperature is 0 °C, and the ambient RH is 67 ± 1% (T = 23 ± 1 °C).
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nanogaps, e.g., particles with a diameter of 300 nm, the self-
cleaning result is quite different (Figure 5). First, most of the
gaps on the SHS are filled with silica particles. Moreover,
because the surface of silica particles is hydrophilic, agglomer-
ation did occur during alcohol volatilization after the silica
particles/alcohol suspensions were dropped onto the SHS. The
agglomeration formed larger particles. Not all of the gaps have
an open and wide entrance. Particles can be trapped by gaps with
narrow tops and wide bottoms created by declining and
overlapping nanoribbons. Following 1 h of Cassie condensation,
the number of particles on the SHS decreases slightly. Only
particles present on the SHS are removed. Following 2.5 h of
Cassie condensation, many particles are still embedded in the
gaps of the SHS. A similar result was obtained after rinsing with
water for 1 h, i.e., many particles are still embedded in the gaps of
the SHS.

Particles with diameters (∼1 μm) significantly larger than the
width of the nanogaps of the SHS are all capped on top of the
nanoribbons (Figure 6). However, after rinsing with water for 1
h, many particles remain on the SHS. Contrastively, after only 1
h of Cassie condensation, these larger particles are all removed
from the SHS. From the microscopic viewpoint, the vapor may
condense simultaneously on the hydrophilic surface of these
large particles and in the nanogaps of the SHS. Then, the
condensate droplets around the particles and in the nanogaps
grow, merge, and finally form Cassie droplets on the SHS. The
surface energy released upon coalescence of these Cassie
droplets results in the removal of the larger silica particles
(Figure 7c). On the contrary, when the SHS was washed, due to
the presence of water pressure, some particles with a diameter of

1 μm may be pressed into the gaps on the surface, e.g., cannot be
removed effectively. Another reason is that these residual larger
particles may be locked by the declining nanoribbons. It must be
noted that since the concentration of silica particles is ∼10 mg/
mL, the number of 1 μm silica particles in Figure 6 is smaller
than those in Figures 4 and 5.

The dimensions matching the particles’ diameters and gap
widths should be responsible for such firm locking or unlocking,
i.e., the particles with diameters comparable to the width of the
nanogaps are locked in the gaps by the nanoribbons of the SHS
(Figure 7b), while particles with diameters significantly smaller
or larger than the width of the nanogaps can be easily removed
from the SHS (Figure 7a,c). The quantification of the above
matching or mismatching is listed in Table 2.

Because the surface of the silica particles is hydrophilic,
agglomeration did occur during alcohol volatilization after the
silica particles/alcohol suspensions were dropped onto the SHS.
The agglomeration may form larger particles. As a result, even
though the gaps definitely look bigger (Figure 5), most silica
particles with a 300 nm diameter still could not be removed away
by jumping condensates. Silica particles with diameters of 100
nm or 1 μm also agglomerate; however, the jumping
condensates can weaken such agglomeration and then remove
the silica particles away from the SHS.

To further explore the mechanism of removal of the silica
particles by Cassie condensation, the SHS was placed vertically.
The results showed that for both 100 nm and 1 μm silica
particles, vertical jumping condensation appears to be less
effective than horizontal jumping condensation for particle
removal (Figures 8 and 9). This is because in horizontal

Figure 6. SEM of the copper SHS being filled with SiO2 nanoparticles (diameter 1 μm) before (a) and after 1 h of Cassie condensation (b), 2.5 h of
Cassie condensation (c), or 1 h of water rinsing (d). The SHS temperature is 0 °C, and the ambient RH is 67 ± 1% (T = 23 ± 1 °C).
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condensation, in addition to jumping condensates, there is a
sweeping condensation effect, i.e., some of the droplets roll off
the surface upon coalescence and sweep up other droplets in the
rolling path.31 In vertical condensation, once they emerged, the
condensate droplets would self-ejected and fell down directly
due to gravity. As a result, there is less sweeping condensation,
and thus, the efficiency of silica particle removal is lower.

In 2018, Zhang et al.20 fabricated SHSs with nanopore
structures on glass and then investigated particle removal
behavior from the SHSs via jumping condensate for different
particle numbers and sizes. They find that smaller particles,
which could not be removed by the action of vibration, gravity,
and wind, can be removed away via the self-jumping of water
droplets. However, the particles they adopted are much larger
than the width of nanogaps on the SHSs. Ding et al.21 fabricated
hydrophilic, hydrophobic, and SH coatings on copper and
studied the effect of the surface wettability on dust removal by
condensate water. They found that the remnant dust weight on
the SH surface is 69.9% lower than that on the uncoated surface,
61.1% lower than that on the hydrophilic surface, and only

3.59% lower than that on the hydrophobic surface. This means
that the SH has no obvious advantage in antisoiling by
condensate water. Moreover, they seem to omit studying the
relationship between the diameter of dust particles and the SH
characteristic morphology.

Lyons et al.32 think that condensation exacerbates soiling rates
and leads to stronger adhesion, which makes cleaning more
expensive. They found that hydrophobic and SH-coated glass
exhibited 42% lower soiling rates than hydrophilic and bare glass
in the presence of condensed water. The hydrophobic surfaces
were also easier to clean using only water. Huang et al.33

prepared an SHS and deposited dust on it. They studied the dust
removal process on a condensation visualization platform and
found the removal included three consecutive processes, e.g.,
dust agglomerating, condensate sliding, and rolling with
jumping condensate. Over 95% of particles can be removed by
condensation within 90 min condensation. However, the dust
they used is far larger than the width of nanogaps on the SHS.

Some literature studies34−36 show that the sizes of dust
particles in the daily environment from different countries are
generally microsized and submicrosized. Figgis et al.34 reported
that the dominant size range of particles accumulating on
outdoor surfaces is 10−30 μm in the U.S.A. (Chicago) and 8−
16 μm in Kuwait. In our previous work,35 we analyzed the size of
dust particles accumulating in Hangzhou, China, showing that
the minimum particle size was about 500 nm.When the width of
nanogaps is far below 500 nm, the dust in the daily environment
of Hangzhou can be cleaned by jumping condensation.

Figure 7. Self-cleaning mechanism of the silica nano- and microparticles with diameters significantly smaller (a), comparable to (b), and significantly
larger (c) than the width of the nanogaps of the SHS.Only particles with diameters smaller or larger than the width of the nanogaps of the SHS could be
removed by jumping condensates. The particles with diameters comparable to the width of the nanogaps of the SHS are mostly locked by the
nanoribbons.

Table 2. Matching of the Particles’ Diameters, Nanogap
Widths, and Self-Cleaning or Not

widths of the nanogap (nm) particle diameter (nm) self-cleaned or not

300−1000 100 yes
300−1000 300 no
300−1000 1000 yes
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■ CONCLUSIONS
In summary, condensation-induced self-cleaning of dust on the
SH surface has attracted worldwide interest. However, so far,
almost all of the relative conclusions are positive, e.g, jumping
condensates can bring away all sizes of dust from the SH surface.
Since contaminants or dust particles in the atmosphere vary
greatly in diameter, it is a pity that the effect of dust size on the
self-cleaning ability caused by jumping condensates even by rain
or rinsing water had been ignored. To our knowledge, our study
here is the first one focusing on the relationship between the
diameter of the dust deposited and the removal efficiency.
Through systematic studies concerning the removal behavior of
silica particles with different diameters by jumping condensates
from an SHS, we not only confirm that the nucleation location of
water vapor condensation on the SHS occurs within the

nanogaps but also show for the first time that not all sizes of dust
can be removed by self-propelled jumping condensates.

Only particles with diameters smaller or larger than the widths
of the nanogaps of the SHS could be removed by jumping
condensation. Nanoparticles with diameters comparable to the
width of the nanogaps of the SHS could not be removed easily by
jumping condensates or even by impacting water drops, due to
the nanoparticles being locked in place by the nanoribbons. This
implies that for SHSs to be used outdoors, the nanogap width of
the SHS should be designed to avoid the dust particle size. For
example, if most of the dust in the air is 0.5 μm in diameter, the
nanogap width of the SHS should be designed to avoid such size
thinking of self-cleaning by jumping condensates. Another
question in self-cleaning by jumping condensates is where was
the dust brought away from the SH surface? Is it the jumping
condensates that re-evaporate into the air near the cool SHS,

Figure 8. SEM of the copper SHS being filled with SiO2 nanoparticles (diameter 100 nm) before (a, b) and after 1 h of Cassie condensation vertically
(c, d) and horizontally (e, f). The SHS temperature is 0 °C, and the ambient RH is 65 ± 1% (T = 26 ± 1 °C).
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conveniently bringing the particles into the air and then making
them being brought away from the SHS by the wind? This is the
study we will carry out in the future.
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