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According to classical heterogeneous nucleation theory, the free energy barrier (ΔGc) of
heterogeneous nucleation of vapor condensation ascends dramatically as the substrate
nanostructure diameter (Rs) decreases. Based on this idea, we fabricated two types of
superhydrophobic surfaces (SHSs) on an aluminum substrate by different roughening
processes and the same fluorization treatment. Water vapor condensation trials by optical
microscope and ESEM confirmed that on SHSs with submicron rectangle structures, a
typical self-propelledmotion of condensates or jumping condensation occurred. However,
on SHSwith coral-like micro/nano-structures, vapor nucleation occurred tardily, randomly,
and sparsely, and the subsequent condensation preferentially occurred on the nuclei
formed earlier, e.g., the condensation on such SHS typically followed the Matthew effect.
Higher vapor-liquid nucleation energy barrier caused by smaller fluorinated nanostructures
should be responsible for such a unique “anti-condensation” property. This study would be
helpful in designing new SHSs and moving their application in anti-icing, anti-fogging, air
humidity control, and so on.
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INTRODUCTION

Many plants exhibit remarkable water repellency owing to their rough surface. The textured surface traps
air underneath water droplets and the air cushioning gives rise to superhydrophobicity (Barthlott and
Neinhuis, 1997; Neinhuis and Barthlott, 1997). However, biomimetic superhydrophobic surfaces (SHSs)
generally do not retain water repellency when exposed to a condensing environment (Zhao and Yang,
2017; Chen et al., 2018; Zhao et al., 2018; Orejon et al., 2019). Water condensates proceeding from
nanoscale nuclei tend to penetrate into the surface texture and displace the trapped air, forfeiting the
superhydrophobicity. Along with the condensation proceeds, arrays of visible, glittering, transparent, and
adhesive large Wenzel drops (3–5mm in diameter) cover the SHSs gradually. This seriously limits their
applications in sustained dropwise condensation (Hao et al., 2018; Wang et al., 2020), water collection
(Zheng et al., 2010), anti-icing (Kreder et al., 2016; Caldona et al., 2017; Zhu et al., 2020), and anti-
corrosion (Xue et al., 2020). In some cases, these SHSs even represent a worse performance than general
hydrophobic surfaces do such as increasing ice adhesion strength once the ice forms (Kreder et al., 2016;
Caldona et al., 2017).

Recently, the self-propelled motion of condensate drops on some SHSs has attracted increasing
attention due to its potential applications in delaying frost growth (Hao et al., 2014; Jiang et al., 2020;
Mohammadian et al., 2020), enhancing condensation heat transfer (Hao et al., 2018; Sarode et al., 2020),
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stronger self-cleaning (Geyer et al., 2020), and breathable anti-
condensation coating on buildings (Wu et al., 2021). Wang et al.
(2021) demonstrated that the vapor molecules can be intercepted by
oblique nanowires and preferentially nucleate at near-surface
locations, avoiding the penetration of vapor into themicroscale gaps.

In our earlier studies (Feng et al., 2012a; Feng et al., 2012b), we
have confirmed that nuclei formed within the nanogaps of SHSs
would grow and coalesce into micro-droplets. Then the micro-
droplets derive themselves upwards and form into Cassie
droplets. It is such a Cassie state that causes the spontaneous
motion of drops after coalescence. A nanostructure with
sufficiently narrow spacing and high perpendicularity is
favorable to form such a Cassie condensation. According to
classical heterogeneous nucleation theory (Liu, 1999), the free
energy barrier (ΔGc) of heterogeneous nucleation of vapor
condensation ascends dramatically as the substrate
nanostructure’s diameter (Rs) decreases. No nucleation would
bring none condensation. Based on this principle, new types of
SHS with a more obvious anti-condensation property may be
created by designing fine nanostructures.

In this study, we fabricated two types of SHSs on an
aluminum substrate by two different roughening processes
and the same fluorization treatment. One was only by HCl
etching and the other was by HCl etching and by further
immersing in hot water. Water vapor condensation trials
confirmed that although both two surfaces were
superhydrophobic and supported Cassie condensation, only
SHS by HCl etching and further by hot water treatment
showed an obvious anti-condensation property, e.g., the
condensate droplets appeared tardily, randomly, and
sparsely on it. Most of the SHS areas appeared dry. A much
higher nucleation energy barrier caused by much smaller
nanostructures should be responsible for such phenomena.
This study opens a new door for designing new SHSs and
moving their applications in fields such as anti-icing, anti-
fogging, anti-corrosion, and air humidity control.

EXPERIMENTAL SECTION

Superhydrophobic Surfaces Preparation
The aluminum foils with size of 6 cm × 5 cm × 0.5 mm (purity
99.99%) were ultrasonically washed in acetone and ethanol to get rid
of organic contamination. The cleaned aluminum foils were etched
in 9 wt% HCl aqueous solution for 12min at room temperature.
After being rinsed with deionized water, a part of the samples were
further immersed in deionized water (50°C) for 40min and
subsequently dried with nitrogen. Then the two batches of
samples were incubated in a 0.5 wt% hexane solution of 1H, 1H,
2H, and 2H-perfluorodecyltriethoxysilane (FAS17, Sigma) at room
temperature for 1 h, followed by drying at 120°C for 1 h.

Morphology and Wettability of the
Superhydrophobic Surfaces
The morphologies of as-prepared aluminum surfaces were
characterized by field emission scanning electron microscopy

(FE-SEM, S4700, Hitachi, Japan). For each surface, its
nanostructure parameters such as the diameter or width/length
and gap space were measured and calculated statistically from the
SEM images. The water contact angles (CAs) and slide angles
(SAs) were measured by using a Dataphysics OCA35 contact-
angle system with a temperature control stage. This stage can
precisely maintain the temperature of SHS from -30–160°C. The
volume of the water droplet used for the CA measurements is
4 μL. The CAs were obtained by averaging five measurement
results.

Condensation Under Ambient Condition
Condensation experiments were performed in a closed room
with an area of 25 m2 and a height of 3 m. The ambient
temperature was controlled at 28 ± 1°C and the relative
humidity (RH) was adjusted at 80 ± 2%. The surface
superhydrophobilized aluminum foils with a size of 3 cm ×
3 cm × 0.5 mm were placed on a horizontally orientated Peltier
cooling stage with the hot side cooled by recirculating water.
The sample surface was maintained at 0–1°C. The spontaneous
motion of condensate droplets was observed and visualized by
an optical microscope (Nikon LV 150) with a ×10 objective
and charge-coupled device camera (CCD) at 25 fps. The
phenomena were quantified by analyzing 2 min
representative videos. Four short periods of time (only 1 s)
spacing 30 s, all together 5 × 25 pieces of snapshots were used
to quantify the average numbers of distinguishable drop
location changes in 1 s videos (here named as “spontaneous
motion frequency”) (Feng et al., 2012a; Feng et al., 2012b).

Condensation Dynamics in ESEM
The microscale dynamics of vapor condensation on the sample
surfaces were in situ visualized using an environmental scanning
electron microscopy (ESEM, FEI Quanta 200 FEG) with a Peltier
cooling stage. The sample was placed on a stainless steel sample
holder that was rested on the Peltier cooling stage. The drop
condensation was imaged using a gaseous secondary electron
detector. The electron beam voltage was set at ~30 keV in order to
ensure better contrast for image visualization. The condensation
process can be triggered by precisely controlling the stage
temperature and the water vapor pressure in the chamber. In
this experiment, the temperature of the Peltier cooling stage was
fixed at ~1°C. The vapor pressure was gradually increased to
~800 Pa, at which the vapor started to nucleate on the sample
surface, and then maintained at ~800 Pa during imaging. The
images were taken every 1.6 s.

RESULTS AND DISCUSSION

Morphology and Superhydrophobicity of
as-Fabricated Surfaces
Similar to the results of Yin et al. (2012) and Z. Zhang Yang et al.
(2011), rectangle-shaped submicron-structure (Figure 1A1–3)
and coral-like micro/nano-hierarchical structures
(Figure 1B1–3) were obtained on the aluminum surface after
HCl etching and HCl etching combined with hot water treatment,

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org April 2022 | Volume 10 | Article 8879022

Li et al. “Anti-Condensation” Superhydrophobic Surface

https://www.frontiersin.org/journals/bioengineering-and-biotechnology
www.frontiersin.org
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles


respectively. Vulnerable dislocation sites inside the crystalline
aluminum should be responsible for such a submicron rectangle
structure (~0.5–1 μm) (Yin et al., 2012). While the reaction of
aluminum with hot water starting from the dissolution of
aluminum and followed by the deposition of aluminum
hydroxide colloidal particles on the aluminum surface should
be responsible for the coral like micro/nano-hierarchical
structures (He et al., 2012). The average width of nano-flakes
is ~10 nm and the average space is ~100 nm (Figure 1B3).

CAs and SAs measurement showed that the sessile CAs of two
types of as-prepared surfaces were both larger than 150°

(Figure 1, insets) and the SAs were both less than 2°. This
demonstrated that both two types of surfaces were typical
superhydrophobic and the intrinsic surface energy was
sufficiently low. The latter is one of two key factors affecting

the vapor condensation nucleation energy barrier (Liu, 1999).
Compared with the anodization method, simple hot water
immersing supplied a facile process in creating dense
nanostructures and narrow nanogaps on the aluminum
substrate, which is necessary for forming larger upward
Laplace pressure to the droplets condensed within the gaps (if
they could form there) and thus bringing Cassie condensation
and rapid self-propelled motion phenomenon to condensate
droplets (Feng et al., 2012a; Feng et al., 2012b).

Condensation Under Ambient Condition
Figure 2 shows the time-lapse top-view optical images of
dropwise condensation on aluminum surfaces prepared by two
different etching methods. It clearly demonstrates that different
surface structures do bring different condensation behaviors. On

FIGURE 1 | FESEM images of the textured aluminum surface obtained by 12 min HCl etching (9 wt%) at 20°C (A) and further immersing in 50°C water for 40 min
(B). Magnification from A1 to A3 or B1 to B3 is increased. The insets were profiles of 4 μL water droplets showing WCA both at ~155°.
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a rectangle submicron structured SHS, condensate droplets
appeared in a classical self-propelled motion or “jumping”
behavior, e g., condensation, is continuously, covering all areas
and homogeneous (Figure 2A). The spontaneous motion
frequency began at the high level (>100 drops/s), changed a
little in 1 min and then gradually decreased, and finally balanced
at 70 drops/s. Re-nucleation and growth of condensate droplets
appeared on any region of the SHS especially including bare areas
caused by droplet move-away. However, on coral-like micro/
nano-structured SHS, condensate droplets appeared slowly (~50 s
delay), dispersedly, and sparsely in the whole condensation
procedure. Most of SHS was always bare and dry. Primary
nucleation occurred randomly and the subsequent nucleation
occurred preferentially on the droplets formed by these former
nuclei. Because the distance between the droplets was so far, the
coalescence opportunity was so low that no self-propelled motion
or “jumping” appeared throughout the condensation process
(Figure 2B).

Condensation in ESEM
To better understand the aforementioned preferential
condensation phenomenon, we further apply ESEM to
observe the condensation dynamics on both types of SHSs.
Figure 3 shows time-lapse images of condensation on the SHSs

with submicron rectangle microstructures and coral like
micro/nano-structures, respectively. It clearly proved the
results of the microscopy video: both SHSs presented
spherical Cassie state condensate droplets, however, only
SHS with coral-like micro/nano-structures appeared to have
an obvious anti-condensation property. That is, on SHSs with
submicron rectangle microstructures, spherical droplets
emerged continuously and coalesced successively thus
forming droplets with dispersed diameters (Figure 3A).
However, on SHS with coral-like micro/nano-structures,
vapor nucleation occurred tardily, randomly, and sparsely,
and the subsequent condensation preferentially occurred on
these earlier formed nuclei. In the microscopy visual field, only
several large drops grew up through their growth and
asymmetric coalescence, while most areas were always dry
(Figure 3B).

Anti-Condensation Mechanism Analysis
As it showed in Figures 2B, 3B, when homogeneous dropwise
condensation continuously occurred on SHS with submicron
rectangle microstructures, no condensate droplets appeared on
most districts of SHS with coral-like micro/nano-structures. This
phenomenon can be explained by the classical nucleation theory.
Essentially, vapor condensation at least includes the process of

FIGURE 2 | Water vapor condensation behavior on SHS with submicron rectangle microstructures (A) series (implying Cassie or jumping condensation), and on
SHS with coral- like micro/nano-structures (B) series, implying an anti-condensation character). The scale bar is 60 μm. The temperature of SHSs was 0–1°C. The
environmental RH was 80 ± 2% (28 ± 1°C). The time scale in the images is minute, second, and millisecond.Supplementary Video S1,S2 corresponding to A and B are
available in the Supporting Information.
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nucleation and growth. Nucleation is the process of vapor
molecules clustering together. It was generally triggered by
supersaturation and with or without preferential sites such as
dust and surface nanostructures (so called homogeneous or
heterogeneous nucleation). Critical nucleation radius is the
minimum size that must be formed by vapor molecules
clustering before a droplet is stable and begins to grow. It
mainly depends on supersaturation caused by dew point,
supercooling temperature, and RH. According to the classical
nucleation theory (Liu, 1999), the radius of the critical nucleus
(rc) in vapor condensation can be estimated from:

RT In
Pr

P
� −2γVm

r

Where R is ideal gas constant (8.314 J·mol−1K−1), T is the
temperature of condensation (273.15 K), Pr is the vapor
pressure over a curved interface of a droplet with radius r, P is
the equilibrium vapor pressure above a flat surface of the
condensed phase at T (P is 0.61129 kPa at 0°C), γ ≈ 7.56 ×
10–2 J/m2 is the water (0°C) interfacial tension, and ] ≈ 1.8 ×
10–5 m3/mol is the water molar volume. When the Pr≤ P (28°C)
(3.7818 kPa) × 80 % (RH at 28°C), nucleation occurs and the
corresponding radius is at an equilibrium or critical radius (here
named rc, which is 0.75 nm after calculation).

The critical radius is the minimum droplet radius for the
formation of stable nuclei. However, it is a concept suitable to
homogeneous nucleation. In most cases, nucleation occurs at

nucleation sites on surfaces contacting the vapor, and thus results
in heterogeneous nucleation. Comparing with critical radius, the
free energy barrier of nucleation is another index being developed
to describe the difficulty of nucleation especially those that occur
on the surfaces with nano or micro-structures (heterogeneous
nucleation). According to the classical heterogeneous nucleation
theory (Liu, 1999), the effect of the surface structure on the free
energy barrier of heterogeneous formation of condensate droplet
(ΔGc) can be readily estimated as:

ΔGc � ΔGhomo
c f(m, x)

Where ΔGc
homo is the free energy barrier forming a droplet in a

homogeneous way, f(m, x) is the ratio of free energy barrier for
nucleation around a spherical particle relative to that in the bulk,
e.g., a factor that reduces the energy barrier of heterogeneous
nucleation. m = cosθflat with θflat = 108° for FAS treatment (Feng
et al., 2012a), and x = Rs/rc. Since rc is certain (0.75 nm), f(m, x)
only changes with the radius of nucleating substrate structures
(Rs). As Liu et al. (1999) derived, the f(m, x) ascends
dramatically as the nanostructure diameter decreases till it
approaches 1. When the condensation conditions (RH,
supercooling, et al.) are same, the smaller nanostructure on
SHS would bring a more difficult nucleation.

On the SHS with coral-like micro/nano-structures
(Figure 1B), the average width of the nano-flakes is ~10 nm
and the average space is ~100 nm. This means that the
corresponding apparent radius of nucleating structures (Rs)

FIGURE 3 | Time-lapse ESEM images of vapor condensation on SHSs with submicron rectangle structures (A1-2) and with coral-like micro/nano-structures (B1-
2), respectively. The scale bar is 50 μm. The temperature of the sample stage was fixed at ~1°C. The vapor pressure was gradually increased to ~800 Pa, at which the
vapor started to nucleate on the sample surface, and then maintained at ~800 Pa during imaging. The images were taken every 1.6 s. The time scale in the images is
minute, second, and millisecond.
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are ~5 nm and ~50 nm, respectively, both larger than the critical
nucleus rc (0.75 nm). However, on SHS with submicron rectangle
structures, the average apparent radius of nucleating structures
(Rs) are ~0.5–1 μm, which is much larger than the critical nucleus
rc (0.75 nm). This means that the ΔGc on the submicron rectangle
structures should be lower than that on the coral-like micro/
nano-structures. A similar result had also been obtained by Lo
et al. (2014) , where they found that water vapor preferentially
condenses on the designed microgrooves on the Si nanowire
surface (both with CA~145°).

The structure of the SHS has a strong effect on the nucleation rate
J via the inverse exponential dependence on ΔGc, J �
J0 exp(−ΔG/kT) (Varanasi et al., 2009). As a result, on the SHS
with coral-like micro/nano-structures, due to higher vapor–liquid
nucleation energy barrier caused by the finer nano-structures, vapor
nucleation is difficult (~50 s delaying) comparing with that on SHS
with submicron rectangle structures (immediately, continuously,
and densely). However, difficulty does not mean impossible.
Vapor nucleation may also occur at some gaps of the surfaces.
Once the primary nucleation is completed on the SHS with coral-
like micro/nano-structures, the subsequent nucleation preferentially
occurs on these primary nuclei (Figure 4 This is because they are
hydrophilic, which dramatically decreases the ΔGc (Liu, 1999;
Varanasi et al., 2009). As a result, the condensation occurred
tardily, randomly, and sparsely. The condensation proceeded
along the typical Matthew effect, e.g., always occurred on special

sites (primary nuclei or defects). If we could fabricate SHS with
homogeneous hydrophilic nano sites, a new type of condensation
would be expected (Xing et al., 2020).

CONCLUSION

In summary, we found an interesting phenomenon, e.g.,
“Matthew effect condensation” or “anti-condensation”, on SHS
with much smaller nanostructures. Different to the classical self-
propelled motion or “jumping” behavior of condensate droplets
on SHS with relatively larger structures, condensate droplets on
SHS with smaller nanoflakes appear slowly (~50 s delay),
dispersedly, and sparsely in the whole condensation procedure.
Condensation started from random nucleation and the
subsequent nucleation preferentially occurred on these primary
nuclei. As a result, most of the SHS area appears dry during the
condensation procedure. A much higher vapor–liquid nucleation
energy barrier caused by much smaller nanostructures should be
responsible for such a unique “anti-condensation” property. This
study would be helpful in designing new SHSs and moving their
application in anti-icing, anti-fogging, air humidity control, and
other relative fields.
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FIGURE 4 | Scheme of water vapor condensation on SHS with
submicron rectangle structures (A), condensate droplets appeared
immediately, continuously, and densely, and on the SHS with much smaller
nanostructures (B), condensate droplets appeared tardily, randomly,
and sparsely, and the subsequent condensation preferentially occurred on the
nuclei formed earlier, respectively.

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org April 2022 | Volume 10 | Article 8879026

Li et al. “Anti-Condensation” Superhydrophobic Surface

https://www.frontiersin.org/articles/10.3389/fbioe.2022.887902/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fbioe.2022.887902/full#supplementary-material
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
www.frontiersin.org
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles


REFERENCES

Barthlott, W., and Neinhuis, C. (1997). Purity of the Sacred lotus, or Escape from
Contamination in Biological Surfaces. Planta 202, 1–8. doi:10.1007/s004250050096

Caldona, E. B., de Leon, A. C. C., Thomas, P. G., Naylor, D. F., Pajarito, B. B., and
Advincula, R. C. (2017). Superhydrophobic Rubber-Modified Polybenzoxazine/
SiO2 Nanocomposite Coating with Anticorrosion, Anti-ice, and
Superoleophilicity Properties. Ind. Eng. Chem. Res. 56, 1485–1497. doi:10.
1021/acs.iecr.6b04382

Chen, R., Jiao, L., Zhu, X., Liao, Q., Ye, D., Zhang, B., et al. (2018). Cassie-to-
Wenzel Transition of Droplet on the Superhydrophobic Surface Caused by
Light Induced Evaporation. Appl. Therm. Eng. 144, 945–959. doi:10.1016/j.
applthermaleng.2018.09.011

Feng, J., Pang, Y., Qin, Z., Ma, R., and Yao, S. (2012a). Why Condensate Drops Can
Spontaneously Move Away on Some Superhydrophobic Surfaces but Not on
Others. ACS Appl. Mater. Inter. 4, 6618–6625. doi:10.1021/am301767k

Feng, J., Qin, Z., and Yao, S. (2012b). Factors Affecting the Spontaneous Motion of
Condensate Drops on Superhydrophobic Copper Surfaces. Langmuir 28,
6067–6075. doi:10.1021/la300609f

Geyer, F., D’Acunzi, M., Sharifi-Aghili, A., Saal, A., Gao, N., Kaltbeitzel, A., et al.
(2020). When and How Self-Cleaning of Superhydrophobic Surfaces Works.
Sci. Adv. 6, eaaw9727. doi:10.1126/sciadv.aaw9727

Hao, Q., Pang, Y., Zhao, Y., Zhang, J., Feng, J., and Yao, S. (2014). Mechanism of
Delayed Frost Growth on Superhydrophobic Surfaces with Jumping
Condensates: More Than Interdrop Freezing. Langmuir 30, 15416–15422.
doi:10.1021/la504166x

Hao, T., Wang, K., Chen, Y., Ma, X., Lan, Z., and Bai, T. (2018). Multiple Bounces
and Oscillatory Movement of a Microdroplet in Superhydrophobic
Minichannels. Ind. Eng. Chem. Res. 57, 4452–4461. doi:10.1021/acs.iecr.
7b04613

He, M., Zhou, X., Zeng, X., Cui, D., Zhang, Q., Chen, J., et al. (2012). Hierarchically
Structured Porous Aluminum Surfaces for High-Efficient Removal of
Condensed Water. Soft Matter 8, 6680–6683. doi:10.1039/C2SM25828E

Jiang, S., Zhang, H., Jiang, C., and Liu, X. (2020). Antifrosting Performance of a
Superhydrophobic Surface by Optimizing the Surface Morphology. Langmuir
36, 10156–10165. doi:10.1021/acs.langmuir.0c01618

Kreder, M. J., Alvarenga, J., Kim, P., and Aizenberg, J. (2016). Design of Anti-icing
Surfaces: Smooth, Textured or Slippery? Nat. Rev. Mater. 1, 15003. doi:10.1038/
natrevmats.2015.3

Liu, X. Y. (1999). A New Kinetic Model for Three-Dimensional Heterogeneous
Nucleation. J. Chem. Phys. 111, 1628–1635. doi:10.1063/1.479391

Lo, C.-W., Wang, C.-C., and Lu, M.-C. (2014). Spatial Control of Heterogeneous
Nucleation on the Superhydrophobic Nanowire Array. Adv. Funct. Mater. 24,
1211–1217. doi:10.1002/adfm.201301984

Mohammadian, B., Annavarapu, R. K., Raiyan, A., Nemani, S. K., Kim, S., Wang,
M., et al. (2020). Delayed Frost Growth on Nanoporous Microstructured
Surfaces Utilizing Jumping and Sweeping Condensates. Langmuir 36,
6635–6650. doi:10.1021/acs.langmuir.0c00413

Neinhuis, C., and Barthlott, W. (1997). Characterization and Distribution of
Water-Repellent, Self-Cleaning Plant Surfaces. Ann. Bot. 79, 667–677.
doi:10.1006/anbo.1997.0400

Orejon, D., Askounis, A., Takata, Y., and Attinger, D. (2019). Dropwise
Condensation on Multiscale Bioinspired Metallic Surfaces with
Nanofeatures. ACS Appl. Mater. Inter. 11, 24735–24750. doi:10.1021/acsami.
9b06001

Sarode, A., Raj, R., and Bhargav, A. (2020). On the Role of Confinement Plate
Wettability on Pool Boiling Heat Transfer. Int. J. Heat Mass Transfer 156,
119723. doi:10.1016/j.ijheatmasstransfer.2020.119723

Varanasi, K. K., Hsu, M., Bhate, N., Yang, W., and Deng, T. (2009). Spatial Control
in the Heterogeneous Nucleation of Water. Appl. Phys. Lett. 95, 094101. doi:10.
1063/1.3200951

Wang, R., Wu, F., Xing, D., Yu, F., and Gao, X. (2020). Density Maximization of
One-step Electrodeposited Copper Nanocones and Dropwise Condensation
Heat-Transfer Performance Evaluation. ACS Appl. Mater. Inter. 12,
24512–24520. doi:10.1021/acsami.0c05224

Wang, R., Wu, F., Yu, F., Zhu, J., Gao, X., and Jiang, L. (2021). Anti-vapor-
penetration and Condensate Microdrop Self-Transport of Superhydrophobic
Oblique Nanowire Surface under High Subcooling. Nano Res. 14, 1429–1434.
doi:10.1007/s12274-020-3196-8

Wu, X., Yang, F., Lu, G., Zhao, X., Chen, Z., and Qian, S. (2021). A Breathable and
Environmentally Friendly Superhydrophobic Coating for Anti-condensation
Applications. Chem. Eng. J. 412, 128725. doi:10.1016/j.cej.2021.128725

Xing, D., Wang, R., Wu, F., and Gao, X. (2020). Confined Growth and
Controlled Coalescence/Self-Removal of Condensate Microdrops on a
Spatially Heterogeneously Patterned Superhydrophilic-
Superhydrophobic Surface. ACS Appl. Mater. Inter. 12, 29946–29952.
doi:10.1021/acsami.0c04922

Xue, Y., Wang, S., Xue, Y., Cao, L., Nie, M., and Jin, Y. (2020). Robust Self-Cleaning
and Marine Anticorrosion Super-Hydrophobic Co-Ni/CeO 2 Composite
Coatings. Adv. Eng. Mater. 22, 2000402. doi:10.1002/adem.202000402

Yang, J., Zhang, Z., Xu, X., Men, X., Zhu, X., and Zhou, X. (2011). Superoleophobic
Textured Aluminum Surfaces. New J. Chem. 35, 2422–2426. doi:10.1039/
C1NJ20401G

Yin, L., Wang, Y., Ding, J., Wang, Q., and Chen, Q. (2012). Water Condensation on
Superhydrophobic Aluminum Surfaces with Different Low-Surface-Energy
Coatings. Appl. Surf. Sci. 258, 4063–4068. doi:10.1016/j.apsusc.2011.12.100

Zhao, Y., and Yang, C. (2017). Frost Spreading on Microscale Wettability/
morphology Patterned Surfaces. Appl. Therm. Eng. 121, 136–145. doi:10.
1016/j.applthermaleng.2017.04.063

Zhao, Y., Zhang, H., Wang, W., and Yang, C. (2018). Wetting Transition of Sessile
and Condensate Droplets on Copper-Based Superhydrophobic Surfaces. Int.
J. Heat Mass Transfer 127, 280–288. doi:10.1016/j.ijheatmasstransfer.2018.
07.153

Zheng, Y., Bai, H., Huang, Z., Tian, X., Nie, F.-Q., Zhao, Y., et al. (2010). Directional
Water Collection on Wetted Spider Silk. Nature 463, 640–643. doi:10.1038/
nature08729

Zhu, T., Cheng, Y., Huang, J., Xiong, J., Ge, M., Mao, J., et al. (2020). A Transparent
Superhydrophobic Coating with Mechanochemical Robustness for Anti-icing,
Photocatalysis and Self-Cleaning. Chem. Eng. J. 399, 125746. doi:10.1016/j.cej.
2020.125746

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors, and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Li, Zhao, Yang and Feng. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (CC BY). The use,
distribution or reproduction in other forums is permitted, provided the original
author(s) and the copyright owner(s) are credited and that the original publication
in this journal is cited, in accordance with accepted academic practice. No use,
distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org April 2022 | Volume 10 | Article 8879027

Li et al. “Anti-Condensation” Superhydrophobic Surface

https://doi.org/10.1007/s004250050096
https://doi.org/10.1021/acs.iecr.6b04382
https://doi.org/10.1021/acs.iecr.6b04382
https://doi.org/10.1016/j.applthermaleng.2018.09.011
https://doi.org/10.1016/j.applthermaleng.2018.09.011
https://doi.org/10.1021/am301767k
https://doi.org/10.1021/la300609f
https://doi.org/10.1126/sciadv.aaw9727
https://doi.org/10.1021/la504166x
https://doi.org/10.1021/acs.iecr.7b04613
https://doi.org/10.1021/acs.iecr.7b04613
https://doi.org/10.1039/C2SM25828E
https://doi.org/10.1021/acs.langmuir.0c01618
https://doi.org/10.1038/natrevmats.2015.3
https://doi.org/10.1038/natrevmats.2015.3
https://doi.org/10.1063/1.479391
https://doi.org/10.1002/adfm.201301984
https://doi.org/10.1021/acs.langmuir.0c00413
https://doi.org/10.1006/anbo.1997.0400
https://doi.org/10.1021/acsami.9b06001
https://doi.org/10.1021/acsami.9b06001
https://doi.org/10.1016/j.ijheatmasstransfer.2020.119723
https://doi.org/10.1063/1.3200951
https://doi.org/10.1063/1.3200951
https://doi.org/10.1021/acsami.0c05224
https://doi.org/10.1007/s12274-020-3196-8
https://doi.org/10.1016/j.cej.2021.128725
https://doi.org/10.1021/acsami.0c04922
https://doi.org/10.1002/adem.202000402
https://doi.org/10.1039/C1NJ20401G
https://doi.org/10.1039/C1NJ20401G
https://doi.org/10.1016/j.apsusc.2011.12.100
https://doi.org/10.1016/j.applthermaleng.2017.04.063
https://doi.org/10.1016/j.applthermaleng.2017.04.063
https://doi.org/10.1016/j.ijheatmasstransfer.2018.07.153
https://doi.org/10.1016/j.ijheatmasstransfer.2018.07.153
https://doi.org/10.1038/nature08729
https://doi.org/10.1038/nature08729
https://doi.org/10.1016/j.cej.2020.125746
https://doi.org/10.1016/j.cej.2020.125746
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
www.frontiersin.org
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles

	“Anti-Condensation” Aluminum Superhydrophobic Surface by Smaller Nanostructures
	Introduction
	Experimental Section
	Superhydrophobic Surfaces Preparation
	Morphology and Wettability of the Superhydrophobic Surfaces
	Condensation Under Ambient Condition
	Condensation Dynamics in ESEM

	Results and Discussion
	Morphology and Superhydrophobicity of as-Fabricated Surfaces
	Condensation Under Ambient Condition
	Condensation in ESEM
	Anti-Condensation Mechanism Analysis

	Conclusion
	Data Availability Statement
	Author Contributions
	Funding
	Supplementary Material
	References


