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Abstract: Superhydrophobic surfaces have aroused great interest for being promising candidates
in applications such as self-cleaning, anti-icing, and corrosion resistance. However, most of the
superhydrophobic surfaces lose their anti-wettability in low surface temperature and high humid-
ity. The loss of superhydrophobicity by condensed liquid is a very common practical incident, yet
to be understood properly. Here we report the wettability of the superhydrophobic nanoporous
surfaces in condensation and freezing environments. Various structured surfaces fabricated with
carbon nanotubes (CNT) and coated by an ultrathin, conformal, and low surface energy layer of poly
(1H,1H,2H,2H-perfluorodecylacrylate) (pPFDA) are exploited in humid conditions. Droplet impact
dynamics, condensate characteristics, and freezing time delays are investigated on the CNT micropil-
lars with various geometries along with the CNT forest and two commercially available anti-wetting
coatings, NeverWet and WX2100. Nanoporous microstructured CNT pillars with the favorable
topological configuration demonstrated complete droplet bouncing, significant freezing delays, and
considerable durability during several icing/de-icing cycles. This study provides an understanding
on the preferable geometry of the highly porous CNT micropillars for retaining hydrophobicity
and preventing ice formation, which is of practical importance for the rational development of
anti-wetting surfaces and their applications in low temperatures and humid conditions.

Keywords: condensate coalescence; Cassie-Baxter; anti-icing; nanoporous microstructures; freezing
delay; droplet dynamics

1. Introduction

Droplet repellency on anti-wetting solid surfaces has been an active research field in
the past two decades [1–5]. Studying liquid interaction with the anti-wetting surfaces is of
great importance for numerous technical and industrial applications such as self-cleaning,
anti-fogging, anti-icing, anti-fouling, and dropwise condensation, among others [6–12].
Superhydrophobic surfaces have shown excellent anti-wetting properties identified by high
water contact angle (WCA) and very small WCA hysteresis (difference between advancing
and receding WCA) [13]. Some of these surfaces typically have very low surface energy
with micro-scale, nano-scale, and/or hierarchical features that enable entrapping a thin
air layer between them and the droplet [14–17]. More recently, superhydrophobic surfaces
have also shown some promise in delay of icing with potential applications in power lines,
wind turbines, photovoltaic panels, and other infrastructures [18–23]. Some other anti-icing
performances exhibited by the superhydrophobic surfaces include lowering ice adhesion
strength, repelling freezing rain droplets, and delaying frost formation [13,24–30]. However,
under harsh environmental conditions like low temperatures and high humidity, these
surfaces lose their superhydrophobicity and fail to exhibit those anti-icing features [31–34].
When humid air encounters a surface that is colder than the air and cools to its dew point,
condensate water droplets nucleate on the surface and grow by time [35,36]. Condensation
on solid surfaces is a common scenario in nature, which has always been a threat to the
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immense applications of the superhydrophobic surfaces for icing mitigation [37,38]. Conden-
sate droplets infiltrate the roughness/features of the surfaces, wetting them [39]. Therefore,
most of the superhydrophobic surfaces lose their water repelling and anti-icing features in
low temperature and high humidity conditions, due to nucleation and growth of the conden-
sate droplets. This sometimes leads to potential enhanced formation of frost depending on
the temperature [30,40,41]. The subsequent freezing of the condensate droplets mechanically
anchors them to surface roughness and leads to enhanced ice/frost build up on them, with
increased adhesion strength [42,43]. It has been shown that the anti-icing performance
of the superhydrophobic surfaces deteriorates after several icing/de-icing cycles [37,44].
Moreover, damages on surface textures have been shown during icing and de-icing, due to
the expansion induced by melting ice [37,39,45,46]. Initially, Lafuma et al. demonstrated
that the WCA hysteresis increased to 100◦ when the condensate droplets were grown on a
superhydrophobic surface, compared to only 5◦ on the same dry surface [47,48]. Moreover,
advancing WCA was observed to be 141◦ in condensation condition (high humidity and low
temperature), instead of 164◦ in the dry condition. Understanding wettability and mecha-
nisms of wetting transition are explicitly discussed on nanoporous surfaces [49,50]. Wang
et al. discussed the non-equilibrium condensed droplet morphologies by local energy barri-
ers and nucleation-mediated droplet–droplet interactions, which leads to Wenzel state [42].
Narhe et al. showed results of condensation on strip and square patterned superhydropho-
bic surfaces to understand the condensate droplet evolution [51]. Rykaczewski et al. showed
the mechanism of condensate microdroplet growth on nanostructured superhydrophobic
surfaces both experimentally and theoretically by a quantitative model [52]. Later by the
same group, application of hygroscopic drops was demonstrated for inhibiting condensa-
tion based frost formation between microscopic and macroscopic arrays of propylene glycol
and salt saturated water drops [53,54]. Varanasi et al. showed rare-earth oxide ceramics
materials promoted dropwise condensation, repelling water droplets and sustaining hy-
drophobicity even after exposure to harsh environments [55]. Other ceramic membranes
grafted and coated by perfluorosilane showed promising results [56–59]. In condensate
condition, self-cleaning of superhydrophobic surfaces by self-propelled droplet jumping
and sweeping have also been demonstrated by several studies [30,32,60–62]. Oberli et al.
studied condensation of water onto physically-decorated substrates and its associated im-
pact on the freezing of macroscopic droplets on them [39]. The formation of drops that
are partly in the Cassie and partly in the Wenzel mode has also been observed on a post
surface [34,63]. Certain artificially-prepared nanostructured materials exhibited condensate
drops in Cassie state. Dorrer et al. mentioned that if the roughness features are on the same
size scale as the smallest condensate drops, the surface might maintain Cassie state for a
while [35,64]. Recently, Lambley et al. discussed a trend of increasing impalement severity
with decreasing ambient pressure and elucidated a condensation-based impalement mecha-
nism within the texture resulting from the compression of intervening gas layer between
the impacting droplet and the surface texture [65]. Condensation and frost growth were
temporally controlled by passive suppression of inter-droplet frost growth with chemical
micropattern design, leading to consequent control of freezing events [62]. These studies
confirmed that a Wenzel wetting state was induced by the condensate droplets on the
superhydrophobic surfaces. However, little consideration has been given to understand
the effect of surface features on demonstrating delay in freezing that is preceded by con-
densation. In addition, droplet dynamics on pattered micro/nanostructure surfaces has
not been well studied in condensation condition. Additionally, there has not been any
study demonstrating formation of Cassie droplets due to coalesce of condensate droplets on
micro/nano patterned surfaces.

Here, droplet dynamics and freezing delay in condensation condition is studied on
nanoporous microstructured surfaces made of carbon nanotube (CNT) forest and CNT
micropillars coated with poly (1H,1H,2H,2H-perfluorodecylacrylate) (pPFDA). The perfor-
mances of these samples are compared with two commercially available superhydrophobic
coatings (NeverWet, Rust-Oleum, Vernon Hills, IL, USA and WX2100, Cytonix, Beltsville,
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MD, USA). We show that the nanoporous microstructured surfaces exhibit complete re-
pelling of the incoming droplets even in condensation conditions. We also study the impact
of micropillar geometry on freezing delay during direct freezing and condensation, fol-
lowed by freezing conditions. We observe two opposite trends in freezing delays during
these two different freezing conditions. We demonstrate that the coalescence behavior
of the condensate droplets on the top of the micropillars and on the cavities can be con-
trolled by modulating the geometry of the micropillars to form non-wetting Cassie droplets.
Finally, we study the nanoporous microstructured surfaces through multiple icing/de-
icing cycles for assessing their durability. This study aims to develop robust surfaces that
exhibit hydrophobic and icephobic natures even at high humidity and low temperature
environmental conditions.

2. Materials and Methods
2.1. Synthesis of Nanoporous Microstructured Surfaces

The synthesis of CNT forest and CNT micropillars, along with the iCVD polymeriza-
tion, was described in details in our previous work [66]. The catalyst for CNT growth was
patterned on a silicon wafer with 300 nm of thermally grown silicon dioxide by lift-off
processing using photolithography, followed by ultrasonic agitation in acetone. The cata-
lyst layer, 10 nm of Al2O3, and 1 nm of Fe, were sequentially deposited by electron-beam
physical vapor deposition. After dying, the wafer was placed in the quartz-tube furnace
(Thermo Fisher Minimite, Waltham, WA, USA, 22 mm inner diameter) for CNT growth. The
typical growth rate was ∼100 µm/min. After the growth, the furnace was cooled down to
temperatures lower than 100 ◦C with the same gas flow and finally purged with 1000 sccm
of He for 5 min. A custom-built cylindrical reactor was used to perform iCVD polymer-
ization. The growth substrate was placed on the reactor stage above which Chromalloy
filaments (Goodfellow), were held to heat the initiator (tert-butyl peroxide, TBPO, 98%,
Aldrich, St. Louis, OH, USA) during polymerization. 1H,1H,2H,2H-perfluorodecylacrylate
(PFDA, 97%) and the TBPO (98%) initiator were used as received from Sigma-Aldrich. The
filament was heated up to 250 ◦C and, the labile peroxide bond of the TBPO breaks and
creates −TBO radicals. The PFDA monomer was vaporized, which was then introduced
to the reactor. During polymerization, the growth substrate was maintained at 30 ◦C
with a deposition rate of 1 nm/min to ultimately coat the CNT samples with ∼30 nm
thick pPFDA conformally without compromising the porosity of the CNTs. The resulting
samples are nanoporous pPFDA-coated CNT forest (CF), and nanoporous microstructured
pPFDA-coated CNT pillars with various diameters (D), spacings (S), and heights (H).

2.2. Spray Coated Surface Preparation

Silicon substrates were rinsed with fresh water and allowed to dry thoroughly. The
samples were then treated with the two different commercial sprays (WX2100™ Cytonix, an
aerosol version of Fluorothane™, and Rust-Oleum® NeverWet Liquid Repelling Treatment),
which deposited the anti-wetting solutions. The sprayed samples were placed under a
fume hood at lab temperature (≈22 ◦C) for 5 h to dry. After the solvent of the WX2100
solutions evaporated, nanoparticles coated the substrates, making them superhydrophobic.
After the solvent of the NeverWet spray (acetone) evaporated, microparticles coated the
substrates resulting in liquid-repelling surface.

2.3. Droplet Impact Experiment

The samples were placed on a horizontal Peltier plate, above which 9 µL water
droplets (radius, R0 ≈ 1.3 mm) were generated by pumping liquids through a steel needle
using a ramé-hart Automated Dispensing System (p/n 100-22) with accuracy of ±0.002 µL.
Throughout the experiments, a needle (26 gauge with an inside diameter (ID) of 0.256 mm)
was used to release the water droplets. The droplets fall on various samples with impact
velocity of v = 1 m/s. Drop Volume Control software (version 10) was used to purge the
dispensing systems and to control the liquid input and output.
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2.4. Condensation Experiment

The surface temperature of the samples was controlled by placing them on a cooling
stage (Liquid Cooled Solid State Cold Plate—LHP-1200CP, TECA Corp., Chicago, IL, USA).
The bottom of the cold plate was attached to the connecting pipes through which cold
Propylene Glycol was circulating by a chiller (Thermo Scientific NESLAB RTE-7 Circulating
Bath). Figure S1 (see Supplementary Materials) shows test setup for the condensation.
A PID Temperature Controller (TC-3400, Thermoelectric, Chicago, IL, USA) provided
tighter control for demanding temperature of the Peltier plate. A T-type thermocouple was
attached on the Peltier plate to measure the temperature of the plate. The thermocouple was
connected to a data logging thermometer (REED SD-947 SD Series, Wilmington, NC, USA)
to measure the temperature in real-time. The temperature of a sample surface became close
(slightly higher such as 0.1–0.2 ◦C) to the temperature of the Peltier plate. This statement
was verified by measuring the sample surface temperature using a non-contact Infrared
Thermometer (Southwire 30010S, Carrollton, TX, USA), results of which are not shown here.
The temperature and humidity of the environment were measured by Thermo-Hygrometer
(General EP8703, Secaucus, NJ, USA), which also displayed the dew point for the current
condition. The applied wind was created by attaching a poly-vinyl chloride (PVC) tube
with Airgas Ultra High Purity nitrogen gas cylinder. The wind speed was measured
using an airflow meter (Extech Thermo-Anemometer, Nashua, NH, USA) attached to an
anemometer vane probe.

2.5. Contact Angle Measurement

The static (θc), advancing (θa), and receding (θr) contact angles of the water droplets
were measured on the samples using the sessile drop technique with the help of contact
angle tool from Fiji-ImageJ software (version 1.51w). A 5 µL droplet was deposited using
the ramé-hart Automated Dispensing System (p/n 100-22) for static contact angle (θc)
measurement. The advancing and receding contact angles (θa and θr) were measured by
depositing water droplets of 10 µL on the surfaces, then increasing the volume by 2 µL
increments until advancement in the liquid meniscus was observed and then decreasing
the volume by the same rate until receding motion was seen. Advancing (θa) contact
angle was considered as the maximum angles observed during the droplet growth, while
receding contact angle (θr) was calculated from fitting of the drop profile just before the
interface receded. To ensure repeatability, each contact angle value was averaged from
measurements of ten droplets distributed across each sample. These measurements were
performed at general laboratory environmental conditions (temperature of ≈22 ◦C and
relative humidity of ≈40%).

2.6. Imaging

A FEI QUANTA 3D FEG SEM was used for obtaining the images of various samples.
The spray-coated samples were coated with 10 nm of gold (Ted Pella 108 Manual Sputter
Coater, Redding, CA, USA) and then images were obtained using a 2-kV acceleration voltage.
Microscopy images were acquired using Leitz Ergolux microscope equipped with Infinity
2 camera. Lumenera INFINITY ANALYZE software (version 7.0.2) was used to capture the
images. A high-speed video camera (OLYMPUS i-SPEED TR, Woburn, UK) was used to
capture slow motion impacts of the droplets at 10,000 frames per second (FPS). Both Fiji-
ImageJ and i-SPEED Viewer (version 3.1.0.9) were used for analyzing the droplet impacts. The
transition of the deposited water droplet to the ice was captured using a Digital single-lens
reflex (DSLR) camera (Nikon D5500, Minato City, Japan) with a macro lens (Tamron AF 90mm
f/2.8 Di SP AF/MF 1:1, Saitama, Japan) for measuring the freezing delays.

3. Results and Discussion

SEM images of the samples were acquired to examine their surface features. The SEM
images of the commercially available spray-coated samples (WX2100 and NeverWet) are
shown in Figure S2 (see Supplementary Materials). Figure S2a shows a WX2100 coated
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surface that contains nanoparticles with 100–150 nm in size on it. However, aggregates of
colloidal beads with typical sizes of 5–10 µm are present on the NeverWet coated surface,
indicating the presence of microtextures on the surface (Figure S2b). Figure S3a (see
Supplementary Materials) shows SEM images of the nanoporous pPFDA-coated CNT
forest (CF) and the nanoporous microstructured pPFDA-coated CNT pillars (CP1) surfaces.
The samples have an areal density of 300 CNTs/µm2, with individual CNTs having a mean
diameter of 9 nm as-grown and 70 nm after the pPFDA coating. It is important to note
conformality of the iCVD polymerization that enables maintaining the nanoporous nature
of the CNTs after pPFDA deposition. Patterning of the catalyst layers by photolithography
enabled fabrication of nanoporous microstructured pPFDA-coated CNT micropillars with
varying diameters (D), spacings (S), and heights (H) [66]. In summary, the commercially
available coating NW has microscale features, WX and the fabricated pPFDA-coated CNT
forest (CF) have nanoscale features, and the pPFDA-coated CNT micropillars have both
microscale and nanoscale surface features.

The static (θc), advancing (θadv), and receding (θrec) water contact angles on all sam-
ples (NW, WX, CF, and CP) are shown in Table S1 (see Supplementary Materials). Due to
presence of surface features on all samples and their low surface energy, all samples showed
superhydrophobicity with very high advancing contact angle (θadv > 150◦) and very low
contact angle hysteresis, which is the difference between advancing and receding contact
angles ((θadv − θrec) < 10◦). In addition, droplet dynamics on all samples were examined
using water droplets 1.2 mm in radius, impacting them with velocity of 1 m/s. During the
droplet-impacting experiments, the substrate temperatures (TS) were similar to the room
temperature (TR = TS = 22 ◦C) and the relative humidity (RH) of air was measured to be
60%. All samples demonstrated high water repellency at room temperature as the droplets
were bouncing off the surfaces without any impalement (see Figure S4 and Supplementary
Movie S1). In order to examine the effects of a cold and humid environment on droplet
dynamics, another set of experiments were conducted.

3.1. Droplet Dynamics in Low Temperature and High Humidity Conditions

Figure S1 shows schematic of a simple setup used for conducting droplet dynamics
at low temperature and high humidity conditions. The sample temperature was kept at
2 ◦C for 30 min and the similar droplet-impacting experiments were conducted on all
samples (Figure 1). Soon after going to temperature below the dew point, the condensate
water droplets started to form on all samples. After 30 min, the commercial WX and NW
coating and the nanoporous pPFDA-coated CNT (CF) samples exhibited impaired water
droplet bouncing on them. Upon impact, the droplets spread on these samples with a
tendency to bounce off but ultimately stuck to them, resulting in impalement and their
complete wetting (see Supplementary Movie S2). This could be due to penetration of
the condensate water droplets into the air pockets that existed between surface textures.
However, on the nanoporous microstructured CNT pillars (CP1 samples), in spite of the
existence of condensate water droplets, the impacting droplet totally bounced off the
surface, as shown in the bottom-row and rightmost column in Figure 1. The condensate
droplets on the CP1 were observed to be on the top of the micropillars, and between them.
However, the air pockets still were not completely flooded, which led them to demonstrate
water repellency nature, even in condensation environments. The air pockets form a
physical barrier between the nanoporous microstructured surfaces and the impacting
droplet. Therefore, unlike other samples, the droplet encounters only the top of the pillars
while the air pockets are still unimpaired, causing the droplet to bounce off the CP1 surfaces
(Figure 1). Nevertheless, the condensate droplets on the microstructured surfaces might
also cause the impalements of the impacting water droplet. In the following section, we
examine the performance of various microstructured samples and compare them with the
commercial WX and NW coatings.
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Figure 1. Sequential images showing droplets impacting various superhydrophobic surfaces at con-
densing environment (room temperature of TR = 22 ◦C, surface temperature of TS = 2 ◦C, relative
humidity of RH = 60%, condensation time of 30 min, impacting velocity of droplet, v = 1 m/s, and
droplet volume of V = 7.5 µL). The incoming droplets did not rebound completely after impacting
commercial WX2100 (WX), NeverWet (NW), and pPFDA-coated CNT forest (CF) surfaces, whereas the
droplet rebounded completely from the pPFDA-coated CNT micropillars (CP1). The scale bar is 2 mm.

3.2. Retention of Hydrophobicity in Condensate Environment

Figure 2a shows the SEM image of a nanoporous microstructured pPFDA-coated CNT
surface with the pillar diameter of D, spacing of S, and height of H. Solid area fractions for
solid pillars (Φsolid) are determined from the following relation:

Φsolid =
πD2

4(D + S)2 (1)

Table 1. The dimensions and solid area fractions (Φ) of various pPFDA-coated CNT micropillar
samples. Pillar diameter (D), pillar center-to-center spacing (S), and pillar height (H).

Samples Diameter
D (µm)

Spacing S
(µm)

Height H
(µm)

Solid Area
Fraction Φsolid (%)

Actual Solid Area
Fraction Φ (%)

CP1 100 30 120 46.47 11.29
CP2 70 30 120 38.48 9.35
CP3 60 40 120 28.27 6.87
CP4 50 50 120 19.64 4.77
CP5 100 30 60 46.47 11.29

Initially, the solid area fractions of the solid micropillars (taken as non-porous) were
calculated. However, the CNT micropillars were highly porous with a density fraction of
0.243, mentioned in our previous work [66]. Multiplying the density fraction of 0.243 to the
apparent solid pillar area fractions (Φsolid), the actual solid area fractions (Φ) of the CNT
micropillar samples were calculated. The dimensions along with the solid area fractions of
various nanoporous CNT Pillar samples are mentioned in Table 1.
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Figure 2. (a) SEM image of a pPFDA-coated nanoporous microstructured surface (CNT micropillars)
with diameter (D), spacing (S), and height (H) of the micropillars. Dimension for each sample is
given in Table 1. (b) Water contact angles (θc) vs. condensation time on various samples with
surface temperature of Ts = 2 ◦C and relative humidity of RH = 60%. Droplet sizes for the WCA
measurements were all 5 µL.

In order to examine the superhydrophobicity of our samples under various conden-
sation degrees, the real-time water contact angles (θc) on them were measured. It was
observed that similar deposited drops on different samples spread differently under the
same condensation environments. We tested a droplet of 5 µL deposited on the NW, WX,
CF, CP1, CP2, CP3, CP4, CP5, and bare silicon samples with the condensation environment
at room temperature of 22 ◦C and relative humidity of 60%. The substrate temperature
was kept at 2 ◦C for all the surfaces and condensate drops started to form on them. The
contact angles (θc) of the deposited droplet on the above-mentioned samples at various
condensation times were plotted and shown in Figure 2b. The water contact angle (θc)
on the dry bare silicon sample was found to be θc = 76.4◦. All other samples initially
demonstrated superhydrophobicity, having high static water contact angles (θc > 150◦).
Under the oversaturated vapor condition, the progressive nucleation and coalescence
events wetted the surfaces, resulting in reduction of the measured water contact angles.
Bare silicon sample was flooded with filmwise condensation, but all other samples showed
dropwise condensation. After 240 min, the WX, NW, and CF exhibited contact angles (θc)
less than 90◦, indicating a drastic loss of their hydrophobicity. The condensate droplets
became larger than the roughness of these surfaces, inducing Wenzel state wetting.

The nanoporous microstructured pPFDA-coated CNT micropillars (CP1, CP2, CP3,
CP4, and CP5) demonstrated reduced water contact angles as well. However, after 120 min
of condensation, the surfaces with the largest solid area fraction (CP1 and CP5) demon-
strated a gradual reduction of the contact angle, while other surfaces with smaller solid
area fractions (CP2, CP3, and CP4) demonstrated more drastic reduction in contact angle.
After 240 min of condensation, water contact angles (θc) for CP1 and CP5 became 125–130◦,
while the water contact angles (θc) on CP2, CP3, and CP4 became as low as 100–106◦. Al-
though all the CNT micropillar surfaces lost their superhydrophobicity, having the contact
angles (θc) less than 150◦, they still retained their hydrophobicity even after 240 min. CP1
and CP5 showed better retention in hydrophobicity due to their higher solid area fraction
(Φ = 11.29%) compared to the remaining surfaces with smaller solid area fractions CP2
(9.35%), CP3 (6.87%), and CP4 (4.77%). To understand the effect of solid area fraction
on hydrophobicity retention, we studied the coalescence of the condensate droplets on
micropillars with different features.

3.3. Condensation and Coalescence on CNT Micropillars

To understand the relation between the geometry of micropillars and the condensation
growth on them, condensation experiments were conducted on the various CNT micropillar
surfaces. Figure 3a shows the comparison of the coalesced condensates on the CNT
micropillars with the smallest solid area fraction (CP4) and the largest solid area fractions
(CP5) after 180 min of condensation. For CP4, the droplets on the top of the pillars
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coalesced with the droplets in the cavities and got sucked in, resulted in large Wenzel
droplets (Figure 3a(i)). Coalesced condensate droplets further grew, coalesced, and finally
overgrew on the CNT micropillars by flooding them. For CP5 though, the droplets inside
the cavities coalesced with the droplets on the tops, resulting in a large coalesced droplet
at the top of the center pillar (Figure 3b(ii)). The overgrown larger droplets formed a
non-wetting Cassie–Baxter state without any pinning on the base. Micropillars CP2 and
CP3 with smaller solid area fractions than CP5 showed coalescence of condensates similar
to CP4. Therefore, the condensate micro drops should be in the scale of the pillars to be able
to overgrow on the top of the micropillars and be in Cassie-Baxter state after coalescence.

Figure 3. Growth behavior of the condensate droplets on the pPFDA-coated CNT micropillars with
varying solid area fractions (Φ) in a) and with varying micropillars heights (H) in b). (a) Images
exhibiting the overgrowth of the condensate droplets on the CP4 (i) and CP5 (ii) substrates after
180 min of condensation from the dry condition (left side). Condensate droplets grew and coalesced
forming Wenzel state on CP4. In contrast, condensate droplets grew and formed non-wetting Cassie–
Baxter state on CP5. (b) Images showing the effect of micropillar heights on coalescence behavior of
the condensate droplets on the pPFDA-coated CNT micropillars (i) CP1: H = 120 µm, and (ii) CP5:
H = 60 µm). Spheres inside dashed circle are condensate droplets. On the CP1 sample, the micro
droplets only on the tops coalesced together. In contrast, coalescing of micro droplets both from tops
and cavities into a single droplet occurred on the tops of the micropillars of the sample CP5. The
micro droplets from cavities overgrew on the tops, making the cavities empty. The scale bars both in
(a,b) represent 100 µm.
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To understand the coalescence of the condensate drops on the CNT micropillars with
the similar high solid area fraction but with different heights, we investigated the moments
before and after the coalescence incidents both on CP1 and CP5 (Figure 3b). While having
the similar high solid area fraction (Φ = 11.29%), the CP5 sample contained micropillars
with half of the height (H = 60 µm) compared to the micropillars of CP1 (H = 120 µm). On
the sample CP1, the micro drops on the tops coalesced together. The micro condensate
drops in the cavities, being smaller than the micropillar height, could not reach out the
drops on the top of the pillars (Figure 3b(i)). Thus, the drops in the cavities remained
there. In contrast, condensate drops from both tops and cavities coalesced into a single
droplet on the tops of the micropillars on CP5, as shown in Figure 3b(ii). The micro droplets
from cavities overgrew on the tops, making the cavities empty. Thus, the coalesced drops
remained in Cassie-Baxter state on both CP1 and CP5. However, the cavities were partially
filled by condensate droplets on CP1, but the same were empty on CP5 after the coalescence,
which played a significant role in heat transfer, i.e., in delaying freezing of water droplets
on the nanoporous microstructured surfaces during freezing conditions. A numerical or
calculative analysis for theorizing a threshold height for allowing easy coalescence of the
droplets is a potential scope for future study.

3.4. Delay in Freezing of Water Droplets

Experiments were conducted for checking the icephobicity of the various superhy-
drophobic surfaces (WX, NW, CF, CP1, CP2, CP3, CP4, and CP5) in terms of freezing
delays. The freezing delay experiments were divided into two categories. At first, we
conducted the direct-freezing delay experiments where the sample was directly placed on
the Peltier plate with temperature of −10 ◦C and then a 9 µL water droplet was deposited
on the cold samples. The droplet freezing moment was visually observed by a change in
the transparency of the water droplet from a clear state to an opaque state, as shown in
Figure 4a. Freezing delays were measured by deducting the freezing time of the droplet on
a bare silicon sample from freezing time of the droplet on the superhydrophobic samples.
The number of trials were three. On the various samples, the freezing delay times were
measured for the microdroplet (9 µL) and the comparison is provided in Figure 4b(i).
(patterned blue columns). All the freezing delay values for the direct-freezing condition
are given in Table S2 (see Supplementary Materials).

CNT micropillars demonstrated better icephobicity in regard of freezing delays than
other samples with micro or nano roughness (WX, NW, and CF). This is due to the higher
thermal barrier resulting from the high volumes of air pockets in nanoporous microstruc-
tured surfaces. Among the CNT micropillars, the samples having the smaller solid area
fractions demonstrated higher freezing delays, due to the lower contact area between
droplet and the cold surfaces. For the CNT micropillars having a similar solid area fraction,
the sample with the higher pillar height (CP1) demonstrated longer freezing delays than
the sample with lower pillar height (CP5). A potential explanation for this phenomenon
could be that the bigger air pockets acted as a larger thermal barrier [67]; thus, the delayed
freezing of the water droplets occurred.

In the second set of freezing delay experiments, the temperature of the samples
was initially kept in condensation environment (at 5 ◦C) for 180 min and a gentle wind
with velocity of 0.5 m/s was blown across them. As shown in Figure 3b, the coalesced
drops maintained Cassie-Baxter state on CP1 and CP5. Thus, they were easily removed
by the applied wind. However, the coalesced droplets stuck in cavities and the Wenzel
drops remained on CP2, CP3, and CP4, and were not removed upon the gentle wind.
The coalesced condensate drops filled the cavities or air pockets even after the wind
was applied. Though the deposited droplets on commercial coatings WX and NW along
with CNT forest (CF) showed drastic contact angle (θc) reduction due to condensation,
the coalesced condensate drops maintained the Cassie state on them. Thus, most of the
condensate drops on them got removed by the applied wind. The temperature of all these
samples were then decreased to −10 ◦C for conducting the freezing delay experiments after
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the condensation. The decreasing trend of the surface temperature from the condensation
condition to the freezing condition is shown as a plot in Figure 4b(ii).

Figure 4. (a) Images showing the change in transparency of a droplet during freezing on a pPFDA-
coated CNT micropillars (CP5). Change in the morphology of a 9 µL droplet as a function of time
during cooling. Condensation began at 5 ◦C and led to freezing at −10 ◦C. The scale bar represents
2 mm. (b) (i) Freezing delays on various samples by direct freezing (patterned blue column) and
freezing followed by condensation (solid green column). (ii) Plot showing the cooling curve on
substrates when the temperature was reduced from the condensation temperature of 5 ◦C to the
freezing temperature of −10 ◦C.

The freezing delay values for the freezing following condensation experiments were
plotted and shown in Figure 4b(i) (solid green columns). All the freezing delay values
on the various samples for the freezing following condensation experiments are given in
Table S2 (see Supplementary Materials). The reduction in freezing delays was not signifi-
cant for the WX, NW, and CF samples due to the removal of the Cassie state condensates by
the gentle wind. As for the CNT micropillars, there were interesting changes in the freezing
delays. While having the highest freezing delays in direct freezing experiments, the CNT
micropillars with the smaller solid area fractions (CP2, CP3, and CP4) demonstrated the
lowest freezing delays in the condensation followed by freezing condition. The freezing de-
lays were found to be 1153 ± 50 s, 1162 ± 70 s, and 1351 ± 50 s for the direct freezing on the
CP2, CP3, and CP4 samples, respectively. Whereas the freezing delays after condensation
on the same samples decreased to 295 ± 25 s, 273 ± 15 s, and 276 ± 15 s, respectively. On
the other hand, the CNT micropillars with the highest solid area fraction (CP1 and CP5) still
demonstrated better icephobicity in respect of showing higher freezing delays. However,
there is a greater reduction in freezing delay for droplets on the CP1 compared to the same
for CP5. The CP5 sample, having the same solid area fraction as CP1 but height as half as
the same of CP1, it showed a minimal reduction in freezing delays for the condensation
followed by freezing condition compared to direct freezing condition. The freezing delays
for direct freezing were 941 ± 25 s and 845 ± 90 s on the CP1 and CP5 samples, respectively.
Whereas the freezing delays after condensation freezing were 585 ± 75 s and 701 ± 55 s
on the CP1 and CP5 samples, respectively. This distinction of reduction in freezing delays
can be explained by understanding the coalesced condensates on both surfaces. As shown
previously in Figure 3b, the drops in the cavities could not overgrow on the top of the
micropillars on CP1. However, the drops coalesced and overgrew on the top of the pillars
on CP5. Therefore, the air pockets became empty when coalesced condensate drops were
removed from the CP5 by the gentle wind, which was not the case for the CP1 sample, as
shown in Figure 5a. The tiny micro droplets seen on air pockets of the CP5 samples are the
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condensates that grow right after removal of the bigger droplets. After the removal of the
drops on the top by the wind, there were still large, coalesced drops between the pillars
of CP1. When the temperature went down, the partially filled cavities on CP1 increased
the heat transfer between the deposited droplet and the surface. Whereas the air pockets
on the CP5, being empty and not significantly impaired, still acted as an efficient thermal
barrier between the incoming droplet and the surface. As shown in Figure 5b, the drops at
the cavities froze on CP1 (left side), whereas the cavities are clear of ice in CP5 (right side).
In the following section, the durability of sample CP5, which performed well in delaying
ice formation, is illustrated.

Figure 5. Images showing the condensate droplets after removal of the large, coalesced condensate
drops (a) and after subsequent freezing (b). (a) Different condensate states on the pPFDA-coated
CNT micropillars with same solid area fraction (Φ) but different pillar heights (H) (CP1 and CP5)
after condensation and removal of the coalesced condensate drops by the gentle wind. The scale bar
is 200 µm. (b) Air pockets were filled with frozen condensate droplets on CP1, while the same were
empty on CP5 when the temperature of these samples went down from condensation temperature of
5 ◦C to the freezing temperature of −10 ◦C. These distinct conditions of the air pockets on CP1 and
CP5 samples eventually determined the different freezing delays. The scale bar is 300 µm.

3.5. Durability of CP5

Several icing/de-icing cycles of experiments were conducted on the CNT micropillar
sample CP5. Contact angle (θc) and contact angle hysteresis (θadv − θrec) values were mea-
sured on the sample between the icing/de-icing experiments, and the results are presented
in Figure 6 as a function of the number of icing/de-icing events. After a considerable
amount of cycles, the CNT micropillar sample still retained its hydrophobicity by showing
high water contact angle (θc) and low contact angle hysteresis (θadv − θrec). Previous stud-
ies demonstrated that the anti-wetting property deteriorates after several icing/de-icing
cycles [37,45]. Damages occurred by the icing process due to the water expansion on the
solid surface caused by freezing, inducing significant interfacial stress [37,45]. In our case,
the extremely high porosity and elasticity of the CNTs prevented the significant interfacial
stress and provided sustainability over the freezing cycles.
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Figure 6. Water contact angle (θc) and contact angle hysteresis (θadv − θrec) after icing/de-icing
cycles on the pPFDA-coated CNT micropillar (CP5).

4. Conclusions

In summary, we investigated the characteristics of condensation forming on the var-
ious fabricated pPFDA-coated nanoporous microstructured surfaces and commercially
available hydrophobic coatings. Condensation leads to an invasion of the surface rough-
ness and to the formation of both Cassie, Wenzel, and filmwise states. Highly porous CNT
micropillars with higher solid area fraction demonstrated better performance in condensa-
tion and freezing following condensation environments. When the sizes of the micropillars
were in the scale of the drops in the cavities, the drops in the cavities overgrew and formed
Cassie state after coalescing with the condensate drops on the top of the micropillars, which
were removed by a gentle wind. Thus, the CNT micropillars retained their hydrophobicity
even after considerable amount of time in condensation environments, having their air
pockets not filled by the condensate drops. When the temperature of the micropatterned
sample with highest solid fraction, but lower height went down from condensation temper-
ature to the freezing temperature, the air pockets of the sample were empty. This desirable
condition of the air pockets on the micropatterned samples induced larger freezing delays
compared to samples with lower solid area fractions and higher heights. This facilitated
the nanoporous CNT micropillars with appropriate geometry to retain icephobicity in the
condensation followed by freezing conditions. High porosity of CNTs provided durability
in multiple icing/de-icing cycles as well. These approved the nanoporous microstruc-
tured superhydrophobic surfaces being a potential candidate for preventing condensation
and ice in harsh conditions. This study enables a better understanding of the wetting
states of the condensate droplets along with the freezing phenomena that occurred on
the highly porous superhydrophobic microstructured CNTs, which will help designing
engineered surfaces with optimized textures for the practical use of them in humid and
low temperature environments.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/coatings11060617/s1, Figure S1: Experimental setup. The sample was placed on a PID-
controlled Peltier plate, which sits on a horizontal stage. Cold Propylene Glycol circulated inside
pipes connected to the Peltier plate by a chiller. The sample was illuminated by a cool LED lighting
and images were captured by camera above condensation. Figure S2: Images of spray coatings.
Scanning electron microscope images of the commercial anti-wetting spray coatings deposited on a
silicon substrate. (a) SEM images of a substrate coated by WX2100 spray, inset: close-up view of the
texture with nanoparticles of 100–150 nm. (b) SEM im-age of a substrate coated by NeverWet spray
with aggregated colloidal beads with typical sizes of 5–10 µm. Figure S3: Carbon nanotube samples.
(a) SEM images of the pPFDA-coated carbon nanotube for-est. Tilted (left) and top view (right) show-

https://www.mdpi.com/article/10.3390/coatings11060617/s1
https://www.mdpi.com/article/10.3390/coatings11060617/s1
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ing the roughness on the top of the CNT forest. (b) SEM images showing nanoporous microstructured
pPFDA-coated CNT micropillars (CP1), where each micropillar consisted of highly porous CNTs. Top
and side views are also shown to demonstrate their high porosity, along with presence of features at
different length scale. Figure S4: Droplet impacting on different superhydrophobic surfaces WX2100
(WX), NeverWet (NW), pPFDA-coated CNT Forest (CF) and pPFDA-coated CNT Pillars (CP1) at
experimental conditions of room temperature TR = 22 ◦C, surface temperature TS = 22 ◦C, relative
humidity RH = 60%, impacting velocity of droplet, v = 1 m/s, droplet volume, V = 7.5 µL. All of them
demonstrated high water repellency at room temperature as the droplets bounce off the surfaces
without any impalement/sticking. The scale bar is 2 mm. Table S1: Static (θc), advancing (θa), and
receding (θr) water contact angles on commercial NeverWet (NW) and WX2100 (WX) coatings and
pPFDA-coated CNT forest (CF) and CNT micropillars (CP1), Table S2. Freezing delays on various
samples for direct freezing conditions and condensation then freezing conditions. Movie S1: Water
droplet bouncing at dry condition. The four different samples (NeverWet (NW), WX2100 (WX),
pPFDA-coated CNT Forest (CF) and pPFDA-coated CNT micropillars (CP1) are exposed to the water
droplet (radius R = 1.2 mm) impacting on the surfaces with impact velocity v = 1 m/s. The substrate
temperatures are close to the room temperature 22 ◦C and the relative humidity (RH) of environment
is 60%. The four various samples demonstrate high water repellency at room temperature as the
droplets bounce off the surfaces without any impalement. Movie S2: Water droplet bouncing at
condensation condition. The four different samples (NeverWet (NW), WX2100 (WX), pPFDA-coated
CNT Forest (CF) and pPFDA-coated CNT micropillars (CP1) are exposed to the water droplet (radius
R = 1.2 mm) impacting on the surfaces with impact velocity v = 1 m/s. The room temperature is 22 ◦C
and relative humidity (RH) is 60%. The samples are placed on a Peltier cooling stage to condense
atmospheric vapor on them and make them wet. The substrate temperature is kept at 2 ◦C for 30 min
before conducting the droplet impacting experiments. The impacting droplets encounter and spread
on the surfaces, try to bounce off but stick to them, resulting in impalement and a complete wetting
on the WX, NW and CF samples. However, the impacting droplet totally bounces off the CP1 surface.
Movie S3: Comparison of freezing delays for the freezing following condensation conditions on
bare silicon, pPFDA-coated CNT micropillars CP1 and CP5. The room temperature is 22 ◦C and
relative humidity (RH) is 60%. The samples are initially placed at 5 ◦C for 180 min and then a gentle
wind velocity of 0.5 m/s is applied on them. The contact angles (θc) of the deposited droplets are
14.5◦, 133.6◦, and 136.1◦ for the bare silicon, CP1, and CP5, respectively. The temperatures of all
these samples are then decreased to −10 ◦C for conducting the freezing delay experiments after
condensation for determining the freezing time of water droplets (12 µL) by observing the change
in transparency of the droplet during freezing. The freezing times are 25, 585 and 701 s for the bare
silicon, CP1 and CP5 samples, respectively.
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