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ABSTRACT: Rapid implementation of renewable energy tech-
nologies has exacerbated the potential for economic loss and safety
concerns caused by ice and frost accretion, which occurs on the
surfaces of wind turbine blades, photovoltaic panels, and residential
and electric vehicle air-source heat pumps. The past decade has seen
advances in surface chemistry and micro- and nanostructures that
can promote passive antifrosting and enhance defrosting. However,
the durability of these surfaces remains the major obstacle
preventing real-life applications, with degradation mechanisms
remaining poorly understood. Here, we conducted durability tests
on antifrosting surfaces, including superhydrophobic, hydrophobic, superhydrophilic, and slippery liquid-infused surfaces. For
superhydrophobic surfaces, we demonstrate durability with progressive degradation for up to 1000 cycles of atmospheric frosting−
defrosting and month-long outdoor exposure tests. We show that progressive degradation, as reflected by increased condensate
retention and reduced droplet shedding, results from molecular-level degradation of the low-surface-energy self-assembled
monolayer (SAM). The degradation of the SAM leads to local high-surface-energy defects, which further deteriorate the surface by
promoting accumulation of atmospheric particulate matter during cyclic condensation, frosting, and melt drying. Furthermore, cyclic
frosting and defrost tests demonstrate the durability and degradation mechanisms of other surfaces to show, for example, the loss of
water affinity of superhydrophilic surfaces after 22 days due to atmospheric volatile organic compound (VOC) adsorption and
significant lubricant drainage for lubricant-infused surfaces after 100 cycles. Our work reveals the degradation mechanism of
functional surfaces during exposure to long-term frost−defrost cycling and elucidates guidelines for the development of future
surfaces for real-life antifrosting/icing applications.
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■ INTRODUCTION

Frost formation and accretion on various infrastructures are
ubiquitous. Frost is usually formed through two different
modes. The first mode, known as desublimation, occurs when
frost accumulates on a surface through a direct vapor−solid
phase transition.1 The second mode, known as condensation
frosting, is more common and occurs when vapor undergoes a
continuous transition from vapor to condensed water and
eventually to a frozen solid state.2 Prolonged accretion of frost
causes economic losses amounting to billions of dollars every
year worldwide. Frost accretion can cause inefficient operation
of numerous applications such as power lines, telecommuni-
cation networks, aviation systems, refrigeration systems, heat
pumps, hydropower installations, wind power systems, oil rigs,
cooling devices, and cryogenic systems.3−8 Accumulation of ice
on airplane wings can significantly alter the dynamic
characteristics of aircraft flight, causing severe damage and
even plane crashes.9 The heavy load of frost/ice on
transmission lines, wind turbines, and solar panels can cause
power outages over vast areas and pose a severe threat to
human lives.10−12 Frost accumulating on refrigeration equip-
ment can reduce heat transfer efficiency by as much as 50−

75%,9,13,14 resulting in significant economic losses, making
defrosting a required engineering protocol.
To overcome this multibillion-dollar challenge, active or

passive approaches exist to enable defrosting.15 Active
defrosting methods involve thermal, mechanical, and chemical
frost/ice removal from surfaces. However, these methods tend
to be expensive, energy- or resource-intensive, and/or cause
environmental pollution.9,16 In contrast, passive methods
normally rely on antifrosting coatings that, once applied to
the surface, either prevent (or reduce) frost accretion or
significantly reduce frost adhesion strength.15,17−19 Naturally,
coatings that do not need any additional energy and cost until
they reach their service life have become a very attractive
approach to reduce frost accretion and/or frost−substrate
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adhesion strength on outdoor surfaces. The last few decades
have seen unprecedented advances in the fields of surface
chemistry and micro/nanofabrication, enabling the develop-
ment of functional surfaces that promote facile defrosting.
In addition to smooth hydrophobic coatings (e.g., polymers)

that are naturally expected to reduce frost adhesion, structured
hydrophobic surfaces (superhydrophobic, SHPo) have shown
outstanding frost-reduction performance due to the increased
energy barrier for ice nucleation20−22 and reduced contact
angle hysteresis and ice-adhesion strength of the frost once it
inevitably forms.23−29 Icephobicity has been attributed to the
numerous air pockets sustained within the micro- and
nanostructures that minimize contact area and reduce surface
energy.30 For these surfaces to work, adhesion reduction arises
due to the air layer trapped in the rough surface structure and
comprising ∼90% of the water/ice interface (the other ∼10%
being the solid−water or solid−ice interface). Furthermore,
even if nucleation does occur, the air trapped at the solid−
liquid interface reduces the actual ice or frost-coated surface
area and disrupts the bonding by creating stress concen-
trations.31 Thus, the adhesion forces are significantly
weakened, which decreases the amount of energy required to
keep the protected surface free of ice by up to 80%.32
Moreover, recently, researchers have demonstrated that
coalescence-induced droplet jumping on ultralow-adhesion
SHPo surfaces can delay condensation frosting.31 Droplet
jumping enables condensing droplets during condensate
frosting to escape at micrometric length scales (∼1 μm)
prior to supercooling and freezing on the surface.31,33 In
addition to jumping droplet condensate removal prior to
freezing, studies have shown SHPo surfaces to facilitate

delayed freezing of individual droplets,34−36 as well as bulk
water layers due to the delay in ice nucleation and higher
thermal resistance at the liquid−solid interface.37,38
Although highly promising, micro- and nanostructures also

have the potential to induce mechanical interlocking due to
frost nucleation within the textures,30 which can result in
deterioration in antifrosting performance of SHPo surfaces in
humid environments.39−41 Moreover, few studies have focused
on the short-term frosting−defrosting durability of certain
SHPo surfaces, showing either difficulty in sustaining surface
structures42 or degradation of the top hydrophobic chem-
istry27,43,44 during cycling experiments. Unfortunately, studies
on the long-term durability (multimonth and hundreds of
frost−defrost cycles) of the antifrosting properties of SHPo
surfaces have not been explored. As SHPo coatings are still
widely considered and developed as a remedy to the
detrimental effects of frosting, we study the long-term
durability of SHPo surfaces during exposure to 1000
frosting−defrosting cycles. In addition, we examine the
applicability of these SHPo surfaces in outdoor environments
by performing weathering tests. After conducting a thorough
study of the wetting change of the SHPo surfaces, we propose
and examine the degradation mechanisms of these surfaces. In
addition, we also conducted cyclic durability tests of a wide
range of alternative antifrosting surfaces, including hydro-
phobic, superhydrophilic, and slippery liquid-infused surfaces,
to investigate structural/chemical robustness and degradation
mechanism. Our work presents a synergistic combination of
long-term performance evaluation and mechanistic under-
standing of the degradation behavior of functional surfaces
during frost−defrost cycling. Furthermore, our work not only

Figure 1. Long-term frosting−defrosting experiments. Three-dimensional (3D) schematic of the (a) experimental setup used for frosting−
defrosting cycling experiments and (b) cycling experiment controller showing the automated chiller power actuation via servo horn. (c)
Temperature profile of the system and surfaces during a single frosting−defrosting cycle. (d) Time-lapse images of a single cycle frosting−
defrosting experiment on a superhydrophobic (SHPo) surface. The scale bar in the first image in (d) applies to all of the images.
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provides fundamental insights into the mechanisms of frost−
defrost-induced degradation of the functional surfaces but also
proposes robustness improvement guidelines for functional
surfaces of the future.

■ RESULTS

Cyclic Frosting−Defrosting. To conduct frosting−
defrosting experiments, we used a low-temperature chiller
(P10N9E403BR, PolyScience) with a customized actuation
unit (Figure 1a,b) (see the Methods section). Test samples
were attached to the cold stage of the chiller using double-
sided tape (S-14668, Uline; thickness, ∼350 μm) (Figure 1a),
and two thermocouples (CHAL-002, Omega) were attached to
the cold stage and sample surface by Kapton tape (KPT2-1/
2,BERTECH) (Figure 1a) to monitor the temperature. The
actuation unit consists of a servo controller, a motor, and a
horn (Figure 1a,b). With the aid of the servo horn, the chiller
power was controlled for long-term cycling experiments
(Figure S1, Supporting Information). First, the chiller was
connected to the power supply. Then, the servo controller was
powered on, and the servo motor actuated the chiller by
pushing the power button via a servo horn. After taking
approximately 1 h to reach the lowest temperature of the
chiller (approximately −80 °C), the chiller was maintained at
that temperature for another hour to complete the frosting
cycle (Figure 1c) and to grow the frost to an estimated
thickness of 8 mm. Then, the servo motor again actuated the
horn to turn off the chiller to initiate the defrosting cycle. The
duration of the defrosting cycle was approximately 2 h, where
the first hour melts the frost by room-temperature ambient
heating, and the second hour allows the shedding of the melt
and natural evaporation of remnant condensate to reduce
water retention and refrosting before the initiation of the next
frosting cycle (Figure 1c). These steps of frosting−defrosting
were repeated in cycles to conduct long-term durability
experiments. Figure 1d shows the exemplary time-lapse images
of a frosting−defrosting cycle on an SHPo surface.
To fabricate the SHPo, we used a copper sheet (Cu, 2.032

mm thick 8963K88, McMaster) as a base substrate. The
fabrication process starts with cleaning the Cu tabs by dipping
them for 15 min in acetone (CAS #67-64-1, Fisher Chemical),
ethanol (CAS #64-17-5, Sigma-Aldrich), isopropanol (CAS
#67-63-0, Fisher Chemical), and deionized (DI) water (CAS
#7732-18-5, Sigma-Aldrich), in succession, followed by rinsing
with DI water. The tabs were then dipped in a 2.0 M
hydrochloric acid (CAS #7647-01-0, Sigma-Aldrich) solution
for 2 min to remove the native oxide layer on the surface, then
rinsed multiple times with DI water, and afterward dried with a
clean nitrogen gas stream. Afterward, dense bladelike nano-
structured CuO surfaces were formed by immersing the
cleaned tabs into a hot (90 ± 5 °C) alkaline bath of NaClO2
(CAS #7758-19-2, Sigma-Aldrich), NaOH (CAS #1310-73-2,
Sigma-Aldrich), Na3PO4·12H2O (CAS #10101-89-0, Sigma-
Aldrich), and DI water (3.75:5:10:100 wt %).45,46 The CuO
nanostructured surfaces were then cleaned by rinsing with DI
water and drying with a stream of nitrogen. They were then
treated with an air plasma (PDC-001-HP from Harrick
Plasma) with a power of 30 W for 3−5 min to further clean
and activate the substrate. Air plasma cleaning has been shown
to increase the number of hydroxyl groups on the substrate,
thus enhancing coating adhesion during surface functionaliza-
tion.47 Then, the SHPo surface was developed by functionaliz-
ing the air plasma-cleaned CuO nanostructured sample using

atmospheric pressure chemical vapor deposition (CVD) of a
fluorinated silane ((heptadecafluoro-1,1,2,2 tetrahydrodecyl)-
trimethoxysilane, HTMS, Gelest, CAS #83048-65-1).48
Reduction of humidity during the CVD step is critical for
ensuring coating adherence to the substrate.49,50 In our
experiments, we achieved this by preheating the beaker and
sample in the furnace at ∼80 °C for 15 min prior to
conducting the CVD process.
The SHPo surface experiences condensation frosting, which

consists of several subsequent events: supercooled condensa-
tion, onset of freezing, frost halo formation, interdroplet ice
bridging, cluster formation, and frost densification.1,51 During
supercooled condensation, as the substrate temperature
reaches below the dew point (∼10 °C) and the ambient
atmosphere reaches the required degree of supersaturation,
atmospheric water vapor nucleates heterogeneously on the
substrate and supercooled water droplets keep growing from
the ambient vapor. Once the substrate reaches the subzero
temperature and overcomes the ice nucleation energy barrier,
the onset of freezing and frost halo formation begins.51 This is
followed be newly frozen water droplets harvesting water from
their adjacent water droplets and growing ice bridges toward
them.52 Finally, once the global freeze front has propagated
through the entire condensate population, a network of
interconnected frozen droplets provides the foundation upon
which out-of-plane frost (dendrite) growth can happen.
As shown in Figure 1d, during the early stages of the cyclic

experiment (t = 5 min; T = 0 °C), small subcooled droplets
cover the surface. At later times, due to increased subcooling,
droplets freeze, form bridges, and frost grows out-of-plane and
densifies. Once the frosting phase of the cycle is complete, the
total frost thickness is estimated to be ∼8.2 ± 1.3 mm using
optical imaging from the side. The ambient heated defrosting
process involves top-down melting, where the accumulated
frost always melts from the free interface between air and frost.
Melting begins at the tips of the frost dendrites due to the
absorption of heat from the ambient air. Once all of the
dendrites on the surface have melted, in-plane frost begins to
melt. Over time, the thickness of the frost layers gradually
decreases, and highly mobile slush regions are visible all over
the surface. As shown in Figure 1d, at t = 165 min and T = 0
°C, we observed the removal of slush-inducing shear force on
the surface. Due to the nature of the SHPo surface, after
completing the defrosting cycle, condensate retention on the
surface was not observed. However, the surface was maintained
at room temperature for another hour to allow for any trapped
microdroplet evaporation. The complete removal of any
meltwater from the surface was particularly important as it
prevents a phenomenon called refrosting. Refrosting occurs
when meltwater retaining on the surface provides active
nucleation sites for frost formation in subsequent frost cycles
and acts to alter the nature of the frost layer, as well as the final
frost thickness, as the number of cycles proceeds beyond the
initial cycle.53,54 To avoid these confounding experimental
parameters, refrosting was avoided in these experiments. To
assess long-term durability, we conducted the experiment for a
total of 1000 frosting−defrosting cycles; this duration was
chosen to simulate the practical usage of antifrosting surfaces
in real-world situations, such as supermarket display cases that
require periodic defrosting with 2−4 cycles per day.55,56 The
1000 cycles equated to a display case operating for
approximately 3 years if defrosted once per day or 9 months
if defrosted four times per day. Thus, our experiment provided
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a prediction of the multimonth performance of antifrosting
surfaces under real-world conditions.
During the frosting/defrosting cycles, surface nanostructures

may experience forces resulting from the volumetric expansion
of freezing droplets and shear forces induced by the shedding
of frost/melt. To evaluate micro/nanostructure robustness of
the CuO-based SHPo surface, we conducted scanning electron
microscopy (SEM) and compared the result with that of a
fresh surface (0 cycle) (see the Methods section). The SEM
images of the SHPo sample show undamaged CuO micro-

blades even after 1000 test cycles (Figure 2a,b), proving the
robustness of the surface structure. To characterize the surface
wettability change after conducting the cycling experiments,
deionized (DI) water droplet contact angles were measured
using a microgoniometer (MCA-3, Kyowa Interface Science),
where liquid droplets (100 nL) were dynamically grown to
measure the apparent advancing contact angles (see the
Methods section). The microgoniometer droplet dispenser was
then turned off, and the deposited droplets were allowed to
continuously evaporate to obtain the apparent receding contact

Figure 2. Surface wettability and structure robustness after 1000 frosting−defrosting cycles. (a, b) Scanning electron microscopy images and DI
water droplet formation behaviors of a fresh SHPo surface and a 1000-cycle tested SHPo surface. (c) Apparent advancing and receding DI water
droplet contact angles of the SHPo surface during the cycling experiments. The results showed no significant change in wettability, proving
reasonably good robustness of the hydrophobic chemistry and the surface structure.

Figure 3. SHPo surface characterization after 1000 frost−defrost cycles. Top-view optical images of atmospheric water vapor condensation on a (a)
fresh sample and (b) 1000-cycled SHPo CuO sample. (c) Comparison of the number of jumping events (n) and average diameter of participating
droplets (Davg) for the fresh and cycled samples as a function of the number of coalescing droplets (N). Time-lapse images of frost propagation on a
(d) fresh sample and (e) cycled sample showing (f) higher frost coverage on the cycled sample when compared to the fresh sample.
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angles.47,57 Alike the observed structural integrity, the droplet−
surface interaction remained similar after 1000 cycles (Figure
2a-ii,b-ii). A slight change in the apparent contact angle and
contact angle hysteresis (Figure 2c) indicated reasonable
chemical robustness of the functional HTMS layer.
Antifrosting Performance Degradation. Long-term

frost−defrost cycling experiments did not show a significant
change in wettability or visible mechanical damage of the CuO
surface structures. To evaluate droplet dynamics of the cycle
tested (1000 frosting−defrosting cycles) SHPo samples, we
performed atmospheric water vapor condensation and frosting
characterization and compared with a fresh sample (0 frost−
defrost cycle). Experiments were conducted on a customized
top-view optical microscopy setup (see the Methods
section).47,58 Although the condensation behavior looks similar
(Figure 3a,b), quantification of the cycles sample showed a
reduced number of jumping droplet events (Figure 3c). For
binary (N = 2) droplet coalescence jumping, we observed a
∼30% reduction in jumping events for the cycled samples in
comparison with the fresh SHPo surface. This jumping droplet
reduction resulted in a ∼20% increase in average droplet size
involved in coalesce phenomena. For multidroplet jumping,
the cycled samples showed a gradual decrease in jumping
events. We hypothesize that this resulted from the molecular-
level degradation of the low-surface-energy self-assembled
monolayer (SAM) mediated by long-term exposure to the
humid environment.49,50 SAM degradation leads to reduced
local and global hydrophobicity, which further leads to the
accumulation of atmospheric particulate matter (volatile
organic compounds (VOCs) and dust) during condensation/
frosting/defrosting/evaporation cycles.59 During frosting,

particulate matter from the atmosphere accumulates on the
defect sites (slowly degrading SAM locations) and inside the
CuO cavities along with the atmospheric water vapor
condensate. During the defrosting cycle, while the meltwater
sheds from the surface, some of these microscale particles stick
to the surface depending on the nature of the particle−surface
interaction. Long-term exposure to frost−defrost cycling
increases the SAM degradation rate and density of the
particles on the surface, which act as droplet nucleation and
pinning sites. These sites increase the droplet−surface
adhesion, resulting in reduced coalescence-induced droplet
jumping (Figure 3c).
We also conducted atmospheric water vapor condensation-

frosting experiments on the SHPo samples using the same
microscopy setup. As shown in Figure 3d,e, compared to the
fresh sample, the 1000-cycled sample showed higher frost
coverage due to the accumulation of the particulate matter.
Surfaces exposed to 1000 frosting−defrosting cycles showed a
∼7% higher frost coverage compared to the fresh SHPo surface
(Figure 3f). Due to the presence of more pinning sites (micro-
and nanoagglomerates) on the cycled sample, the condensate
size is relatively larger, which eventually leads to reduced
droplet jumping and higher frost coverage. However, due to
the presence of agglomerates and delayed onset of frost
nucleation, ice bridging occurs at a reduced rate, resulting in
slower frost propagation on the cycled sample. Details of the
condensation and frosting experiments and the process of
calculating the frost area coverage are added to Section S2 of
the Supporting Information.

Outdoor Exposure Testing. While in operation, struc-
tured SHPo surfaces can have two main modes of degradation,

Figure 4. Robustness of the SHPo surface to UV and outdoor conditions. (a) DI water droplet contact angle on the SHPo surface after 240 h
(equivalent to 1 month of testing, assuming 8 h full sunlight/day) of UV exposure. (b) SEM images of the (i) fresh and (ii) tested samples, showing
no apparent damage to the surface structures. Changes in DI water contact angles of the SHPo samples exposed to (c-i) summer (July 2021) and
(d-i) winter (February 2022) weather. Maximum UV index data plotted in (c-i) and (d-i) are obtained from the National Weather forecast for
Urbana, Illinois, USA. During summer (July 2021), in addition to sunlight, the samples experienced (c-ii) rain for a few days, while in the winter
(February 2022), the samples faced (d-ii) low temperatures and heavy snow.
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either the hydrophobic functional coating can fail or the
surface structure can be damaged. Our frost−defrost cycling
experiments demonstrated that the functional coating and
structural robustness of the SHPo samples in indoor
environments is reasonable. However, we observed slight
degradation in antifrosting performance of the surfaces. To
evaluate the surface behavior in real applications, we next
performed outdoor exposure testing (see the Methods
section). If the SHPo surface were to be used in an outdoor
heat exchanger where frosting occurs,60−62 it would experience
rain, snow, and ultraviolet (UV) light exposure, leading most
likely to surface property change. In outdoor applications,
surfaces experience UV exposure and daily temperature swings.
Previous studies have shown that CuO functionalized with
HTMS can survive in 200 °C air temperature.57 To evaluate
the functional coating (HTMS) robustness only to UV, we
performed UV exposure tests by placing the samples in a UV
cleaner (FB-UVXL-1000, Fisher Scientific). A glass beaker
with six identical SHPo CuO coupons is placed in the UV
cleaner. Throughout the experiment, the UV energy level was
maintained at 9000 μJ/cm2, which is ∼35% higher than
maximum UV radiation from sunlight at the testing site (Table
S1, Supporting Information). The test was continued for 240
h, which is equivalent to 1 month of UV exposure, assuming 8
h of direct sunlight per day. After 40 h, the first sample was
taken out, followed by the rest of the samples sequentially at
80, 120, 160, 200, and 240 h.

To quantify the damage of the HTMS coating and the CuO
surface structure due to long-term UV exposure, the DI water
droplet contact angle was measured (see the Methods section).
As shown in Figure 4a, even after 240 h of UV exposure, the
HTMS-coated surfaces maintain superhydrophobicity, indicat-
ing the robustness of the coating and its potential to be used in
outdoor conditions. As expected, SEM of the UV-exposed
sample shows unscathed CuO nanoblades, indicating structural
robustness (Figure 4b). UV light comprises a segment of the
electromagnetic spectrum between 400 and 100 nm wave-
lengths.63 The energy of UV light can be calculated using E =
hc/λ, where h is Planck’s constant (h = 6.625 × 10−34 J·s) and c
is the speed of light in vacuum (c = 3 × 108 m/s), resulting in
values of E = 4.9 × 10−19 J (λ = 400 nm) to E = 1.99 × 10−18 J
(λ = 100 nm). The chemical bond energy levels for SAM range
from 5 × 10−19 J to 8 × 10−19 J (see Table S2, Supporting
Information). Hence, the minimum required photon energy to
break the bonds is on the order of 4.9 × 10−19 J (400 nm UV
light). As our UV exposure experiments did not show any
coating damage, we can only conclude that the UV light
coming from the setup was not high energy and was on a
wavelength spectrum closer to 400 nm as opposed to 100 nm.
To evaluate the robustness of these surfaces in the outdoor

environment, we exposed the samples to outdoor ambient
conditions for one summer month (July 2021, Urbana, IL) and
one winter month (February 2022, Urbana, IL). For the
summer experiment, six identical SHPo CuO coupons (5 cm ×
5 cm) were attached to a 45° tilted metal plate and kept in an

Figure 5. Surface wetting property change and degradation mechanism of SHPo surfaces. (a) Comparison of XPS analysis of a fresh and winter-
exposed SHPo surface. (b) Receding DI water contact angle of a winter-exposed and winter-exposed-recoated surface showing recovery of
hydrophobicity after recoating with HTMS. (c) Comparison of jumping droplet condensation performance among surfaces. (d) Top-view optical
image of a coffee ring on a SHPo surface; 0 cycle, immediately after fabrication; 100/300/500 cycles, after 100/300/500 condensation−
evaporation cycles. (e) Comparison of the coffee particle agglomeration area after different condensation−evaporation cycles. After 100 cycles,
particle clusters at the ring become thin because of the removal of the loosely connected particles by the condensate. For higher condensation−
evaporation cycles, the coffee ring becomes thicker due to the redistribution of coffee particles arising from in-plane droplet motion. However, (f)
SEM images show that clusters/particles of coffee are randomly distributed and adhered to the surface without damaging the structures. The
calculation of the coffee particle area was performed by following the same process as the frost coverage calculation, as described in Section S2 of
the Supporting Information.
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open field (Urbana, Illinois) facing south. This enabled
exposure to sunlight, wind, rain, snow, and dust particles
from the air. Sample tilt enabled more direct sunlight exposure
as well as shedding of any particulate accumulation, which
increased the chance of shear induced damage of the
surfaces.64 The test was continued for a period of one
month each time. After 5 days, the first sample was taken out,
followed by rest sequentially at 10, 15, 20, 25, and 30 days. For
the winter outdoor exposure experiment, five identical samples
were used, and the same procedures and intervals were
maintained until the 4th sample. As there were 28 days in
February 2022, the fifth sample was taken off after an 8 day
interval from the fourth sample. During the summer experi-
ments (July 2021), the weather was sunny for the majority of
the time, with low precipitation for a few days (Figure 4c-ii).
The UV level, roughly quantified by the maximum UV index
during each day,65 remained high (Figure 4c-i). The UV index
was low in winter (Figure 4d-i); however, the samples
experienced snow accumulation and shedding in February
2022 (Urbana, IL) (Figure 4d-ii).
To characterize the wettability change of the surfaces, DI

water contact angles were measured using the microgoni-
ometer setup (see the Methods section). As shown in Figure
4c-i, wettability characterization of the summer samples
showed that the CuO nanoblade surface functionalized with
HTMS remained superhydrophobic throughout the entire 1
month test period, implying that the covalent bonding between
the HTMS molecules and the substrate was strong enough to
overcome desorption of the HTMS coating induced by
exposure to outdoor weather. However, for the winter
weather-exposed samples, a slight decrease in surface
wettability was observed as quantified by the decreasing
apparent contact angle (Figure 4d-i). This is most likely due to
the heavy snow that the surfaces experienced during the test
period (Figure 3d-ii), leading to frost−defrost-induced
enhanced molecular-level degradation of the SAM and
increased particulate matter accumulation. Moreover, due to
the high density of particles in the outdoor environment when
compared to the lab environment, the 1 month winter-exposed
samples showed more wettability change when compared to
the indoor lab experiments. Interestingly, the summer-exposed
samples did not show such behavior due to the absence of
moisture (low precipitation, Figure 4c-ii). Our observations
showed that in frost-defrosting environments, surface damage
is triggered by the combination of moisture exposure and
particulate accumulation.
Degradation Mechanisms. Based on the results from our

long-term frost−defrost cycling and winter outdoor weather
testing, we did observe a measurable wettability change and
hypothesized that it stems from molecular-level coating
damage and particulate accretion. To evaluate the surface
chemistry change of the tested samples, we performed X-ray
photoelectron spectroscopy (XPS) and compared it with fresh
samples (no cycling and/or weather exposure) (see the
Methods section). Interestingly, XPS analysis did not show
any significant change in hydrophobic chemistry among the
surfaces (Figure S2, Supporting Information). When we
compared the fresh and winter-exposed SHPo surfaces, an
identical F-peak was observed (Figure 5a(i-ii), but we noticed
a decrease in the receding contact angle (Figure 4d-i). We
anticipated that this degradation of the surface is due to the
slow hydrolysis of the hydrophobic chemistry50 and is not
strong enough to be detected by XPS. To evaluate this

hypothesis, we performed recoating experiments. We recoated
the winter-exposed (the sample that experienced the most
harsh environment) surface using the same atmospheric
pressure chemical vapor deposition (CVD) technique of a
fluorinated silane (heptadecafluorodecyltrimethoxy-silane,
HTMS, Gelest, CAS #83048-65-1).48 Interestingly, after
recoating the winter-tested surface, we observed similar
hydrophobicity to a fresh SHPo surface, around 9° improve-
ment of the receding contact angle (Figure 5b). To compare
the surface perfromance, we performed the same microscopic
atmospheric water vapor condensation experiments and
compared the jumping droplet performance of the recoated
surface with those of the other tested and fresh surfaces
(Figure 5c). As shown in Figure 5c, the winter-exposed surface
showed ∼66% and ∼43% reductions in binary (N = 2) droplet
coalescence jumping compared to fresh SHPo and 1000-cycle
tested surface, respectively. After recoating, the winter-exposed
surface recovered performance and showed similar perform-
ance to a fresh surface (∼99% binary (N = 2) jumping and
∼96% total (2 ≥ N ≥ 6) jumping events compared to the fresh
surface).
Another possible route of surface degradation is particle

accumulation-mediated damage of the functional surface. To
test our hypothesis, we conducted a coffee ring experi-
ment.66,67 First, coffee powder at a ratio of 1:1000 mg was
diluted in DI water and stirred for 10 min at room
temperature. Then, the 2 mm diameter droplet of the coffee
solution was placed on an SHPo surface and allowed to
evaporate. To make sure all of the water was evaporated, we
heated the surface on a hot plate at 40 °C for 30 min. Once the
water completely evaporated, a fine coffee ring was visible on
the surface (Figure 5d). To observe the dust accumulation/
removal mechanism, we performed atmospheric water vapor
condensation−evaporation cycling experiments on the coffee
ring sample using the same microscopy setup.47,58 The
experiment started at room temperature and cooling the
surface to 2 °C to initiate condensate nucleation. Thereafter,
the sample was held at 2 °C for 15 min, allowing condensate to
grow. This resulted in in-plane (coalescence) and out-of-plane
(jumping) movements of the condensate droplets. Afterward,
the surface was heated to room temperature to evaporate all
droplets. We performed a total of 500 condensation−
evaporation cycles on the coffee ring sample. Figure 5d
shows that, at 0 cycle, at the periphery of the ring, there are
clusters of coffee particles forming a thick coffee ring.
However, after 100 cycles, these clusters become thin because
of the removal of loosely connected particles by the
condensate. Interestingly, after 300 and 500 cycles, we
observed thickening of the ring compared to the 100-cycle
image (Figure 5e). This thickening occurs due to droplet
coalesce and in-plane movement of the droplets, resulting in
loose particles changing location. After several cycles of coming
into contact with the pinned locations at the edge of the ring,
particles begin to accumulate without damaging the surface
structures (Figure 5f). Although the coffee ring experiments
were conducted on flat surfaces, which are different from the
sample orientation of our experiments (vertical/tilted).
However, a similar phenomenon occurs during frost−defrost
cycling and winter weather testing due to the presence of a wet
environment (condensation/frost/defrost/snow). Depending
on the density of the particulate matter (dust and VOCs) in
the experimental environment and the types of particulate, the
surface will experience strong/weak particulate−surface
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interaction. This interaction will also be affected by the degree
of coating degradation present at any location. During
defrosting/desnowing, some loose particles can be washed
away with the melt, while others can change location and
accumulate on local defects at different places, leading to the
apparent surface functionality change.59 From the nature of
our experimental conditions, surfaces may experience slow
hydrolysis of the coating and particulate accumulation. Hence,
recoating the surface after a certain period of exposure not only
rejuvenates the coating but also enables VOC accumulation,59

which leads to surface wettability recovery.
Performance of Alternate Antifrosting Surfaces. To

evaluate the performance and degradation mechanism of other
antifrosting surfaces, we also performed long-term frost−
defrost cycling experiments on superhydrophilic (SHPi),
hydrophobic (HP), and slippery liquid-infused surfaces

(SLIPS).68 To create superhydrophilic surfaces, nonfunction-
alized CuO nanoblade surfaces were used. Clean and smooth
Cu samples coated with HTMS or Parylene C were used to
form HP surfaces. Details of Parylene C coating and SLIPS
fabrication are added in Section S5 of the Supporting
Information. For SLIPS fabrication, the SHPo surfaces were
infused with two oils having different properties (see Table S3,
Supporting Information). Due to the variation in surface
wettability of these surfaces, differences in performance and
degradation mechanisms were observed after exposure to long-
term cyclic experiments.
Figure 6a shows the droplet formation behaviors and water

droplet apparent contact angles of the fresh and 1000-cycled
samples. For the SHPi surface, although the surface structures
remain unchanged (see Figure S3, Supporting Information), a
sharp increase in contact angle after long-term exposure to the

Figure 6. Performance and degradation mechanism of alternate antifrosting surfaces. (a) Optical images of DI water droplets residing on different
surfaces before (top row) and after (bottom row) 1000 frost−defrost cycles. (b) Apparent advancing and (c) apparent receding DI water contact
angles of the alternate functional surfaces as a function of the number of frost−defrost cycles. (d-e) SEM images of SLIPS surfaces before and after
cycling.
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frost−defrost experiment was observed (Figure 6b,c). We
anticipated that this occurs due to the chemical changes on the
surface after prolonged exposure to the humid environment.
X-ray photoelectron spectroscopy (XPS) analysis of the

SHPi surfaces showed that the surface absorbs VOCs from the
environment.47,69 We hypothesized that VOC absorption is
amplified on the SHPi surface in the wet environment during
the cycling experiments. To validate the hypothesis, we
performed XPS analysis on superhydrophilic surfaces after
different exposure time spans in the experimental ambient. Our
XPS analysis shows that the contents of C−C, CO (Figure
S4a, Supporting Information), and O−C (Figure S4b,
Supporting Information) increase upon exposure to ambient
air, consistent with the observation for CuO nanowire
samples.47 Both the HTMS- and Parylene C-coated HP
surfaces did show slight changes in contact angle behavior after
cycling (Figure 6b,c), indicating slow degradation of the
surface. This is possible because of similar coating degradation
to the SHPo surfaces. The SLIPS surfaces showed an increase
in contact angle after exposure to cycling. At the beginning of
the test, the CuO structures of the SLIPS samples were not
visible due to the presence of impregnated oil layers (Figure
6d-i,e-i). However, SLIPS infused with low-viscosity oil (GPL
101) became superhydrophobic (θa ∼ 160°) after ∼100 frost−
defrost cycles (Figure 6b,c) due to the depletion of infused oil
during defrosting, leaving behind exposed superhydrophobic
CuO structures (Figure 6d-ii). However, the F-Y25/6 SLIPS
maintains its hydrophobicity with a slight increase in contact
angle (Figure 6b,c) due to a slower rate of oil depletion
(Figure 6e-ii). This is because F-Y2/56 has an order of
magnitude higher viscosity compared to GPL 101 (see Table
S2, Supporting Information). Hence, the surface slipperiness
degrades at a slower rate due to less depletion of the
impregnated oil layer.57,68 Therefore, to enhance the durability
of SLIPS in frost/defrost applications, it is recommended to
infuse oils having high viscosities.
When evaluating the performance of SLIPS after undergoing

cyclic testing, we focused on changes in wettability and
structural integrity, but we did not assess lubricant drainage.
This was due to the challenge of measuring small quantities of
the lubricant (0.00038 g/cm2 for a 2 μm thick CuO
microstructure with a solid fraction of 0.023)57 and the high
potential for measurement errors, which would have made it
difficult to accurately determine the lubricant concentra-
tion.70,71

■ DISCUSSION

Condensation-induced degradation of functional coatings is
caused by blister formation due to the presence of
uncontrolled pinholes on the coating and poor adhesion of
the hydrophobic chemistry to the substrate.72 Degradation is
amplified in cyclic testing due to the additionally generated
shear arising from long-time in-plane droplet dynamics. In the
past, short timescale (<1 month) studies have shown that
condensation−evaporation cycles can induce agglomerate
formation as a possible route to surface damage.59 Unlike
condensation, where continuous droplet nucleation, coales-
cence, and shedding generate shear stress on the surface,
during frost−defrost cycling, shear force generation is not a
dominant factor for surface damage. In our study, we observed
that multimonth frost−defrost cycling-induced surface degra-
dation does not damage the surface structures, but it shows
very slow damage of the functional coating. Degradation

occurs mainly due to the molecular-level damage of the coating
and agglomeration of particles from the ambient testing
environment. Water solidification/frosting allows a longer
settling time for agglomerates and may induce coating
hydrolysis. During the melt/defrost period, the rate of
agglomerate removal is smaller compared to the removal in
the case of condensation-induced droplet shedding. Our 1000-
cycle test (∼5.5 months) and 1 winter month test did not
show any significant change in surface wettability or structural
damage. However, jumping droplets and microscopic local
frost dynamics showed a clear sign of performance
degradation.
In the future, it would be good to study the lifespan of these

functional surfaces for even longer timescales (∼2 years) in a
controlled colder environment. The longer run time may
elucidate the presence of other degradation routes similar to
condensation. Moreover, to obtain a better understanding of
the degradation mechanism, it is necessary to study the surface
behavior in a particulate matter-free environment. This will
elucidate purely coating chemistry-mediated wettability change
after long exposure to humid environments.
To test our hypothesis of surface damage, we recoated the

winter-exposed surface and observed a significant improvement
in surface wettability. However, to fully confirm the complete
hydrolysis or global damage of surface chemistry, additional
long-term outdoor or accelerated indoor cycling experiments
are needed. To test our hypothesis of particulate accumulation-
induced damage, we used the coffee ring effect in combination
with condensation cycling. In the future, it would be
interesting to conduct similar experiments considering differ-
ent dust/particles covering a wide range of particle−surface
adhesions. Studies focused on selecting common particles
found in the atmosphere, and their interaction with the surface
during cycling experiments, are also necessary. Moreover, in
our study, we focused on a few selected coating chemistries. To
nullify the effect of coating variation on particle accumulation,
it is necessary to study a wide variety of hydrophobic
chemistries. During SLIPS testing, we focused only on oil
depletion-induced surface degradation during defrosting.
However, the presence of oil on the structured functional
surface may enhance particulate accumulation, which was not
studied here in detail. Hence, further studies are needed to
verify this phenomenon. Although our work showed that the
wettability of both structured and smooth surfaces remained
relatively unchanged during the span of the cycling tests,
comparison studies are needed to understand the effect of
different surface structures.
In our study, the surface temperature was maintained at

approximately −45 °C during the frosting cycles. However, to
evaluate the effect of surface temperature on agglomerate
accumulation, it would be interesting to study surface behavior
at variable supercooling and in a dust/particle-controlled
environment (high and low dust densities) to further test our
hypothesized degradation mechanism. To evaluate the effect of
pure thermomechanical stress on the surface due to sudden
temperature swings, we performed a brief thermal cycling
experiment in a laboratory test chamber (WeissTechnik,
LabEvent). Here, we exposed an SHPo surface in the
temperature range from −45 to 150 °C for 20 cycles (Figure
S5, Supporting Information). However, the coefficient of
thermal expansion (CTE) mismatch between the substrate and
coating was not high enough to change the surface behavior for
this temperature range and experimental duration. Hence, we
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did not observe any change in surface wettability and structural
damage (Figure S5, Supporting Information). Future studies
are needed to evaluate the surface/structure robustness after
long-term (>1000 thermal cycles) exposure to harsher
environments (more drastic temperature swings).
Unlike steady Joule heating, recent studies on pulse-

interfacial defrosting have shown an effective route to remove
frost/ice accretion from surfaces.73,74 This active frost removal
technique is rapid (timescale ∼ sec) and energy-efficient. Our
study focused on room-temperature heating during the defrost
cycle, which has a timescale of 1 h. Faster frost removal during
the defrosting cycle may lead to earlier surface damage and can
change the adhesion strength of the particulate matter to the
surface. It would be interesting to study the behavior of the
functional surfaces integrated with pulse-interfacial defrosting
for longer times in controlled environments.
In this study, all experiments were conducted in quiescent

conditions. Many real-life applications, such as air-source heat
pumps, utilize forced convection, which accelerates fouling and
particulate accumulation. Along with frosting, particulate
accumulation adds thermal insulation, restricts airflow, induces
thermal stresses, and thus increases pressure drop and energy
consumption of the system.75 In the future, the performance of
these surfaces and degradation mechanisms in forced
convection environments is needed, where mass transfer
from the atmosphere is expected to play a more important role.

■ CONCLUSIONS

We experimentally studied the behavior of antifrosting surfaces
during long-term frost−defrost cycling. After 1000 frosting−
defrosting cycles, we observed that the functional hydrophobic
chemistry conformally coating the surface structures did not
significantly degrade and that the CuO structures remained
unscathed, leading to a limited change in wettability. Similar
surface robustness was observed during lab-scale UV exposure
tests. To evaluate the applicability of the SHPo antifrosting
surfaces to outdoor environments having higher particulate
densities, we performed weathering tests in the summer and
winter months in Urbana, IL, USA. Our tests revealed that in
winter, due to the longer exposure to snow, the surface wetting
properties changed. However, summer testing did not show
significant change. Long-term exposure to wet environments
led to performance degradation of SHPo surfaces. Using binary
droplet jumping as a degradation proxy, we showed that the
1000-cycled sample exhibited ∼30% reduction of jumping
droplet events, resulting from ∼20% higher time-averaged
droplet size involved in coalesce phenomena. This number of
binary jumping droplet events further decreased by ∼66% for
winter-exposed samples. We demonstrated that these effects
occur due to the slow damage of the coating and particulate
accumulation on the surface. To test our hypotheses, we
recoated the winter-exposed surface and observed a revival of
the surface wettability and similar jumping droplet con-
densation performance to that of the fresh SHPo surface. Our
study showed that during frost−defrost cycling, the surface
does not experience structural damage; rather, degradation
occurs mainly due to slow damage of the hydrophobic coating
and particulate accumulation on the surface. Our work
elucidated previously unexplored degradation mechanics of
structured functional surfaces during exposure to long-term
frost−defrost cycles. Our work also outlined future directions
toward the development of next-generation durable antifrost/
dust coatings for a variety of applications.

■ METHODS

Frosting and Defrosting Cyclic Testing. The cyclic test
involves repeated cycles of frosting and defrosting. The samples are
attached to a low-temperature chiller (P10N9E403BR, PolyScience)
that is controlled by a custom actuation unit. The chiller takes
approximately 1 h to reach its lowest temperature of around −80 °C
from room temperature and is maintained at this temperature for
another hour to complete the frosting cycle. The sample temperature
during the test is approximately −50 °C, and all temperatures are
measured using thermocouples placed at different locations within the
setup. The defrosting cycle is triggered by the actuation unit and lasts
for approximately 2 h. During the first hour, the frost is melted by
room-temperature ambient heating, and during the second hour, any
remaining melt is allowed to evaporate, reducing water retention and
preventing refrosting before the next frosting cycle begins.

Optical Microscopy. A custom microscopy (Eclipse LV100,
Nikon) setup was used to observe atmospheric water vapor
condensation and frosting−defrosting behavior of samples. The
setup consists of a cold stage (TP104SC-mk2000A, Instec) and a
high-resolution camera (Nikon) connected to an optical micro-
scope.47,58 The cold stage cools the sample surface to 5 ± 0.5 °C for
condensation or −15 ± 0.5 °C for frosting experiments. For
defrosting, surfaces were heated to 20 ± 0.5 °C at a heating rate of
5 °C/min. The phase change phenomenon was recorded at 4 fps
using 20× and 50× objective lenses (TU Plan Fluor EPI, Nikon), and
a LED light source (SOLA SM II Light Engine, Lumencor) was
selected for illumination, which has high intensity but low power
consumption (2.5 W), which minimizes heat generation on the
surface due to light absorption. The amount of light energy was
controlled by adjusting the condenser aperture diaphragm opening
size.

UV Exposure Testing. The UV exposure tests were carried out by
putting the samples in a UV cleaner (FB-UVXL-1000, Fisher
Scientific). The samples were kept in a glass beaker and placed
inside the UV cleaner. During the test, the UV energy level was kept
constant at 9000 μJ/cm2.
Outdoor Weathering Testing. To assess the robustness of the

surfaces in outdoor conditions, samples were exposed to outdoor
ambient conditions for 1 month in summer (July 2021, Urbana, IL)
and 1 month in winter (February 2022, Urbana, IL). The samples
were six SHPo CuO coupons (5 cm × 5 cm), attached at a 45° angle
to a metal plate, facing south in an open field for exposure to sunlight,
wind, rain, snow, and air-borne dust particles. In summer, the samples
were removed after 5, 10, 15, 20, 25, and 30 days. In winter, five
samples were used and removed after the same intervals, with the fifth
sample removed after 8 days.

X-ray Photoelectron Spectroscopy (XPS). XPS was performed
using a monochromatic Al Kα source (Kratos Axis Ultra, Kratos
Analytical). The size of the source beam was 2 mm × 2 mm, and the
size of the analyzed region was 0.3 mm × 0.7 mm. The instrument
was maintained at a pressure of 10−7 Pa during the experiments. The
spectra were postprocessed with CasaXPS software to determine the
change in the composition of sample surfaces.

Scanning Electron Microscopy (SEM). Low- and high-
resolution field-emission scanning electron microscopy (FESEM)
images of each sample were obtained using an FEI Quanta 450 ESEM
in high-vacuum operation mode. The accelerating voltage was set to 5
kV, and the emission current was approximately 30 pA with a spot
size of 2 nm to prevent charging and sample damage by the electron
beam.

Water Droplet Advancing and Receding Contact Angles.
Contact angle measurements of ≈100 nL water droplets on all
samples were performed using a microgoniometer (MCA-3, Kyowa
Interface Science). The advancing and receding contact angles were
measured at multiple spots on each sample. For each sample, five
measurements were taken at distinct locations and the results were
averaged. To grow droplets, the piezoelectric dispenser was placed
above each surface with a spacing from 5 to 10 mm and turned on to
dispense monodisperse microscale droplets. The surface−dispenser
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spacing was chosen to have close control of the dispensed droplet
trajectory, which is not possible at larger spacings due to the presence
of random air currents that act to deflect microscale droplets. Droplets
were injected at a rate of 60−80 droplets/s. Due to the relatively small
size of departing droplets (∼5 μm), the shape of droplets remained
spherical during flight. This assumption is justified given that the
Bond, Weber, and capillary numbers are all much less than one. As the
microscale droplets landed on the surface, they began to accumulate
and grew to form a single larger droplet. The camera focal plane was
located at the growing droplet midplane for the desired optical zoom
level. Simultaneously, while the droplet was growing, contact angle
measurements on the surface were performed. All contact angle data
were analyzed using image processing software (FAMAS, interFAce
Measurement and Analysis System) by the circle fitting method.
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