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ti-icing/frosting property of
a nanostructured superhydrophobic surface by the
optimum selection of a surface modifier†

Zhiping Zuo, *ab Ruijin Liao,b Xiaoyu Song,c Xuetong Zhaob and Yuan Yuand

To understand the effect of chemical composition on the anti-icing properties of a nanostructured

superhydrophobic surface (SHP), four SHP surfaces were prepared on glass, which was initially roughed

by a radio frequency (RF) magnetron sputtering method and then modified with HDTMS (a siloxane

coupling agent), G502 (a partially fluorinated siloxane coupling agent), FAS-17 (a fully fluorinated siloxane

coupling agent) and PDMS (a kind of polysilicone widely used in power transmission lines). Results show

that the anti-icing properties of these four SHP surfaces in glaze ice varied wildly and the as-prepared

SHP surface which was modified with FAS-17 (SHP-FAS) demonstrated a superior anti-icing/frosting

performance. Approximately 56% of the entire SHP-FAS remained free of ice after spraying it for 60 min

with glaze ice, and the average delay-frosting time (the time taken for the whole surface to become

covered with frost) was more than 320 min at �5 �C. Equivalent model analysis indicates that DG,

defined as the difference in free energy of the Cassie–Baxter and Wenzel states, of the SHP-FAS is much

lower than the other three SHP surfaces, giving priority to Cassie state condensation and the self-

transfer phenomenon helping to effectively inhibit the frosting process by delaying the ice-bridging

process, which is beneficial for improving the anti-frosting property. This work sheds light on and

improves understanding of the relationship between anti-icing and anti-frosting properties and is helpful

in making the optimum selection of a surface modifier for improving the anti-frosting/icing

performances of a SHP surface.
1. Introduction

Ice accumulation adversely affects numerous commercial
sectors including aircras, telecommunications, automotives,
wind turbines and power lines.1 A glass insulator is one of the
most important components in a transmission line and the
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icing of an insulator surface may lead to serious consequences,
such as ashover incidents, collapsing of towers and power
failures.2,3 Traditional anti-icing methods including AC-hot de-
icing methods and manual de-icing methods include prob-
lems with time consumption and low efficiency. Meanwhile, the
irregular shape of insulators hinders the development of auto-
matic de-icing devices. Therefore, measures to inhibit the
accumulation of ice on surfaces which are exposed to cold
regions are urgently needed. Inspired by the “lotus effect”,4,5

superhydrophobic (SHP) surfaces are believed to be potential
candidates for achieving anti-icing properties because of their
excellent water repelling abilities. Considerable interest has
been generated for utilizing SHP surfaces for anti-icing
applications.6

The SHP surface has been proven to be helpful in improving
anti-icing properties by delaying ice formation,7 enhancing the
dynamic anti-icing behavior of water droplets impacting the
SHP surface,8 reducing the ice adhesion strength,9 and so forth.
Slippery liquid-infused porous surfaces (SLIPS) also demon-
strate an excellent ice adhesion force. But the SLIPS may not be
suitable for application on transmission lines because of the
high voltage.10–13 Huang et al. prepared a SHP surface by mixing
silica sol and uorinated acrylate copolymers and found that ice
formation was delayed by 90 min at �5.6 �C.14 Ruan et al.
This journal is © The Royal Society of Chemistry 2018
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studied the anti-icing properties of SHP aluminum surfaces and
found that the freezing temperature of static water droplets was
lowered from�2.2 �C down to�6.1 �C.15 Meanwhile some other
researchers doubt the practical application of SHP surfaces in
anti-icing applications.16,17 They claim that frost formation
could signicantly compromise the icephobic properties of SHP
surfaces, and frost nucleation could occur on all areas of the
SHP surface leading to a loss of superhydrophobicity at low
temperatures and high humidity.18 The difference in the micro/
nanostructures is believed to be the main reason for the above
results. Recently, sporadic reports have shown that SHP nano-
structures or hierarchical structures can effectively retard
frosting.19–21 Wen et al. designed a composite micro/
nanostructured surface by using poly(vinylidene diuoride)
(PVDF) polymer in combination with ZnO materials via heat-
pattern-transfer and crystal-growth techniques, which dis-
played excellent anti-fogging and icing-delay properties.22 Guo
et al. investigated the dependence of the anti-frosting properties
on the nano–micro/structure surface. A long frosting delay
could be achieved for more than 185 min on the nanohair
surface with a ratchet period of 290 mm under a temperature of
�10 �C.23 Hence, providing a SHP surface with optimum nano-
scale textures is essential for improving the anti-icing proper-
ties. The general process for fabricating SHP surfaces involves
two steps: construction of the micro/nanostructures and
modication with low-surface-energy materials.24,25 Apart from
the textures, we believe that the surface modication, as one of
the main fabrication steps, also has a large effect on the anti-
icing properties of the SHP surfaces especially on the same
desired nano-scale structures.26–29 Commonly used surface
modiers mainly include long-chain alkanes, partially or fully
uorinated silanes and polydimethylsiloxane. Although
considerable work has been conducted on modifying the
structures in order to enhance the anti-frosting/icing properties
of the SHP surfaces, a systematic investigation on the effect of
chemical composition, endowed by various surface modiers,
on the frosting/freezing process has rarely been incorporated.

Another key factor, apart from intrinsic parameters such as
textures and chemical compositions, leading to a differentia-
tion in the anti-icing properties is the variation in experimental
methods. The experimental methods commonly used to char-
acterize anti-icing properties of SHP surfaces include water
droplet impact dynamics, delay-icing time of water droplets, the
freezing temperature of water droplets or anti-fogging proper-
ties et al. However, these experimental conditions are far from
real freezing weather conditions with regards to water droplet
size, ambient temperatures, rainfall, relative humidity and so
forth. The same roughness which prevents the accumulation of
ice under certain conditions can be detrimental in other envi-
ronments.30 A single nanostructure SHP surface showed
a robust anti-icing performance owing to supercooled micro-
droplets partly rebounding off its surface in a wind tunnel.31

Therefore, the accurate evaluation of anti-icing properties
should be based on a reference environment.31 Both eld and
laboratory investigations show that glaze ice is the most
dangerous type of ice, associated with the highest probability of
ashover in transmission lines.32,33 However, studies on the
This journal is © The Royal Society of Chemistry 2018
anti-icing properties of SHP surfaces with various surface
modiers in glaze ice are still sorely lacking, and these are vital
for the design of anti-icing coatings which can be applied to
transmission lines. Besides, the SHP surfaces are exposed to an
environment of low temperature and high humidity. Vapor
condensation or the frosting process will inevitably occur
during the freezing process of glaze ice. Investigations on the
anti-frosting properties of a SHP surface is necessary in order to
shed light on the anti-icing performance in glaze ice.

As stated in our previous work, microstructure defects on
SHP surfaces would cause an adverse effect on the anti-icing
performance in glaze ice as the continually impacting super-
cooled micro-scale water droplets rapidly accumulate on these
defects leading to a dramatic increase in the freezing area.34,35

Therefore, to accurately evaluate the effect of surface modi-
cation on the anti-icing property, the as-prepared SHP surfaces
should be carefully prepared to minimize defects. Compared to
other methods, a radio frequency (RF) magnetron sputtering
method represents one of the simplest and most effective
methods for easily developing proper nano-scale structures.36–38

A SHP ZnO surface modied with HDTMS was prepared by an
RF magnetron sputtering method as reported in our previous
work, and exhibits excellent anti-icing performance.39 The focus
of the present work is to further improve the anti-icing prop-
erties of a ZnO SHP surface by selecting an optimum surface
modier. The excellent process stability of RF magnetron
sputtering is benecial for obtaining uniform nano-scale
textures and for decreasing the number of defects as much as
possible, which is helpful to accurately evaluate the effect of
surface modiers on the anti-icing properties.

In this study, an RF magnetron sputtering method was used
to fabricate ZnO nanostructures, and four typical surface
modiers were used to modify the ZnO nanostructure to obtain
superhydrophobicity. The surface morphology, chemical
composition and wettability were investigated by corresponding
methods. An articial climate chamber was used to evaluate the
effect of surface modiers on the anti-icing properties of the
nanostructured SHP surfaces in glaze ice. Furthermore,
macroscopic and microscopic frosting processes of the four
SHP surfaces were studied on a Peltier-based platform.

2. Experiments
2.1 Sample preparation

The glass slides were rinsed in deionized water, ultrasonically
cleaned in ethanol, and dried prior to being used as substrates.
The lms were prepared by means of RF magnetron sputtering
of a Zn target (Hezong XinCai Company, diameter, 61.5 mm;
thickness, 5 mm). The vacuum chamber was pumped down to
a base pressure of 4.0 � 10�3 Pa. Sputtering was carried out in
Ar (99.99% purity) plasma under a working pressure of 1.5 Pa.
The sputtering power was maintained at 100 W with a xed
target-substrate distance of 10 cm. Then the substrate was
annealed in a muffle furnace under a normal ambient atmo-
sphere from room temperature to 400 �C at a rate of
10 �Cmin�1, maintained at 400 �C for 30 min and subsequently
cooled down naturally to room temperature before undergoing
RSC Adv., 2018, 8, 19906–19916 | 19907
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surface modication. Generally, different coupling agents with
a low surface energy were used to lower the surface energy. As
for hexadecyltrimethoxy silane (CH3(CH2)15Si(OCH3)3,
HDTMS, Aladdin Co., Ltd) and 1H,1H,2H,2H-per-
uorodecyltrimethoxysilane (CF3(CF2)7CH2CH2Si(OCH3)3, FAS-
17, Aladdin Co., Ltd) molecules, the annealed substrates were
immersed in an ethanol solution of 2 wt% HDTMS and 2 wt%
FAS-17 for 30 min and subsequently dried at 90 �C for 30 min,
respectively. Chemical vapor deposition was used to coat the
polydimethylsiloxane (PDMS Sylgard 184, Dow Corning
Co., Ltd) and dodecauoroheptylpropyltrimethoxy silane
(C14F12H20SiO3, G502, Harbin Xuejia Fluorin Silicon Chemical
Co., Ltd) onto the annealed samples. 1.2 g PDMS or G502, and
the annealed samples, were placed in a sealed jar and placed
horizontally with a volume of 250 mL, and subsequently heat
treated at 150 �C for 2 h. For the sake of description, the above
four SHP surfaces were marked as SHP-HDTMS, SHP-FAS, SHP-
PDMS and SHP-G502, respectively. For comparison, we also
prepared glass surfaces modied with FAS-17, HDTMS, PDMS
and G502.
2.2 Sample characterization

Surface morphology was studied by eld emission scanning
electron microscopy (FE-SEM, Nova 400, Japan). EDS was per-
formed by SEM (Hitchi, SU8010, Japan). The surface roughness
and chemical composition were analyzed by a probe-type
surface proler (Dektak 150, America) and X-ray photoelectron
spectrometer (XPS, Thermo escalab 250Xi, America). The X-ray-
photoelectron spectrometer was equipped with a mono-
chromatic Al Ka X-ray source (hn ¼ 1486.6 eV). Survey spectra
were taken from 0 to 1349 eV with a pass energy of 100 eV
(source gun ¼mono 650 mm). The wettability of the sample was
measured by a contact angle meter (Drop meter A-100, China).
Five different spots for one sample were measured each time
and the average value was regarded as the CA. The water volume
was 10 mL. An articial climate chamber was used to simulate
glaze ice to evaluate the anti-icing property. The anti-frosting
behaviors of the samples were investigated on a self-made
Peltier-based platform. The system included a water-cooled
circulating machine, a semiconductor refrigerating platform,
peristaltic pump, a camera image acquisition system and
a personal computer as shown in Fig. S1.†
3. Results and discussion
3.1 Surface morphology and wettability

Fig. 1 shows the SEM images of the samples before and aer
surface modication. Aer an annealing treatment at 400 �C,
the Zn layer was transformed into ZnO with a hexagonal crystal
phase (shown in Fig. S2†). The as-prepared ZnO SHP surfaces
exhibited evident surface roughness with ZnO nanostructures
randomly distributed on the whole surface. As shown in Fig. 1b
with a higher magnication, the diameters of these nano-
structures ranged from 42.1 nm to 135.1 nm. As shown in the
SEM images of SHP-HDTMS, SHP-FAS, SHP-PDMS and SHP-
G502, there is no apparent change of surface morphology
19908 | RSC Adv., 2018, 8, 19906–19916
observed aer surface modication. Although some organic
thin lm may appear on the surfaces, the surface morphology
remains relatively consistent, which is further conrmed by the
measured surface roughness results of shown in the ESI, Table
S1.† The roughness average (Ra) and the root-mean-square
roughness (Rq) of the four SHP surfaces are almost consistent
and within a range of 470 � 5% nm and 565.4 � 8% nm.
Therefore, we can reasonably consider that the four SHP
surfaces possess the same surface morphology.

As shown in Fig. S3,† the contact angles (CAs) of the glass
surfaces modied with PDMS, G502, HDTMS, and FAS-17 are in
the range of 93.7� to 108.9� demonstrating their hydropho-
bicity.40 Water droplets easily adhered onto the glass surfaces
modied with PDMS, G502, and HDTMS leading to sliding
angles (SAs) larger than 66.8�. The SAs of glass surface modied
with FAS-17 are lower than 20�. The as-prepared unmodied
ZnO surface indicates a completely superhydrophilic property
with water droplets almost completely drilling into the textures.
Fig. 2 shows the CAs and SAs of the four as-prepared SHP
surfaces. All of the surfaces exhibit superhydrophobicity with
CAs larger than 160� and SAs smaller than 10� as shown in Table
S2.† Water droplets can easily roll off the four SHP surfaces.

3.2 Chemical composition

Both EDS and XPS were used to analyze the chemical compo-
sition of the as-prepared samples before and aer surface
modication. The geometries of the FAS-17, G502, HDTMS, and
PDMS (n¼ 10) molecules are illustrated in Fig. S4.† As shown in
Fig. S5,† the EDS spectrum of the ZnO nanostructures prior to
surface modication shows no other peaks apart from those of
Zn and O, indicating the existence of ZnO. Aer modication
with FAS-17 or G502, C, Si and F elements were detected in the
EDS spectrum and a signicant F(1s) peak appeared at 689.0 eV
in the XPS spectrum, proving the existence of FAS-17 or G502
molecules.41 Both EDS and XPS spectra reveal the presence of C
aer modication with HDTMS and PDMS molecules indi-
cating that the HDTMS and PDMS molecules had successfully
attached onto the ZnO nanostructures. These results conrm
the successful attachment of low-surface-energy molecules to
the ZnO surface aer surface modication.

3.3 Anti-icing performance in glaze ice

To further investigate the effect of the surface modiers on the
anti-icing performance of the four SHP samples, an articial
climate chamber was used to simulate freezing weather. “Glaze
ice” represents one of the most serious freezing conditions and
thus was simulated to test the anti-icing performance of the
four SHP surfaces.32 A schematic of the articial climate
chamber is shown in Fig. S6† and the experimental conditions
are set according to Table 1.

Though the SA of the glass surface modied with FAS-17 is
lower than 20�, micro-scale water droplets can easily adhere
onto the surface leading to poorer anti-icing properties
compared to those for SHP-FAS, which indicates that nano-scale
roughness is essential for enhancing the anti-icing performance
in glaze ice, as shown in Fig. S7.† To shed light on the effect of
This journal is © The Royal Society of Chemistry 2018
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Fig. 1 SEM images of the ZnO nanostructures before (a and b) and after modification with FAS-17 (c and d), HDTMS (e and f), G502 (g and h), and
PDMS (i and j).

Fig. 2 CAs and SAs of the four as-prepared SHP surfaces.
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surface modiers on the anti-icing performance of nano-
structured SHP surfaces, the four as-prepared SHP surfaces
were placed in the articial climate chamber. Fig. 3 and 4 show
the freezing process of the four SHP surfaces in glaze ice over
a 60 min time period. The freezing areas in glaze ice are the
average values of two groups of identical samples. Though the
four SHP surfaces demonstrate excellent water repellency at
ambient temperatures, their anti-icing properties in glaze ice
vary greatly. Supercooled water droplets were found to easily
adhere onto the SHP-PDMS and SHP-G502 surfaces, which soon
became covered with isolated ice particles. Almost 90% of the
SHP-PDMS and SHP-G502 surfaces had frozen within 30 min.
The ice particles slowly grew into long column-like icicles aer
a prolonged spraying time. SHP-HDTMS shows a better anti-
icing performance with 52.1% of the surface remaining
Table 1 Experimental conditions for glaze ice

Ambient temperature (�C) �8 � 1
Water temperature (�C) 4 � 1
Wind velocity (m s�1) 3
Water ow rate (L h�1) 90
Water conductivity (ms cm�1) 255

This journal is © The Royal Society of Chemistry 2018
unfrozen aer 30 min which increased up to 78.4% aer
60 min. SHP-FAS exhibits the best anti-icing performance. Only
44.3% of the SHP-FAS surface had frozen aer 60 min which is
half of that for the SHP-PDMS and SHP-G502 surfaces. Due to
the hydrophilicity of the edges, when sprayed, the supercooled
water droplets would rstly adhere onto the upper edges of the
as-prepared SHP surfaces leading to the formation of icicles. It
was found that the long icicle, as marked by a red rectangle in
Fig. 4, which grew from the upper side was not in close contact
with the SHP-FAS surface but was at a wedge angle indicating
a real freezing area smaller than 44.3%.

3.4 Anti-frosting performance

The vapor condensation/frosting process inevitably occurs
during glaze ice formation because of the high humidity and
low temperatures in the articial climate chamber. The anti-
frosting performances of the as-prepared samples were inves-
tigated on a Peltier-based platform. The sample temperature
was set at �5 �C. As shown in Fig. S8,† the glass surfaces
modied with PDMS, G502, HDTMS, and FAS-17 as well as the
as-prepared unmodied ZnO surface by RF magnetron sput-
tering showed poor anti-frosting properties with entire surfaces
frozen in less than 10 min. Due to the hydrophilicity of the as-
prepared unmodied ZnO surface, frost grew much more
densely compared to that on the bare glass surfaces which had
undergone modication. The frosting morphologies of the
samples at 60min varied obviously, which is probably a result of
the different surface modiers.

However, the four as-prepared SHP surfaces demonstrated
improved anti-frosting properties as shown in Fig. 5. It was
found that SHP-PDMS exhibited the poorest anti-frosting
performance with a delayed-frosting time (time for the entire
surface to be covered with frost) of less than 45 min. Obvious
condensed water droplets were found on SHP-G502, SHP-FAS
and SHP-HDTMS whose surface colors changed from dark
grey to white in 45 min. A large area of the SHP-G502 and SHP-
FAS surfaces remained free of frost except for a small amount of
frost accumulating at the edges which is not apparent from
a micro-point of view. An evident frost layer formed on the SHP-
HDTMS surface within 45 min and slowly covered the entire
RSC Adv., 2018, 8, 19906–19916 | 19909
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Fig. 3 Freezing morphology of the four as-prepared SHP surfaces.

Fig. 4 Freezing areas of the four as-prepared SHP surfaces in glaze
ice.

19910 | RSC Adv., 2018, 8, 19906–19916
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surface within 240 min. Interestingly, although frost on SHP-
HDTMS appeared earlier than on SHP-G502, the frost propa-
gated faster on the SHP-G502 surface leading to a 91% freezing
area in 90 min. Compared to the other three SHP surfaces, SHP-
FAS exhibited the best anti-frosting behavior. About 82% of the
entire surface remained free of frost for 90 min and the frosting
time was effectively delayed for about 320 min.

As the event of frosting may randomly occur on chilled solid
surfaces, over 20 trials were conducted on the as-prepared SHP
surfaces. Fig. 6 shows the frosting area of the four SHP surfaces
as a function of freezing time. We can conclude that the SHP-
PDMS surface displays the worst anti-frosting behavior with
the whole surface freezing in less than 25 min. SHP-FAS
demonstrates the best anti-frosting performance with an
average frosting time delay of over 320 min, which is approxi-
mately 12.8 times that of SHP-PDMS. It is worth noting that the
frost propagation on the four SHP surfaces slowly grew towards
the unfrozen regions and no other clear defects were found
during the whole experiment. Therefore, the difference in the
experimental results can be ascribed to the effect of chemical
This journal is © The Royal Society of Chemistry 2018
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Fig. 5 The frosting process of ZnO surfaces modified by PDMS, G502, HDTMS and FAS-17.
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composition ruling out the impact of structures. It can also be
concluded that the anti-icing performances of the as-prepared
SHP surfaces are closely related to their anti-frosting proper-
ties. The as-prepared SHP surfaces which demonstrate excellent
anti-frosting properties are prone to having better anti-icing
performances in glaze ice.

To clarify frost propagation on the four SHP surfaces, the
microprocess of frosting on the four SHP surfaces was observed.
Pictures captured at 10, 20, 30 and 40 min are displayed in
Fig. 7. Obvious condensed microdroplets formed on the four
SHP surfaces in 10 min. The condensed water droplets on the
SHP-PDMS surface soon froze within 10 min, while the droplet
size kept growing on the other three SHP surfaces. It is obvious
This journal is © The Royal Society of Chemistry 2018
that the growth pattern of the condensed water droplets on the
other three SHP surfaces is quite different. The condensate
droplets on the SHP-G502 surface grew larger mainly by
merging with nearby condensed water and then remained
almost motionless, resulting in comparatively homogeneous
droplets. On the contrary, distribution of condensed water
droplets on the SHP-HDTMS and SHP-FAS surfaces varied with
time and the water volume was much smaller than that on the
SHP-G502 surface, indicating a fairly dynamic property of
condensed water droplets on SHP-HDTMS and SHP-FAS.

The dynamic process of condensed water droplets is shown
in Fig. 8. With a prolonged freezing time, condensed micro-
droplets grew larger via vapor condensation and by the
RSC Adv., 2018, 8, 19906–19916 | 19911
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Fig. 6 Frosting area of the as-prepared SHP ZnO surfaces modified
with FAS-17, G502, HDTMS, and PDMS.
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coalescence of nearby condensed microdroplets on the SHP-
PDMS and SHP-G502 surfaces. There was no evident self-
transfer phenomenon observed on these two SHP surfaces.
Therefore, the condensed microdroplets stayed motionless.
However, self-transfer phenomena were detected on the SHP-
Fig. 7 Microscopic growth process of condensed water droplets on Zn

19912 | RSC Adv., 2018, 8, 19906–19916
HDTMS and SHP-FAS surfaces. Nearby condensed micro-
droplets on the SHP-HDTMS surface merged together and
subsequently departed from their original locations as identi-
ed by a color change of the coalesced microdroplets resulting
from a distance variation between the jumping water droplets
and the lense. Meanwhile, as the jumping water droplets rolled
along the surface they would pick up tiny droplets, impacting on
the surface and sweeping it clean and dry. A similar phenom-
enon was observed on the SHP-FAS surface. Coalesced micro-
droplets would jump off the surface or stay in another position
on the SHP-FAS surface aer several bounces.

To further investigate the self-transfer phenomenon on the
SHP-FAS surface, high speed cameras with a frame rate of 1000
frames per second was used. As shown in Fig. 9, a tiny droplet
jumped off the surface and subsequently merged with a nearby
droplet inducing a second bounce. As shown in the ESI video
S1,† continually jumping water droplets jump off and subse-
quently fall back on the SHP-FAS surface. The coalescence of
condensed microdroplets and the subsequent self-transfer
movement on SHP-HDTMS and SHP-FAS markedly alter the
diameter range and location of the condensed microdroplets.
As a rational inference, the growth and distribution status of the
condensed microdroplets on these two SHP surfaces exerts
a large effect on the anti-frosting performance.
O surfaces modified by PDMS, G502, HDTMS, and FAS-17.

This journal is © The Royal Society of Chemistry 2018
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Fig. 8 Coalescence of condensed microdroplets on the PDMS, G502, HDTMS and FAS-17 modified SHP surfaces.
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Due to the hydrophilic properties of the sample edges,
frosting occurs rst at these regions. Fig. S9† displays frost
propagation on the four SHP surfaces which is illustrated in
Fig. 10. The self-transfer movement on SHP-HDTMS and SHP-
FAS demonstrates an obvious contrast to that on SHP-G502
and SHP-PDMS. The condensed water droplets freeze quickly
on the SHP-PDMS surface indicating a faster heat transfer rate
at low temperatures. The frozen water droplets behave like
“defects” leading to a dramatically increased frost propagation
rate. The “anchoring effect” on SHP-G502 and SHP-PDMS show
Fig. 9 Side view of the self-transfer phenomenon on FAS-17-modified

This journal is © The Royal Society of Chemistry 2018
that condensed water droplets grow in the “Wenzel state” on
these two SHP surfaces leading to increased water volumes.
According to DQ ¼ CmDT, it may take more time for the
condensed water droplets (A and B) to freeze, which is why the
frost on SHP-PDMS appears later than on SHP-HDTMS and
SHP-FAS. However, the increased size of the condensed micro-
droplets minimizes the gap between the frozen droplets (C) and
the nearby condensed microdroplets (A and B) making the frost
crystals grow more easily across to the nearby condensed water
droplets, which accelerates the frost propagation rate. Due to
SHP surfaces.

RSC Adv., 2018, 8, 19906–19916 | 19913
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Fig. 10 Schematic of frost propagation on the SHP surfaces.
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the self-transfer movement and the absorption of condensed
water droplets by the frost front, a large “blank area” exists on
SHP-HDTMS and SHP-FAS, which effectively inhibits the
frosting propagation rate. This is the reason why the frost
propagation rate on SHP-G502 is faster than that for SHP-
HDTMS and SHP-FAS. According to the dimensionless form of
Gibbs energy:42

G* ¼ F�2/3(q)[2 � 2 cos q � cos qY sin2 q] (1)

where F(q) ¼ (2 � 3 cos q + cos3 q), q is the intrinsic contact
angle on a at surface and qY represents the contact angle on
a rough surface. cos qY for droplets in the Cassie state and the
Wenzel state can be described as r cos q and fs(1 + cos q) � 1,
respectively. fs is the solid–liquid fraction. FAS-17 mainly
contains –CF3 groups with a surface free energy of 6.7 mJ mol�1

which is lower than that of –CH3 in HDTMS or other surface
modiers, which can better improve the intrinsic contact angle.
The q values for the at surface modied with G502, HDTMS,
FAS-17, and PDMS were measured to be 94.2�, 101.9�, 109.7�

and 93.3�, respectively. fs can be calculated to be 4.1% according
to the CA measurement at ambient temperature where water
droplets are supposed to be in the Cassie state. Given that the
surfaces have comparable roughness, we converted the ZnO
nanostructures into cylindrical structures referring to the
average diameter of ZnO nanostructures (82.4 nm), equivalent
lm thickness (7.5 mm), and fs (4.1%) as shown in Fig. S10.† The
surface roughness r can be roughly calculated as 16.39. By
dening DG ¼ GCassie � GWenzel, we can calculate the DG values
for SHP-G502, SHP-HDTMS, SHP-FAS, and SHP-PDMS to be
0.3244, �0.9540, �1.8615, and 0.5057, respectively. If DG is
negative, water vapor is more likely to condense in the Cassie
state. The DG values for SHP-G502 and SHP-PDMS are both
positive indicating that water vapor is prone to condense in the
Wenzel state which is in accordance with the phenomenon
observed in Fig. 7. The DG values for SHP-HDTMS and SHP-FAS
are negative indicating that the water vapor condenses in the
Cassie state and thus demonstrates a greater mobility because
of the self-transfer phenomenon.

The excellent anti-frosting performance of SHP-HDTMS and
SHP-FAS-17 can be attributed to the self-transfer movement. On
one hand, the jumping droplets minimize the number of water
19914 | RSC Adv., 2018, 8, 19906–19916
droplets distributed on the surface, which in turn serves to slow
down frost propagation by requiring longer inter-droplet ice
bridges and sometimes even resulting in failed bridges owing to
sufficiently spaced droplets completely evaporating before the
bridges can connect. On the other hand, condensed water
droplets are easily absorbed by the frost front because of a low
adhesion force between the condensed microdroplets and the
chilled SHP surface (Fig. S9†), leaving a large gap between the
frost front and the condensed microdroplets. Thus, frost
propagation is effectively inhibited by delaying the ice-bridging
process.21,43 These results demonstrate that the anti-frosting
performance of SHP surfaces with the same nano-scale
textures is largely affected by the surface modiers. The
surface modier affects the condensation mode and subse-
quently the frosting propagation rate. The self-transfer move-
ment plays a vital role in enhancing the anti-frosting
performance of nanostructured SHP surfaces. By improving
the anti-frosting property with the selection of FAS-17, the SHP
surface can maintain superhydrophobicity at low temperatures
which enhances the anti-icing property in glaze ice.
4. Conclusion

We have studied the anti-icing and anti-frosting properties of
four SHP surfaces with different chemical compositions but the
same nano-scale structures. Results show that SHP-FAS
demonstrates the optimal anti-icing/frosting property
compared to the other three SHP surfaces. Only 44% of the SHP-
FAS surface froze aer spraying it for 60 min in glaze ice and the
frosting time is effectively delayed by over 320 min at �5 �C.
Investigating the dynamics of the condensed water droplets has
shed light on the source of the varied anti-icing/frosting prop-
erty, which is determined by the mode of condensation on the
SHP surfaces which have been modied with various surface
modiers. As the DG values are both negative for SHP-FAS and
SHP-HDTMS, water vapor is prone to condense in the Cassie
state leading to a self-transfer movement. The self-transfer
movement can help sweep the SHP surface free of condensed
water droplets and also inhibit the ice-bridging rate, which
contributes to an enhancement in the anti-icing/frosting prop-
erties of the SHP surfaces. We can conclude that the chemical
This journal is © The Royal Society of Chemistry 2018
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composition has a large impact on the anti-frosting/icing
performance of the SHP surfaces, which can be greatly
improved by choosing an optimum surface modier.
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