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A B S T R A C  T

Among different types of anti-icing coatings, superhydrophobic coatings have attracted considerable attention

due to their water repellency and low heat-transfer rate. However, condensation on superhydrophobic surfaces

at low temperatures usually causes an increase in ice adhesion because of the induced wetting of micro- and

nanostructures. By tuning the weight ratio of surface-modified nanoparticles to unmodified ones, five super-

hydrophobic coatings with different structural features at the microscale were developed. Ice-adhesion strength

and ice-nucleation temperature were studied, together with the effect of moisture condensation on ice adhesion.

It was found that the ice-adhesion strength and icing temperature of these coatings do not necessarily follow the

same order among these surfaces because of different mechanisms involved. Surface roughness is inadequate to

describe the necessary surface features that critically affect the anti-icing behavior of the coatings. Detailed

topology/geometry has to be considered when designing icephobic coatings. Superhydrophobic coatings can be

adopted for icephobic applications once the surface topology is carefully designed.

1. Introduction

Ice accretion in cold environment is natural and inevitable. Various

studies were carried out focused on delaying ice formation and easy

removal of formed ice. Over the past decades, superhydrophobic coat-

ings have shown good promise to repel and shed water [1–4]. Re-

searchers working in various fields mimicked natural superhydrophobic

surfaces (plants, inspects, bacteria, skin of aquatic animals etc.) and

designed numerous synthetic superhydrophobic surfaces. Metals [5–7],

copolymers [8,9], nanoparticles [10,11], nanotubes [12,13], nanorods

[14] and nanofibers [15,16] were employed to create air-trapping

micro- and nanostructures. The involved methods include atom-transfer

radical polymerization, electrodeposition, sol-gel, etching, lithography

etc. The first study on anti-icing performance of superhydrophobic

coatings was reported by Saito et al. in 1997 [17]. Later, various aspects

of anti-icing behavior of superhydrophobic coatings was investigated,

including ice inhibition, ice adhesion, ice accumulation and frost for-

mation. Cao et al. [18] observed inhibition of ice formation on super-

hydrophobic coatings when supercooled water was poured onto a tilted

surfaces. Momen et al. [19] found that superhydrophobic coatings

greatly retarded water freezing. Jafari [20] and his co-workers showed

that the superhydrophobic coating surface presented 3.5 times lower

ice-adhesion strength than that of an uncoated surface. Zhao et al. [21]

proved that superhydrophobic coatings could significantly restrain ice

accumulation on insulator strings. He et al. [22] reported the retarda-

tion of frost formation on the superhydrophobic isotactic polypropylene

film. Mishchenko et al. [23] designed a highly ordered super-

hydrophobic coating which can maintain ice-free down to ca. −25 to

−30 °C. Unfortunately, high water mobility and its low adhesion may

not always be maintained because of its water condensation in texture

[24–26] or drop impact beyond a texture-specific velocity [27]. Boi-

novich et al. [7] pointed out that the phase transition from supercooled

water to ice induced a growth of a frost halo and a metastable iced

meniscus near a three-phase contact line, which was responsible for the

increased adhesive contact area between the droplet and the substrate.

Because of the outstanding water repellency and reduced heat

transfer due to air trapping, robust anti-icing coatings maintaining su-

perhydrophobicity when the temperature approached the dew-point

[28,29] or below zero degree [30,31], still attract the interest of many

researchers. With fine control of surface microstructures, favorable

anti-icing performance can be achieved. For example, Fu et al. [2]

designed a robust icephobic coating based on superhydrophobicity via

optimizing the coating's surface structure with the help of nano-

particles. Similarly, colloidal surfaces with different content of fluorine

Abbreviations: DI, deionized; GLYMO, 3‑glycidoxypropyltrimethoxysilane; PFOTES, 1H, 1H, 2H, 2H‑perfluorooctyltriethoxysilane; PTFE, polytetrafluoroethylene;

RH, relative humidity; TEOS, tetraethyl orthosilicate
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polymers were also developed [32]. The optimum coating demon-

strated superhydrophobicity under freeze temperatures. Wang et al.

[33] reported a flexible superhydrophobic coating which could repel

water and ice even at−20 °C with a relative humidity (RH) of 90% for

more than three months. Shen et al. [34] studied anti-icing properties of

single nanostructured and micro-nanostructured superhydrophobic

surfaces. They found that the single nanostructure surface demon-

strated a reduced icing area and an icing mass than those of the micro-

nanostructured surfaces. Emelyanenko et al. [35] verified a durable

superhydrophobic coating with snow and ice accumulation in severe

outdoor experiments for several months. Among all the studies, free

energy and roughness of surfaces were found to be the main factors for

anti-icing coatings. Extensive experiments were conducted to in-

vestigate the influence of these two factors on anti-icing performance. It

is clear that lower surface energy of a surface results in lower ice ad-

hesion [36–39] and lower icing probability [40,41]. However, rough-

ness as a key characteristic of a surface could not reflect all the surface

properties, especially for rough porous surfaces. Even a relatively small

difference on a surface would result in a distinct ice-nucleation process.

Therefore, attention is needed to study the effect of surface topology/

geometry on anti-icing performance of superhydrophobic coatings. In

this study, five superhydrophobic coatings were created by tuning a

weight ratio of surface modified and unmodified SiO2 nanoparticles in a

sol-gel system. By adjusting the surface structure of the coatings, lower

ice adhesion and suppressed ice nucleation can be achieved. The series

of experiments have allowed identification the key factors behind

various indicators of icephobic performance.

2. Material and methods

2.1. Materials

Tetraethyl orthosilicate (TEOS), 3‑glycidoxypropyltrimethoxysilane

(GLYMO), 1H, 1H, 2H, 2H‑perfluorooctyltriethoxysilane (PFOTES),

SiO2 nanoparticles with particle size around 10–20 nm, and itaconic

acid were obtained from Sigma-Aldrich. Methanol (99%) was obtained

from Fisher Scientific. Glycerol and formamide, used for surface-energy

measurement, were obtained from Sigma-Aldrich. Microscope glass

slides (25.4 mm×76.2 mm) and cover glass (diameter: 22mm and

thickness 0.13–0.16mm), used for ice-nucleation temperature tests,

were obtained from Sailboat Lab Co. Ltd. and Marienfeld, respectively.

2.2. Preparation method

2.2.1. Preparation of PFOTES-SiO2 nanoparticles

The hydrolysis of PFOTES was implemented by mixing PFOTES,

methanol and deionized (DI) water with a volume ratio of 1:96:3 for

24 h. To prepare PFOTES-modified SiO2 nanoparticles, 0.25 g SiO2 na-

noparticles, 8 ml methanol and 4ml hydrolyzed PFOTES were mixed at

room temperature. Then the mixture was first placed in an ultrasonic

bath for 30min, and then magnetically stirred for 24 h. After stirring,

the mixture was centrifuged at 2000 rpm for 5min (the obtained hy-

drophobic silica is subsequently denoted as PFOTES-SiO2). In this step,

a total amount of 4.25 g SiO2 nanoparticles were modified to obtain

PFOTES-SiO2 nanoparticles, which were used as fillers with low surface

energy. The as-received SiO2 nanoparticles obtained from Sigma-

Aldrich were used as fillers with high surface energy.

2.2.2. Preparation of sol-gel

TEOS-GLYMO sol was prepared by mixing 20ml methanol with 5ml

1 hydrolyzed PFOTES solution, 0.004mol TEOS, 0.02mol GLYMO,

0.076mol DI water and 0.5 g itaconic acid for 4 h under magnetic

stirring. Itaconic acid was used to acidify the sol to pH 3–4. The

PFOTES-SiO2 nanoparticles prepared in the first step were added to the

TEOS-GLYMO sol. Then, SiO2 nanoparticles with high surface energy

were added to keep the weight of total SiO2 nanoparticles at 1.5 g forT
a
b
le

1

D
e
ta
il
e
d
fo
rm

u
la
ti
o
n
o
f
so
l-
g
e
l
co

a
ti
n
g
s.

T
G
S
1
:5

T
G
S
2
:4

T
G
S
3
:3

T
G
S
5
:1

T
G
S
6
:0

P
re
p
a
ra
ti
o
n
o
f
so
l-
g
e
l
co

a
ti
n
g
s

P
F
O
T
E
S
m
o
d
ifi
e
d
S
iO

2
n
a
n
o
p
a
rt
ic
le
s
(g
)

0
.2
5

0
.5

0
.7
5

1
.2
5

1
.5

U
n
m
o
d
ifi
e
d
S
iO

2
n
a
n
o
p
a
rt
ic
le
s
(g
)

1
.2
5

1
0
.7
5

0
.2
5

0

T
E
O
S
-G

L
Y
M
O

so
l

2
0
m
l
m
e
th
a
n
o
l,
5
m
l
h
y
d
ro
ly
ze
d
P
F
O
T
E
S
so
lu
ti
o
n
,
0
.0
0
4
m
o
l
T
E
O
S
,
0
.0
2
m
o
l
G
L
Y
M
O
,
0
.0
7
6
m
o
l
D
I
w
a
te
r
a
n
d
0
.5

g
it
a
co

n
ic

a
ci
d



Ice-adhesion strength of the obtained coatings at temperature

−15 °C and−20 °C is presented in Fig. 3c. Even though all five coatings

demonstrated superhydrophobicity as defined by the contact angle and

roll-off angle, they displayed very different ice-adhesion strength. A

much higher ice-adhesion strength, in the range of 400–500 kPa, of the

TGS 1:5 coating than the other coatings was observed. The TGS 3:3 and

TGS 5:1 coatings presented comparable ice-adhesion strengths of

~150 kPa at −15 °C and ~250 kPa at −20 °C, which are much lower

than those of the TGS 1:5 coating. Only TGS 2:4 and TGS 6:0 coatings

exhibited an ice-adhesion strength below 100 kPa, a key performance

indicator for icephobic coatings [46,47]. The difference in the ice-ad-

hesion strengths of the TGS 6:0 coating at −15 °C and −20 °C was the

lowest among the five coatings. Between TGS 6:0 and TGS 3:3, the

lower ice–adhesion strength of the TGS 6:0 coating might be due to its

lower apparent surface energy. It should be recalled that the question

whether a superhydrophobic coating is icephobic has been a topic of

heated debates for several years and, till now, controversy remains.

Some researchers showed low ice-adhesion strength of super-

hydrophobic surfaces, while others reported very high ice-adhesion

strength of such coatings. Here, both cases were observed. The five

designed coatings with different surface microstructures showed dis-

tinct ice-removal properties, and no simple correlation exists between

the apparent surface energy and ice adhesion. There is also no simple

correlation between the surface roughness, as indicated by the RMS

(Fig. 3b), and the ice-adhesion strength. When the freezing of a water

droplet on a hydrophobic or superhydrophobic surface is not

each sample. The detailed weight of SiO2 nanoparticles with high and 
low surface energy in each sample is shown in Table 1. After that, the 
prepared sols were ultrasonically treated for 15 min, and then stirred 
magnetically for 24 h before they were spray-coated onto the glass 
slides with an airbrush kit (AS06KB) with a 1.5 mm diameter nozzle 
using compressed air (pressure at 345 kPa). A distance between the 
airbrush and the substrate was kept at 10 cm. The coating thickness was 
fixed at 30 μm ( ± 10%). Finally, the prepared samples were cured in an 
oven at 110 °C for 1.5 h and labelled as TGS 1:5, TGS 2:4, TGS 3:3, TGS 
5:1 and TGS 6:0 corresponding to the weight ratio of PFOTES modified 
and unmodified SiO2 nanoparticles

2.3. Characterization of coatings

Surface morphology of the obtained coatings was scanned using a 
field emission scanning electron microscope (FESEM) (JSM-6360, 
Japan). Water wettability of coatings was measured with a contact 
angle system (OCA 20, Dataphysics Co., Germany). The corresponding 
values were obtained as an average of more than five measurements at 
different locations of the coatings. The surface energy was calculated 
based on contact angles of glycerol, formamide and water based on the 
OWRK method [42–44]. Surface roughness was measured with an 
atomic force microscope (AFM) with a scanning area of 10 μm×10  μm. 
The roughness value was an average of at least three measurements 
obtained at different locations of the coatings.

For an ice-adhesion test, a polytetrafluoroethylene (PTFE) tube with 
an inner diameter of 18 mm was filled with DI water, and then covered 
with the sample on the top. The whole set was flipped upside down and 
placed inside a climate chamber (Cincinnati Sub-Zero environmental 
chambers, U.S.A.) for 24 h at −15 °C and −20 °C. The weight of infilled 
water was 1.5 g. Measurements of the ice-adhesion strength followed a 
previous report [2,39]. The reported ice-adhesion strength was an 
average value of at least six measurements on the same position of each 
sample, and a total of at least three samples of the same condition. To 
evaluate the effect of water condensation on the ice-adhesion strength, 
the coatings were kept in the climate chamber at −20 °C with RH of 
80% for 24 h before they were taken out to perform the ice-adhesion 
test following the procedure described above. The obtained results re-
vealed the resistance of the coatings to water condensation.

The ice-nucleation temperature of coatings was studied using our 
previously reported self-designed automatic measurement system [45]. 
A 10 μl droplet of DI water was placed on the center of the coating on a 
thin cover-glass slide. The test chamber was cooled from ~22 °C to 
freezing temperature (target temperature set at −30 °C). The ramp rate 
from room temperature to 0 °C was set at 40 °C/min, followed by 5 °C/
min from 0 °C to the set −30 °C to minimize a heat reflux effect. The 
icing temperature of the coatings was defined as the temperature, at 
which a detected intensity of a reflected laser beam increased drama-

tically due to the ice formation. 500 icing-melting cycles were carried 
out for each water droplet. The results were recorded and statistically 
analyzed. To make sure that the iced droplet was heated up to ambient 
temperature and in an equilibrium state, the sample was held for 2 min 
after it has reached 22 °C before the next cycle began.

3. Results and discussion

3.1. Surface characteristics of coatings

In order to fabricate coatings with different surface microstructures, 
the low-surface-energy PFOTES-SiO2 and high-surface-energy SiO2 na-

noparticles with weight ratios of 1:5, 2:4, 3:3, 5:1 and 6:0 were added 
into the TEOS-GLYMO sol, while keeping the total weight percent of 
nanoparticles and other components the same. Fig. 1 shows FESEM 
images of these coatings. A significantly distinct surface topology of the 
TGS 1:5 coating compared to other coatings was observed. Large ag-
glomerated clusters of several micrometers in size (Fig. 1a) can be seen

on this surface. Increasing the weight ratio of PFOTES-SiO2 to SiO2 

nanoparticles to 3:3 led to a decrease in the size of agglomerated SiO2 

nanoparticles and an increase in porosity (Fig. 1a–c). The pore size is in 
the order of 1 μm or less for sample TGS 3:3. Generally, both modified 
and unmodified nanoparticles are prone to agglomerate as illustrated in 
Fig. 2. When a portion of the PFOTES-SiO2 nanoparticles replaces the 
same portion of SiO2 nanoparticles, the modified SiO2 nanoparticles 
tend to attach to nanoparticles with high surface energy. In such a case, 
the PFOTES-SiO2 nanoparticles can serve as spacers to the unmodified 
SiO2 nanoparticles and hinder their agglomeration, resulting in an in-
creased porosity in the coatings (Fig. 2). Continuously increasing the 
weight ratio of PFOTES-SiO2 to SiO2 nanoparticles from 3:3 to 6:0 
caused a progressively increased size of agglomerated PFOTES-SiO2 

nanoparticles (Fig. 2). The TGS 5:1 and TGS 6:0 coatings displayed 
larger agglomerated clusters than the TGS 3:3 coating (Fig. 1c–e). Al-
though all these coatings (TGS1:5, TGS 2:4, TGS 3:3, TGS 5:1 and TGS 
6:0) presented micro-nanostructures, smaller agglomerated clusters and 
more uniform distributions of micro-pores were noticed on the surface 
of TGS 3:3 coating because of the interaction of the low-surface-energy 
PFOTES-SiO2 and high-surface-energy SiO2 nanoparticles (Fig. 1c).

Water-contact angles and roll-off angles of the coatings are shown in 
Fig. 3a. All the coatings demonstrated water-contact angles larger than 
150° and roll-off angles smaller than 10°, indicating super-

hydrophobicity of all these coatings. It is well-known that water wett-

ability is dominated by surface energy and surface roughness. Intrinsic 
surface energy of a rough surface is complex and difficult to measure. 
Herein, the apparent surface energy was measured instead, together 
with surface roughness (root-mean square, RMS). Although all the five 
coatings exhibited water repellency, the apparent surface energy de-
creased with the increasing PFOTES-SiO2 content (Fig. 3b). The mea-

sured surface roughness (Fig. 3b) is consistent with the FESEM images 
as shown in Fig. 1. The TGS 3:3 coating showed the lowest surface 
roughness at ~390 nm, while the other four coatings exhibited com-

parable levels of surface roughness at around 500 nm. In summary, the 
five superhydrophobic coatings with different surface microstructures 
were obtained to enable further comparison and analysis the anti-icing 
performance.

3.2. Ice-adhesion strength



accompanied with a transition from the Cassie-Baxter mode to the

Wenzel mode, ice forms on the solid coating surface, while the trapped

air remains in the surface cavities. In this case, the ice-adhesion

strength will be greatly reduced. In the current study, the TGS 2:4 and

TGS 6:0 coatings presented the Cassie-Baxter mode owing to the proper

surface topology, which has resulted in a low ice adhesion. On the other

hand, the highest ice adhesion of the TGS 1:5 coating is attributed to the

transition from the Cassie-Baxter mode to the Wenzel mode. Water

penetrated into the porous micro-structure of the TGS 1:5 coating

during the sample preparation, resulting in the increased ice adhesion

thorough mechanical interlocking. The moderate level of ice adhesion

of the TGS 3:3 and TGS 5:1 coatings was probably caused by a partial

wetting under the mixed Cassie and Wenzel mode.

Since the water-condensation effect poses a great threat to super-

hydrophobic coatings, a condensation test was carried out on the five

coatings. The measured ice-adhesion strengths are shown in Fig. 3d. It

is not surprising that TGS 1:5 exhibited nearly no increase in ice ad-

hesion due to the Wenzel mode interaction between water and the

coating surface. In contrast, ice adhesion of the TGS 2:4, TGS 3:3 and

TGS 5:1 coatings increased significantly due to the condensation-in-

duced transition from the Cassie mode to the mixed Cassie and Wenzel

mode. The TGS 6:0 coating demonstrated robust icephobicity with only

a slight increase in ice adhesion after the water condensation. Ac-

cordingly, it was possible to identify a robust icephobic coating,

Fig. 1. Surface morphology of (a) TGS 1:5, (b) TGS 2:4, (c) TGS 3:3, (d) TGS 5:1 and (e) TGS 6:0 coatings with increased weight of PFOTES-SiO2 nanoparticles (the

scale bar for all images is 1 μm).

Fig. 2. Schematic illustration of interactions between PFOTES-SiO2 and SiO2 nanoparticles.



resistant to moisture condensation before ice formation. Besides surface

roughness and apparent surface energy, surface geometry of the sample

plays an important role in the ice-removal performance. A lesson learnt

from this study is that to design a robust icephobic coating, attention

should be paid to the shape and size of micro-pores, along with the low

surface energy requirement. Considering only a surface roughness value

can be misleading, particularly when moisture condensation occurs

before icing.

3.3. Ice-nucleation behavior of superhydrophobic coatings

In cold-climate regions, ice accretion on outdoor structures is nat-

ural and inevitable. However, anti-icing coatings are able to decrease

the icing temperature and icing probability of a surface. Thus, icing can

be delayed, or even prevented, when the temperature of a surface is

higher than the icing temperature. To investigate the icing tempera-

tures of the five coatings, 500 icing and deicing cycles from −30 °C to

22 °C were tested for each sample; the obtained results are shown in

Fig. 4. The distribution of their icing events in the temperature range

between−20 °C and−30 °C was analyzed statistically and fitted by the

Gauss normalized curve (Fig. 5) following our previous studies [45].

The whole icing temperature range of −20 °C to −30 °C was binned

with a bin width of 0.2 °C. The temperature of each curve's peak was

chosen as the average ice-nucleation temperature of that coating

(Table 2).

Furthermore, the number of freezing events was used to analyze the

freezing probability P, defined as

=P N

N
,i

0 (1)

where Ni is the freezing event in the ith bin and N0 the total number of

icing events (500 in this study). To establish a relationship between the

temperature and P, the temperature-survival curve F(t) was defined as

[48]

=F t
N t

N
( )

( )
,

0 (2)

where N(t) is the number of unfrozen events at temperature t. The

obtained results are shown in Fig. 6. At a certain temperature, the icing

probability of the coatings (a portion of frozen events, the opposite to

the portion of unfrozen events) from the lowest to the highest was TGS

3:3 < TGS 6:0 < TGS 5:1 < TGS 2:4 < TGS 1:5. The lowest icing

probability of the TGS 3:3 coating might be due to its low surface en-

ergy coupled with suitable surface topology. Some researchers defined

the temperature t0.5, at which F(t)= 0.5 as the average ice-nucleation

temperature [49–52]. Herein, these results are also shown in Table 2 as

a comparison of the Gauss-peak values for the coatings; a perfect

agreement between the two is noticed. The ice-nucleation temperature

of the coatings from the lowest to the highest was TGS 3:3 < TGS

6:0 < TGS 5:1 < TGS 2:4 < TGS 1:5. The TGS 3:3 coating presented

the lowest ice-nucleation temperature of around −27 °C. It is worth

mentioning that the temperature-survival curves were based on

500 cycles, which is 2.5 times more than the threshold of 200 cycles

necessary to obtain a stable curve [53]. The 10–90 widths (the range

between 10th and 90th percentage of the frozen temperature) for the

five coatings as shown in Table 2 are comparable to the data demon-

strated in a previous report [54]. Therefore, the analysis of the tem-

perature-survival curves can be considered reliable.

Moreover, the statistical nucleation rate of all five coatings was

studied. According to our previous analysis, the statistical nucleation

rate R(Ti) at Ti was binned with a width of ∆Ti=0.2 °C which contains

ni freezing events; then,

Fig. 3. (a) Water wettability, (b) surface roughness and apparent surface energy of studied coatings. (c) Measured ice-adhesion strength of coatings at different

temperatures, and (d) ice-adhesion strength of coatings after water condensation for 24 h at −20 °C with RH of 80%.
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where c is the cooling rate (5 °C/min in the current experiment),∑ > n
ij j

is the sum of unfrozen icing events. Since ice-nucleation sites at the

three-phase contact line on rough surfaces was observed directly in our

previous studies [41,55], the corresponding line-nucleation rate can be

expressed as

=∗R T
R T

S
( )

( )
,S i

i

(4)

where S is the length of a three-phase contact line between a 10 μl water

droplet and a coating surface, calculated as S=2πr, and the radius r is

given by [56]

= ⎡
⎣⎢ − +

⎤
⎦⎥

r
V

π cos θ cos θ
sin θ

3

(2 3 )
,

3

1/3

(5)

where V is the volume of the water droplet, θ is the static water contact

angle. In this equation, the three-phase contact lines of air-trapping

sites in the three phase contact line was neglected based on a previously

report that this did not markedly change the calculated results [45].

The calculated values of r and S are listed in Table 3. Consequently, the

calculated ∗R T( )S i of these coatings are shown in Fig. 7. Apparently, at a

given temperature (marked with a grey line), the lowest line-nucleation

rate was obtained for the TGS 3:3 coating, followed by the TGS 6:0 and

TGS 5:1 coatings. A line-nucleation rate higher by two orders of mag-

nitude for the TGS 1:5 and TGS 2:4 coatings indicates a fast icing

process at a given temperature.

Ice nucleation happens randomly, not only at one site. Previous

studies found that an ice-nucleation process was influenced by surface

energy and surface microstructure. Lower surface energy and convex

surfaces were favorable for lowering the icing temperatures [57–62].

Fig. 4. Icing temperatures of (a) TGS 1:5, (b) TGS 2:4, (c) TGS 3:3, (d) TGS 5:1

and (e) TGS 6:0 coatings.

Fig. 5. Histogram of the icing events on (a) TGS 1:5, (b) TGS 2:4, (c) TGS 3:3,

(d) TGS 5:1 and (e) TGS 6:0 coatings with a bin width of 0.2 °C.

Table 2

Statistic values of icing events on studied coatings.

Samples Peak value (°C) t0.5 (°C) 10–90 width (°C)

TGS 1:5 −23.82 −23.96 1.49

TGS 2:4 −24.70 −24.77 0.69

TGS 3:3 −27.08 −27.16 1.27

TGS 5:1 −25.90 −25.96 2.17

TGS 6:0 −26.32 −26.41 1.42



Here, all five studied superhydrophobic coatings had a certain portion

of convex structures and nearly no concave pores were observed on the

TGS 1:5 coating. A very low line ice-nucleation rate was observed on

the TGS 3:3 coating, corresponding to the lowest surface roughness and

more uniform distribution of micro-pores. In addition, the TGS 6:0

coating, with a highest portion of PFOTES-SiO2 nanoparticles and the

lowest ice adhesion, demonstrated a line ice-nucleation rate higher than

that of the TGS 3:3 coating. These results imply that the level of surface

roughness and the size of micro-pores affect the ice-nucleation process.

Moreover, ice adhesion and ice nucleation share distinct underlying

mechanisms. Ice adhesion to superhydrophobic coatings is mainly

dominated by van der Waals forces and mechanical interlocking, while

ice nucleation is related to the transformation of disordered water

molecules to ordered ones, and the transformation is affected by the ice-

water interfacial tension [63], and surface features like pores, steps,

cracks, etc. with sizes of the order of the critical nucleus [64]. The ice-

nucleation process might be triggered at any suitable sites with a low

free energy barrier. The unique surface feature of the TGS 3:3 coating is

defined by its more uniform size and distribution of agglomerated na-

noparticles than those of the other four coatings. This have contributed

to the higher energy barrier of heterogeneous nucleation than for the

other coating surfaces. This could explain its observed lowest icing

temperature, icing probability and ice-nucleation rate.

An important revelation by the current work is that there is no

simple correlation between the surface roughness and the icephobicity

performance such as the ice-nucleation temperature and ice-adhesion

strength. This is because a roughness reading does not provide lateral

information and cannot differentiate surfaces with different micro-

scopic features between peaks and valleys – surfaces with protruding

peaks, cavity, and other irregularities may give the same roughness

reading [65]. However, these detailed structures are critical in de-

termining the ice nucleation and ice adhesion behavior. Therefore,

detailed topology/geometry has to be considered when designing ice-

phobic coatings, as discussed above.

4. Conclusions

Five superhydrophobic coatings with different surface structures

were designed to investigate their anti-icing performance. The surface

microscopic features were prepared by varying the ratio of nano-

particles with low and high surface energies while keeping their total

amount constant. The ice-adhesion strength and icing temperature of

the developed coatings were measured and analyzed. The effect of

water condensation on ice adhesion of the five coatings verified the

robust icephobicity of the TGS 6:0 coating against moisture condensa-

tion. It was found that the detailed surface geometry and surface energy

of superhydrophobic coatings played important roles in the ice adhe-

sion. The coatings with the ice-nucleation temperature and icing

probability ranked from the lowest to the highest were TGS 3:3 < TGS

6:0 < TGS 5:1 < TGS 2:4 < TGS 1:5. The TGS 6:0 coating did not

display the most retarded ice nucleation, but it presented an ice-nu-

cleation temperature (−26.4 °C) close to the lowest TGS3:3 coating

(−27.16 °C). From the materials-science point of view, it was revealed

that reducing the ice adhesion and ice-nucleation temperature/rate

have different requirements on surface geometry due to their different

underlying mechanisms. Therefore, this study supports the view that

superhydrophobicity does not automatically leads to icephobicity. Our

work has pointed out that the strategy of preparing superhydrophobic

coatings for icephobic applications can be realized when the surface

topology is carefully designed.
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