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a  b  s  t  r  a  c  t

Recent  emerging  strategies  to  prepare  icephobic  coatings  have  focused  on  slippery  surfaces  contain-
ing  a  liquid  lubricant  with  low  surface  energy,  which  significantly  reduces  ice  adhesion.  In  this  work,
a  facile  technique  was  developed  for  preparation  of polysiloxane  coatings  with  efficient  and  durable
icephobicity.  Fluorinated  polyhedral  oligomeric  silsesquioxanes  (F-POSS-SiH)  with  different  fluorinated
groups  and  Si-H  active  sites  were  synthesized  via  hydrosilylation  between  fluorinated  methacrylates  and
octakis(dimethylsiloxy)  octasilsequioxane.  The  F-POSS-SiH  hybrid  compound  was  subsequently  applied
as  a co-crosslinker  in  the system  of  polymethylhydrosiloxane  (PMHS)  and  polymethylvinylsiloxane  to
create  silicone  coatings.  The  low  surface  energy  of fluorinated  groups  could  drive  F-POSS-SiH  towards
the  coating  surface,  leading  to  a  gradient  distribution  in which  F-POSS-SiH  was  self-assembled  on  the top
surface,  while  silicone  was  rich in  the bottom  layer.  Meanwhile,  wavy  surfaces  were  generated  spon-
taneously  by  compressive  stress  during  the  coating  formation.  The  wavy  microstructure  of  coatings
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provided  space  for the  unreacted  silicone  oil,  i.e.,  low  molecular  weight  PMHS,  that  could  be consid-
ered  as a  liquid  lubricant  and controlled  by the  dosage.  Therefore,  the slippery  wavy  coatings  showed
highly  icephobic  properties  with  extraordinarily  low  ice  shear  strengths  at a lowest  value  of  3.8  ±  1.8  kPa,
only  5 percentage  of Sylgard  184.  Moreover,  the  coatings  remained  icephobicity  after  15  icing/deicing
cycles,  demonstrating  excellent  durability.

©  2016  Elsevier  B.V.  All  rights  reserved.pm
. Introduction

Ice and frost accumulated on electric grids, aircrafts, wind tur-
ine blades and other facility surfaces can cause severe destruction
nd massive casualties [1,2]. This issue can be prone to resolve by
ither delaying ice formation or reducing ice adhesion strength on
he surface. Moreover, weakening the ice adhesion by icephobic
oatings is preferable for it is difficult to prevent ice formation for

 long time under subzero temperatures and high humidity condi-
ions [3–5].

Over  the past decades, efforts seemingly focused on superhy-
rophobic surfaces, which can inhibit impacting and condensed

www.s
ater drops before ice formation [6–10]. It has been reported
hat superhydrophobic surfaces displayed a robust icing-delay
erformance with a delay time of approximate 750 s at −10 ◦C

∗ Corresponding author.
E-mail addresses: yuanxy@tju.edu.cn, xyuan28@yahoo.com (X. Yuan).

ttp://dx.doi.org/10.1016/j.porgcoat.2016.11.018
300-9440/© 2016 Elsevier B.V. All rights reserved.
[11]. Nevertheless, once ice accreted on a superhydrophobic sur-
face, the icephobic property would be partially or completely
destroyed owing to water drops penetrating into surface textures,
which would cause interlocking effect between ice and the surface
[3,12–14].

Aizenberg et al. proposed the concept of SLIPS (slippery liquid
infused porous surface) by imitating nepenthes, and a molecular
level slippery surface was obtained by infusing fluorinated flu-
ids into porous surfaces [15]. Recently, textured surfaces with
oily or aqueous lubricating layers have been created, providing
extremely low ice adhesion and slippery characteristics [16–24].
However, the limited amount of bound water remains a challenge
for aqueous lubricating coatings, since accumulation of excessive
free water will accelerate icing. Hence, it would be prospective
to construct slippery surfaces with a stable and continuously

oil-replenishable lubricant layer. Wang et al. addressed silicone-
oil-infused polydimethylsiloxane (PDMS) coatings with different
silicone oil amounts and the substrate-lubricant-water/ice inter-
face enabled probable removal of water drops or ice by natural force

dx.doi.org/10.1016/j.porgcoat.2016.11.018
http://www.sciencedirect.com/science/journal/03009440
http://www.elsevier.com/locate/porgcoat
http://crossmark.crossref.org/dialog/?doi=10.1016/j.porgcoat.2016.11.018&domain=pdf
mailto:yuanxy@tju.edu.cn
mailto:xyuan28@yahoo.com
dx.doi.org/10.1016/j.porgcoat.2016.11.018
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coating on an aluminum sheet was  glued to a sample stage by using

m

C. Tao et al. / Progress in Or

24]. Furthermore, it was  mentioned that ice nuclei will more eas-
ly form on a solid surface than on the lubricant [25]. Textured or
orous surfaces are conceived to accommodate or lock the lubri-
ant in case the lubricant will be drained off quickly during deicing
rocess. Although various methods have been employed to pro-
uce surface topographies, manipulations like photolithographic
r mechanical micromachining require expensive equipment and
ultiple time-consuming processes [26].

Researches have specifically attempted to investigate the poly-
ers brush as tethered lubricant [27] and the dewetting behavior

f liquids on PDMS brush surfaces [28]. Wang et al. fabricated
omniphobic” surfaces based on acid catalyzed hydrolysis and step-
rowth graft polymerization of dimethyldimethoxysilane [29].
DMS (Tg = −127 ◦C) was commonly used to produce polymer
rushes since it is one of a few linear polymers to be considered a

iquid at low temperatures even with high molecular weights. The
olymer itself can also remain stable at temperatures over 200 ◦C.
he above results offer clear evidence that PDMS, whose molecular
hains still stay flexible at extremely low temperatures, is an appro-
riate material for lubricant and anti-icing coatings [24,25,30].

Inspired  by micro/nano-structured natural plant surfaces,
esearchers have investigated the effect of surface morphology
n wettability and icephobicity [31–33]. Chen et al. reported a
ierarchical micro/nano-structured superhydrophobic surface that
ot only significantly suppressed the ice nucleation and inter-
roplet freezing propagation during the frosting process, but also
romoted fast frost removal at defrosting stage [34]. Surface wrin-
les were of significant potential in film metrology and surface
opology by introducing mico/nano-sized structures [26,35–37].
or instance, regular wrinkle patterns were generated by initiated
hemical vapor deposition of poly(ethylene glycol diacrylate) film
n biaxial pre-stretched PDMS substrate [35]. Jiang et al. prepared

 photocuring coating with micro/nanowrinkling morphology by
 polyhedral oligomeric silsesquioxane (POSS) with thiol and flu-
rocarbon groups as a reactive nanoadditive [36]. The tunable
rinkling features controlled by thickness and external force made

hem suitable candidates for actual applications. For example, it
ould be a facile and promising strategy to produce wrinkle-like
urfaces for anti-icing.

Fluorinated materials have been widely used in hydrophobic or
leophobic modifications as well as icephobic purposes due to its

ow surface energy [38–40]. POSS is a kind of organic-inorganic
ybrid molecules with an inorganic core surrounded by organic
roups at eight corners [41,42]. Low surface energy, reactive and
anosized organic-inorganic hybrid molecules could be obtained
y chemically combining fluoro-containing reactants with POSS
41].

In our previous publications, icephobic coatings have been
eveloped from fluorosilicone methacrylate-polysiloxane block
olymers synthesized via macro-azo-initiators or reversible
ddition-fragmentation chain transfer polymerization [43–46].
ubmicron/nano-structured icephobic surfaces were also ever pre-
ared from fluorinated polymethylsiloxane and octavinyl POSS
47]. Based on the low surface energy and low adhesion with
ce of PDMS, POSS and fluorinated polymers, in this study, we
ttempted to develop a highly efficient and durable icephobic
oating from polymethylvinylsiloxane (PMVS) and polymethyl-
ydrosiloxane (PMHS) by introducing fluorinated POSS with SiH
roups as a co-crosslinker. In order to obtain extraordinary low ice
hear strength, fluorinated POSS were introduced even though it is
ot easy to prepare and has a higher price. It was  suggested that
xcess PMHS controlled by the dosage could be encompassed as

www.sp
 lubricant in the slippery hybrid coatings with rough wavy sur-
aces generated by self-assembly of fluorinated POSS. Meanwhile,
oatings 103 (2017) 48–59 49

these  icephobic coatings demonstrated icephobic durability after
15 icing/deicing cycles.

2.  Experimental methods

2.1.  Synthesis of fluorinated POSS

As shown in Scheme 1, three kinds of fluorinated POSS
(F-POSS-SiH) were synthesized via hydrosilylation between
octakis(dimethylsiloxy)-octasilsequioxane (OS-POSS) and fluori-
nated methacrylates (FMA), i.e., hexafluorobutyl methacrylate
(6FMA), dodecafluoroheptyl methacrylate (12FMA) and tridecaflu-
orooctyl methacrylate (13FMA), respectively. Take the synthesis
of 6F-POSS-SiH for example, OS-POSS (0.50 g, 0.49 mol, Hybrid
Plastics, USA) and 6FMA (0.49 g, 1.96 mol, ≥96%, XEOGIA, China)
were mixed in toluene (2.31 g, Kemiou Chemical Reagent Co., Tian-
jin, China) in a three-neck flask fitted with a condenser and N2
inlet under stirring, in which the molar content of reactive Si-H
groups was ensured as twice as that of C C bonds, i.e., FMA. Then,
Karstedts’ catalyst (0.1 mol% of Si H bond) was  added dropwise.
The solution was allowed to stir at 80 ◦C for 48 h, followed by
reduced pressure distillation and vacuum drying to remove unre-
acted monomer and toluene, and obtain a viscous resultant product.
The synthesis process of 12F-POSS-SiH and 13F-POSS-SiH was the
same as above.

Characterizations of 6F-POSS-SiH, 12F-POSS-SiH and 13F-POSS-
SiH by Fourier transform infrared (FTIR, Perkin-Elmer Spectrum
100) and proton-nuclear magnetic resonance (1H NMR, Varian
INOVA at 500 MHz) were shown in Figs. 1 and 2 and the Supple-
mentary data, respectively.

2.2. Preparation of hybrid polysiloxane coatings

Take the preparation of coatings comprising 6F-POSS-SiH
for example, the prepared 6F-POSS-SiH (0.1 g) was mixed with
PMHS (0.35 g, industrial grade, Hito Chemical Co., Jiangxi, China,

M ≈ 2000 g/mol) and PMVS (0.55 g, industrial grade, Dayi Co.,

Shandong, China, M ≈ 30000 g/mol) in �,�,�-trifluorotoluene (TFT)
(4.88 g, Kemiou Chemical Reagent Co., Tianjin, China). Afterwards,
Karstedts’ catalyst (0.1 mol% of Si-H bond) was added dropwise.
The solution was  placed on a turbine mixer (MS3, IKA, Germany)
and stirred mechanically for 1 h. The coating was  prepared by cast-
ing the solution (350 �L) on a 2 cm × 2 cm aluminium sheet, left
at ambient temperature for 1 h and cured at 100 ◦C for 3 h in an
air-circulating oven. The thickness of the coating was  controlled by
the solution volume on the aluminium sheet. The preparation of
other series was the same as above. Compositions of the reactants
used in the crosslinking system were shown in Table 1. Samples
were named as PxFy which refered to the weight percentage (x)
of F-POSS-SiH in the hybrid coatings and the fluorine number (y)
of FMA  used for preparation of the fluorinated POSS. Sample P0
without F-POSS-SiH was prepared only from PMHS and PMVS as a
control to examine the effect of F-POSS-H.

2.3. Characterizations

Scanning electron microscope (SEM) observation (s-4800,
Hitachi Limited, Japan) equipped with electronic differential sys-
tem (EDS) was  carried out to analyze the surface morphology and
the element distribution in the cross-section of the coatings. The
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conductive adhesive and sputtered with gold before SEM obser-
vation. Optical microscope (OM) images were obtained with an
Olympus CKX41 microscope.
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Scheme 1. Preparation of fluorinated POSS (6F-POSS-SiH, 12F-POSS-SiH, and 13F-POSS-SiH) and hybrid polysiloxane coatings via hydrosilylation.

Fig. 1. FTIR spectra of 13FMA, OS-POSS and 13F-POSS-SiH.
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Fig. 2. 1H NMR  spectra of 13FMA, OS-POSS and 13F-POSS-SiH.

Table 1
Compositions and surface properties of the hybrid polysiloxane coatings.

Samplea Type of FMA  F-POSS-SiH
(wt%)

F-POSS-SiH:
PMHS: PMVS
(wt/wt/wt)

Height
(nm)

Peak interval
(�m)

Roughness Sq

(nm)
Water contact
angle  (◦)

P10F6 6FMA 10 1: 3.5: 5.5 – – – 104.4 ± 0.1
P20F6  6FMA 20 2: 3.5: 4.5 114 ± 18 1.8 ± 0.1 35 104.5 ± 0.3
P30F6  6FMA 30 3: 3.5: 3.5 171 ± 40 2.4 ± 0.3 52 103.7 ± 0.6
P10F12  12FMA 10 1: 3.5: 5.5 177 ± 61 2.0 ± 0.1 60 103.6 ± 0.4
P20F12  12FMA 20 2: 3.5: 4.5 155 ± 43 2.2 ± 0.2 62 103.7 ± 0.2
P30F12  12FMA 30 3: 3.5: 3.5 101 ± 41 2.3 ± 0.2 34 103.8 ± 0.5
P10F13  13FMA 10 1: 3.5: 5.5 526 ± 135 7.3 ± 1.0 188 103.8 ± 0.5
P20F13  13FMA 20 2: 3.5: 4.5 198 ± 23 2.4 ± 0.1 59 103.1 ± 0.6
P30F13  13FMA 30 3: 3.5: 3.5 – – – 104.8 ± 0.3

– 
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P0  – – 0: 3.5: 6.5 

a Px refers to the weight percentage of F-POSS-SiH, and Fy denotes the type of FM

AFM images were taken with tapping mode on a CSPM5500A
f Being Nano-Instruments Ltd. Guangzhou, China to investigate
urface microstructure of the coatings. Water contact angle (WCA),
dvancing contact angle and receding contact angle were measured
t room temperature (25 ◦C) on a contact angle meter (JC2000D,
hanghai Zhongchen Equipment Ltd., China) equipped with a tilting
able with 5 �L water droplets. Contact angle hysteresis (CAH) was
efined as the difference between the advancing contact angle and
he receding contact angle. Sliding angle (SA) values at room or sub-
ero temperatures were also detected with 10 �L water droplets.
ach value is the average of 5 independent measurements. The

ce shear strength test was conducted on a custom-made device
o determine the coating icephobility. The test process has been
escribed in our previous research [43]. Briefly, the Al plate sam-

www
le (2 cm × 2 cm), on which a hydrophobic hollow cylinder (inner
iameter ≈ 1 cm)  was placed, was fixed on a cryo-console (STD2-
00, Jingie Industry and Trade Co., Tianjin, China). A certain amount
f deionized water (450 �L) was pipetted in the cylinder left in
– – 104.6 ± 0.2

d for preparation of F-POSS-SiH. Sample P0 without F-POSS-SiH was a control.

a  chamber at −15 ◦C for 2 h to form an ice column. The moving
speed of the digital pull&push tester (ZP-500N, Imada, Japan) was
0.5 mm/s. The movement of the tester was commanded by a con-
troller (LSKZA-04, Liansheng Technology Co., Jiangxi, China). The
force needed to shear off the ice column was  recorded. Each value
was recorded by the average of 5 independent measurements. Pho-
tos of the coating surfaces were taken immediately after the first
ice shear strength test. Moreover, the ice shear strength values of
the coatings were recorded for 15 icing/deicing cycles to evaluate
the durability of the prepared coatings. According to the reference
[48,49], ice accretion tests were performed in a climate chamber
(GDW-0100, Nanya Sci-Tech Co., Wuxi, China) with a working tem-
perature at −20 ◦C (RH: 35%). The coating samples on the Al plate
(2 cm × 2 cm)  were fixed on a substrate at a tilting angle of 30◦. A

certain amount of supercooled water (50 g) was  then sprayed on
the sample in 10 s through a separating funnel pipe at 20 cm over-
head. Before spraying supercooled water, samples were placed in
the climate chamber for 30 min  to ensure them at the measurement

zhk
铅笔

zhk
铅笔
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emperature. After spraying, the samples were removed out of the
hamber and weighed immediately in an analytical balance. The
ce accretion, defined as the increase of the sample mass caused by
cing, was calculated from the sample masses before and after the
cing process. Each value was recorded by the average of 5 inde-
endent measurements. The ice accretion on the bare aluminum
late in the sample size was also measured as a control.

.  Results and discussion

.1.  Characterization of F-POSS-SiH

The products were characterized by FTIR and 1H NMR. Typical
TIR spectra of 13FMA, OS-POSS and 13F-POSS-SiH are shown in
ig. 1. The stretching vibration characteristic peak of vinyl groups
t 1600 cm−1 is barely discernible in the 13F-POSS-SiH curve,
ndicating that Pt-catalyzed hydrosilylation was almost finished.

eanwhile, the signal at 2200 cm−1, which belongs to stretching
ibration peak of Si-H, indicates there was Si-H left for further
rosslinking reaction.

To  precisely evaluate the purity of products and calculate the
ynthesis conversion, 1H NMR  analyses were further performed.
s shown in Fig. 2 of the 1H NMR  spectrum of 13F-POSS-SiH,

he appearance of signals at around 0.83 ppm and 1.06 ppm of
SiMe2CH2- corroborates the successful modification by 13FMA.
nd, the proton integration ratio of CHCO- around 2.51 ppm
nd −Si-H at 4.70 ppm approached to 1:1, confirming the exact
uadri-substitution in 13F-POSS-SiH. 1H NMR  characterizations of
F-POSS-SiH (Fig. S1) and 12F-POSS-SiH (Fig. S2) could be found in
he Supplementary data. The proton integration ratio of CHCO-
round 2.65 ∼ 2.67 ppm and −Si-H at 4.72 ppm in the two 1H NMR
pectra of F-POSS-SiH approached to 1:1, confirming the quadri-
ubstitution as expected, and suggesting that each F-POSS-SiH
olecule has four SiH groups.

.2. Morphology of the hybrid polysiloxane coatings

The hybrid polysiloxane coatings containing fluorinated POSS
ere prepared from F-POSS-SiH, PMHS and PMVS with different

ompositions (Table 1). The thickness of coatings was controlled at
round ∼230 �m by controlling the solution amount and concen-
ration. Consequently, as shown in SEM images in Fig. 3, obvious

icro-sized wavy structure were observed on surfaces of P20F6,
30F6, P10F12, P20F12, P30F12, P10F13, and P20F13, but there
ere no apparently topologic structure on P10F6 containing a small

mount (10 wt%) of 6F-POSS-SiH. Typically, similar wavy surfaces
ould also be observed directly in the OM image of P20F13 (Fig. 3).

A 40 �m × 40 �m area of each sample with wavy surfaces was
lso detected in AFM to investigate the micro/nano structure of
he wavy topologic surfaces (Fig. 4). Successive protuberances were
bserved on the samples. To further investigate the size of the suc-
essive protuberances, height, peak interval and roughness were
nalyzed with AFM images by the Imager Software. The protuber-
nce height of P20F6, P30F6, P10F12, P20F12, P30F12, and P20F13
anged from 100 to 200 nm with peak interval from 1.8 to 2.4 �m,
oughness Sq from 34 to 62 nm (Table 1). P10F13 had the roughest
urfaces (Sq = 188 nm)  with protuberance height of 526 ± 135 nm
nd peak interval of 7.3 ± 1.0 �m.  The shape of the successive pro-
uberances of P10F13 and P20F13 was more regular and different
rom others. No specific topology structure was found on the AFM
mage of sample P0 surface, proving F-POSS-SiH was essential for

www.sp
onstruction of the wavy surface and successive protuberances.
Development of the wavy surfaces was illustrated in Fig. 5(a–d).

hree reactants were mixed uniformly in the solution, in which
oth F-POSS-SiH and PMHS acted as crosslinkers while PMVS as
oatings 103 (2017) 48–59

the  substrate resin. According to the distribution of the four main
elements along the depth of coating sample P10F13 (Fig. 5(e)), the
amount of Si element remained almost the same, while those of
C, O, and F elements increased as the scanning position was get-
ting closer to the surface, indicating the migration of fluorinated
groups to the top surface. The element contents of C, O, F and Si at
six specific spots of the cross-section of sample P10F13 (Fig. 5(f))
further exemplified the variations. It was suggested that F-POSS-
SiH could aggregate to the top of surface through self-assembly
at the air/liquid interface driven by the low surface energy of the
fluorinated components during the surface dry process and heat
treatment, which was confirmed by EDS analysis (Fig. 5(e and f)).
Thus, a gradient coating was formed in which F-POSS-SiH was rich
on the top layer of the surface, while silicone in the sub-layer of the
bulk. Furthermore, the element distribution of the cross-section
for sample P30F6 was  also shown in the Supplementary data (Fig.
S3) and manifested almost the same variation trend with sample
P10F13. In addition, it was apparent that sample P10F13 exhib-
ited more significant contrast in the fluorine content between the
surface and the bulk, which could be attributed to the favorable
migration of 13F-POSS-SiH.

The  agglomeration of F-POSS-SiH and the evaporation of the
solvent could induce the volumetric shrinkage of polysiloxane.
However, there existed discrepancy between the top and bulk lay-
ers. Firstly, F-POSS-SiH mainly accumulated on the top layer, while
the bulk layer was  mostly composed of polysiloxane, bringing about
the rigidity difference between the top and the bulk layers. On
the other hand, due to the gradient distribution of F-POSS-SiH, the
crosslinking degree varied along the coating depth. Consequently,
there was  a mismatch in volumetric shrinkage inside the coatings,
creating a compressive stress and resultant wavy surfaces, similar
to the early report, in which wrinkling morphology patterns were
triggered by the migration of fluorinated polyhedral oligomeric
silsesquioxanes with thiol groups as a reactive nanoadditive [36].

However, there were not visibly wavy traces on the surface of
sample P10F6, and obvious phase separation was observed on sur-
face of sample P30F13 (Fig. 3). It was supposed that the content of
different fluorinated components exhibited an influence on the for-
mation of the wavy surfaces. Sufficient contents (20 wt% or 30 wt%)
or bigger fluorinated alkyl groups (12FMA or 13FMA) in F-POSS-SiH
were necessary. Sample P10F6 with a relatively lower content of
6F-POSS-SiH (10 wt%) and shorter fluorinated alkyl group (6FMA)
could not afford to migration and self-assembly of 6F-POSS-SiH on
the surface. Then, a rigid layer on the top of the coating could not
form, which in turn could not induce enough compressive stress
to generate wavy surfaces. Besides, for sample P30F13, excess flu-
orinated components caused micro-sized phase separation, rather
than wavy surfaces [50].

3.3.  Wettability of the hybrid polysiloxane coatings

It was reported that the extremely low glass transition tem-
perature of PDMS ensured large free-volume at an ambient
temperature, which would act as additional “reservoir” to accom-
modate the infused silicone oil [24]. In the present system, it was
hypothesized that by controlling the dosage, there could be unre-
acted silicone oil, i.e., PMHS, embedded in the coatings through the
crosslinked network and also covered as a lubricating layer. In order
to demonstrate free-volume in the coatings for lubricant holding,
comparison experiments below were carried out in this study. The
coatings without PMHS, labeled as 6F, 12F and 13F, respectively,
were prepared from 6F-POSS-SiH, 12F-POSS-SiH or 13F-POSS-SiH

.co
m.cn
with PMVS by ensuring the equivalent molar amount of Si-H in
each F-POSS-SiH and C C in PMVS. Sample NF was  also prepared
from OS-POSS and PMVS as a control. It was  found that during
the WCA  measurement, the water drops gradually sank into the
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Fig. 3. SEM images of the hybrid polysi

lms, resulting in the unordinary variation of water contact angle
ith time. As can be seen in the Supplementary data (Fig. S4), the
CA values of all the four samples decreased sharply in a few sec-

nds, and subsequently reduced slowly after which the WCA  values
tayed in a constant stage, confirming the free-volume inside the
oating. Moreover, when immersed in the compatible silicone oil,
DMS became expanded and readily infused. Further, it was  con-
idered that silicone was particularly inclined to infusion due to the
ow rotational energy barrier around the Me2Si O bond (3.3 kJ/mol
ompared with 13.8 kJ/mol around CH2 in polyethylene) that
llowed easy diffusion for lubricant throughout the polymer matrix
18]. Therefore, the large free-volume inside the polysiloxane coat-
ngs could serve as a “reservoir” to accommodate silicone oil and
rovided channels for the lubricant to migrate through and out of
he coating.

The WCA  results of the samples in this work were listed in
able 1. It could be seen that there were no obvious differ-
nces between the WCA  values (103–104◦) of all the samples, and
he values were similar to that of P0 (104.6 ± 0.2◦) composed of

www.s
olysiloxane only without F-POSS-SiH. Therefore, it was indicated
hat all the hybrid polysiloxane coatings containing F-POSS-SiH
ere possibly lubricated by silicone oil, i.e., unreacted PMHS.
 surfaces and an OM image of P20F13.

In the wettability test, the CAH value is a direct indicator of non-
sticky property of a solid surface [51]. Furthermore, it was  reported
that CAH, rather than WCA, is critical for accurately assessing and
understanding the resistance to dewetting of liquid drops from
solid surfaces [28]. There were also studies coming to a conclusion
that a linear correlation between the ice adhesion (which might
be governed by work of adhesion) and CAH [52]. In this study, it
can be seen from Fig. 6 that the initial CAH values of all the samples
were lower than 6◦, indicating a 5 �L water droplet could easily slip
from the “slippery” surfaces. The CAH value of P0 is provided for
comparison (advancing contact angle 108.3 ± 0.7◦, receding contact
angle 101.8 ± 0.4◦, CAH 6.5 ± 0.3◦). The “slippery” surfaces, how-
ever, were believed to be resulted from the entrapped lubricating
oil and low surface fluorinated components as well as the wavy
surface structures. It was supposed that the free-volume inside
the coatings and the micro-sized wavy surfaces provided space to
accommodate silicone oil, and formed a slippery lubricating layer
[24].

Meanwhile, for coatings with the same kind of F-POSS-SiH,

there was  a downtrend in CAH values as the content of F-POSS-SiH
increased (Fig. 6). In consideration of the fixed percentage of PMHS,
more PMHS (lubricant) would be remained in the coating without
taking part in the crosslinking reaction as the dosage of fluorinated
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Fig. 4. AFM images of the hybrid p

Table 2
Sliding angle of typical coatings containing 13F-POSS-SiH at different temperatures.

Sample Sliding angle (◦)

Room temperature (25 ◦C) 0 ◦C –5 ◦C

P10F13 3.9 ± 0.2 9.1 ± 0.2 11.0 ± 0.3
P20F13 2.5 ± 0.3 3.5 ± 0.4 4.8 ± 0.3
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w
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value reached 3.8 ± 1.8 kPa (P30F12), about 20 times lower than

w.sp
m.co

m.cn
P30F13 4.7 ± 0.7 6.8 ± 1.6 8.3 ± 0.2

OSS increased, which could be caused by F-POSS-SiH aggregation
n the very top of the surface and formation of chemical linkages
ith PMVS via preferable heating. It was confirmed by a gravimet-

ic analysis. The remaining unreacted PMHS in the coatings was
horoughly dissolved by CH2Cl2 and the samples P10F12, P20F12
nd P30F12 were weighed before and after washing the unreacted
MHS. The weight loss of samples P10F12, P20F12 and P30F12
ere 14.3 mg,  14.7 mg  and 16.0 mg,  respectively. The increase in

he fluorine content of F-POSS-SiH would result in lower adhesive
orce between water and surfaces. Moreover, the depressed affinity
etween water and surfaces caused by aggregation of 13F-POSS-SiH
avored highly slippery properties of the hybrid polysiloxane coat-

ww
ngs. The SA values of P10F13, P20F13 and P30F13 surfaces at room
emperature (25 ◦C), 0 ◦C and −5 ◦C were shown in Table 2. Obvi-
usly, there was a slight increase in SA values of each sample as the
olysiloxane coating surfaces.

temperature  went down. Furthermore, the water droplet moved
much slower under 0 ◦C and −5 ◦C than it did at room temperature.
It was  possibly because that water tends to be more viscous at low
temperatures. Nevertheless, the water drop could still slide off the
surface when tilted at a small angle under subzero temperatures
so that supercooling water could not deposit on the coatings. Fur-
thermore, sample P20F13 exhibited excellent behaviors that could
prevent retention of water droplets with SA less than 5◦ at −5 ◦C.

3.4. Ice shear strength and ice accretion

Ice shear strength test, which can reveal the adhesion between
ice and surfaces, was  conducted on the prepared hybrid polysilox-
anes as well as Sylgard 184 film and P0 as controls. The Sylgard
184 films were prepared strictly according to the specification of
the purchased product in 10:1 ratio of part A (bulk) and part B
(crosslinker). The thickness of the Sylgard 184 was about 200 �m,
controlled by a knife coater.

As shown in Fig. 7, ice shear strength values of all the samples
except for P30F13 were lower than 20 kPa, of which the minimum
that of Sylgard 184 (78.0 ± 3.8 kPa). The extreme small value of the
ice shear strength was  believed to result from the lubricant accom-
modated in the silicone networks and the micro-sized topologic
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Fig. 5. Schematic illustration of formation of the slippery wavy surfaces. (a) Reaction of F-POSS-SiH, PMVS and PMHS; (b) coating formation and self-aggregation of F-POSS-
SiH;  (c) generation of compressive stress on the surface of coating; (d) formation of wavy surfaces; (e) EDS spectra of the cross section of sample P10F13, and there appears
an  obvious accumulation of C, O, and F on the surface; (f) element contents of P10F13 at corresponding spots as shown in (e).

ybrid

s
fl
s
t
c

www.sp
m.co

m.cn
Fig. 6. Comparison of the water contact angle hysteresis (CAH) values of the h

urfaces generated by the self-aggregation of low surface energy

uorinated POSS as well. Meanwhile, sample P0 exhibited ice shear
trength of 42.9 ± 7.4 kPa. It could be caused by the absence of
he low surface energy FMA  component and its flat surface which
ould hardly retain lubricating oil. Wang et al. developed silicone-
 polysiloxane coatings before (Original test) and after 15 icing/deicing cycles.

oil-infused  PDMS coatings with different silicone oil contents and

did comparatively overall researches on wettability and anti-icing
property which showed quite promising results [24]. By compari-
son, in this work, all the above features made the prepared slippery
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Fig. 7. Variations of the ice shear strength of the h

olysiloxane coatings with small CAH and low ice shear strength
alues effective for icephobicity.

Although P30F13 sample possesses lower affinity with water, its
ce shear strength increased to 56.1 ± 6.6 kPa, the maximum value
n the system. It might be caused by the obvious phase separation
ppeared on P30F13 surface (Fig. 3). Irregular circle slices of tens to
undreds micrometers instead of wavy surfaces were observed in
he SEM image. According to topological imaging contrast in SEM,
t was demonstrated that the irregular slices on the surface cocked
p from edges (lighter margin). Consequently, lubricating oil could
ot be accommodated and locked on the surfaces. In addition, it was
upposed that highly roughed surfaces were fully wetted, and thus
hen the water freezes, ice was embedded and stronger bonding

www
etween ice with the coating formed because of the mechanical
nterlocking effect, leading to higher adhesion strength [3]. The
ocking up slices in the P30F13 sample brought roughness of hun-
 polysiloxane coatings during icing/deicing tests.

dreds  of micrometers, leaving large space for ice formation and
making it difficult for the coating to be deiced.

Furthermore, it was reported that the residual ice crystals left
after the adhesion test would reflect the adhesion between ice and
surface. The small amount of residual ice crystals indicated a loose
ice structure at the interface between the ice block and the sub-
strate [53]. In this study, the residual ice crystals shown in the
Supplementary data (Fig. S5) demonstrate that the ice column left
the surface without splitting inside, suggesting that there was no
interlocking effect between ice and surface.

Ice accretion tests were carried out to further illustrate the coat-
ings’ icephobic properties. As shown in Fig. 8, ice accretion values of
all the samples containing F-POSS-SiH were below 20% in compari-

son with bare aluminum, e.g., 1.2 ± 0.6 mg  of P20F13, 39.8 ± 3.6 mg
of P0 for comparison and 59.5 ± 5.5 mg  of bare aluminum as con-
trol, confirming the surfaces remain slippery under supercooled
conditions.
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oxane coatings in comparison with P0 and Al.
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Fig. 8. Ice accretion of the hybrid polysil

Furthermore, photos recording the surface of P30F12 and bare
luminum after ice accretion tests (Supplementary data, Fig. S6)
irectly reflect the difference between the hybrid polysiloxane
oatings with lubricant and bare aluminum.

.5. Durability of the hybrid polysiloxane coatings

Since the lubricant was one of the principal factors that con-
ributed to the slippery icephobic properties, the durability of the
acrificial coatings should be taken into consideration. We con-
ucted icing/deicing cycles of the ice shear strength test on each
ample, and investigated the changes of CAH and morphology after
5 cycle tests.

Changes of the ice shear strength with the number of
cing/deicing cycles were shown in Fig. 7. It could be seen that, with
he increased number of icing/deicing cycle, the ice shear strength
f the coatings exhibited a gradual increase tendency due to the
onsumption of the lubricant silicone oil. The phenomenon was
lso found in the self-lubricating water layer for anti-icing [19].
owever, even after 15 icing/deicing cycles, the ice shear strength
alues of the prepared coatings were still less than 100 kPa, much
ower than that of bare aluminum (1417 ± 139 kPa), suggesting
he coatings still exhibited icephobic properties. For example, the
20F12 sample still exhibited a very low ice shear strength value
t 35.2 ± 1.6 kPa. The results demonstrate the notion of maintain-
ng the slippery property via self-replenishment from inside the
ilicone network where the lubricant could be stored.

Comparison between CAH at the beginning and after the 15th
ycle was shown in Fig. 6. CAH of each sample increased obviously
y several degrees ranging from 4◦ to 8◦. However, all values after
he 15th cycle were still lower than 13◦ (i.e., sample P20F13 still
xhibited CAH of 7.3 ± 0.2◦), confirming the micro-sized roughness
nd low surface energy fluorinated components on the very top
ayer contribute to the wettability and icephobic properties.

Furthermore, we tried to figure out the deicing mechanism on

www.sp
nalysis of the shear stress-displacement curves. As seen in Fig. 9,
bvious distinctions between curves during the 1st and 15th tests
ere detected. As for the surface with lubricant at the beginning

f the 1st test, the shear stress increased to the maximum till the
Fig. 9. Typical shear stress-displacement curves of sample P30F12 during the 1st

and 15th tests. Insets indicated the lubricant was drained off during the test. The
displacement  was defined as the moving length of the ice column when pushed.

ice shear strength value in a very short displacement, after which
the value slowly reduced to zero. It was  assumed that the static
friction force between the slippery surface and ice column could
easily rise to the highest. Afterward, the force became sliding fric-
tion, while value depended on the surface properties and vertical
stress. However, the retardation of viscous silicone oil and the var-
ied friction coefficient induced by diverse roughness would cause
variation of sliding friction during the removal of the ice column
off the surfaces. On the contrary during the 15th test, it took several
seconds for the shear stress to climb to the peak (ice shear strength
value), followed by a sharp decrease to zero. This demonstrates that
the silicone oil was sacrificing and the surfaces tended to become
smoother during the icing/deicing cycles. Furthermore, a great dis-

parity apparently existed between ice shear strength values of the
1st and 15th tests in Fig. 6 (8.4 kPa and 80.3 kPa). Furthermore, sys-
tematical study of the deicing mechanism would help make out the
lubrication behaviors and the service life of the coatings.
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. Conclusions

An efficacious and durable icephobic coating based on polysilox-
ne was developed through hydrosilylation of PMVS, PMHS and
uorinated POSS containing −SiH groups as well. Three kinds of F-
OSS-SiH, i.e., 6F-POSS-SiH, 12F-POSS-SiH and 13F-POSS-SiH, were
ynthesized and introduced into the icephobic system to generate
he micro-sized wavy surfaces, on which or in the coatings PMHS
s a lubricant existed. All the prepared hybrid polysiloxane coat-
ngs were proved to be slippery with CAH values lower than 10◦.

oreover, the CAH value decreased with increase of the F-POSS-
iH content by using the same kind of F-POSS-SiH. The slippery
ybrid coatings containing F-POSS-SiH exhibited extremely low

ce shear strength. Among them, the minimum value of P30F12
eached 3.8 ± 1.8 kPa, and its ice shear strength remained below
00 kPa after 15 icing/deicing cycles. Specifically, some of them still
ad lower ice shear strengths than 40 kPa, such as P20F12 with
5.2 ± 1.6 kPa at the 15th test. The slippery coatings composed of
olysiloxane and fluorinated POSS exhibited extraordinarily high

cephobicity, showing their potential application as icephobic coat-
ngs.
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