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Organogel as durable anti-icing coatings
Yaling Wang1,2, Xi Yao1,2, Jing Chen3, Zhiyuan He1,2, Jie Liu1,2, Qunyang Li4, Jianjun Wang1,2* and 
Lei Jiang1,2  

A durable organogel anti-icing material via swelling cross-
linked poly(dimethylsiloxane) with liquid paraffin is reported. 
The surface of the organogel is covered by a thin released layer 
of paraffin due to the osmotic pressure, which acts as a lubri-
cant and reduces the ice adhesion greatly. Results show that 
the ice adhesion on the surface of the organogel is as small as 
  1.7±1.2 kPa (at −30°C) and the low ice adhesion remains even 
when the temperature is lowered to −70°C. The surface with 
lubricating liquid paraffin layer exhibits excellent durability, as 
it shows an ultralow ice adhesion after 35 cycles of icing/deicing 
and   100 days of exposure in ambient environment. 

INTRODUCTION
Ice formation and accretion on surfaces cause damages and 
inefficiencies that negatively impact aeronautics, ships, off-
shore oil platforms, power lines, wind turbines and tele-
communication equipments [1]. Designing materials 
capable of efficiently minimizing or even eliminating the 
ice formation atop of their surfaces remains a challenge. 
 Rendering the surfaces superhydrophobicity has been pro-
posed as a leading passive anti-icing strategy because of 
the water repellency resulting from the high contact angle 
value and low ice adhesion strength due to the trapped air. 
However, superhydrophobicity would be lost at subzero 
temperatures because of the vapor condensation/desubli-
mation [2−4]. Moreover, icing/deicing cycles may result in 
deterioration of superhydrophobicity (anti-icing proper-
ties) because of gradually breaking of the surface asperities 
[5−9]. Introducing a liquid lubricating layer between the 
ice and solid substrates is another strategy. Inspired by ice 
skating, Wang et al. prepared one type of self-lubricating 
  liquid water layer created by hygroscopic polymer network 
deliquescing and swelling due to water absorption or con-
densation   [10,11]. The temperature range, in which the 
self-lubricating liquid water layer exists, could be tuned 
by the water activity of the lubricating layer according to 
Koop et al. [12]. Another example is the development of 
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  lubricant-infused porous materials inspired by nature’s Ne-
penthes pitcher plant which exhibits low contact angle hys-
teresis and has very low value ice adhesion (15.6 ± 3.6 kPa) 
[13,14]. However, for the passive removal of ice, the lower 
ice adhesion strength is, the better the anti-icing coating is 
[13]. This is particular true for the anti-icing of some out-
door facilities, and it would be ideal if the ice could be shed 
off due to its gravity or the action of wind. Organogel mate-
rials were found to have advantages for anti-sticking func-
tion by some researchers, since the polymer network   mer-
its a slow and continuous release of liquids [15−17]. Thus 
it should be useful for durable anti-icing coating. However 
no reports of organogel materials for anti-icing application 
have been reported.

Herein, we report   an organogel (OG) anti-icing coating 
by swelling cross-linked polymer networks with liquid par-
affin (LP). In this type of anti-icing coating, polymer net-
work not only absorbs LP, but also holds the paraffin in the 
cross-linked network to avoid being abundantly removed 
during the shed off of the accreted ice [18,19]. We select-
ed LP because it is a natural lubricant. LP-swollen cross-
linked poly-dimethylsiloxane (PDMS) (LP-OG) is found 
to exhibit ultra-low ice adhesion strength (1.7 ± 1.2 kPa). 
Moreover the anti-icing coating can maintain effectively an 
ultra-low ice adhesion even when the temperature is as low 
as −70°C. Even after experiencing 35 icing/deicing cycles 
and 100 days of exposure in ambient environment, the ice 
adhesion on the LP-OG still keeps smaller than 10 kPa. All 
these indicate that LP-OG possesses a great potential for 
anti-icing coating with ultra-low ice adhesion, broad tem-
perature window and excellent durability. 

EXPERIMENTAL SECTION

Preparation of PDMS and organogel material
PDMS oligomer (Sylgard 184, Dow Corning) was mixed 
with the curing reagent at a ratio of 10:1 by weight to form a 
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standard admixture. The resulting mixture was centrifuged 
at 5000 rpm for 5 min and then poured into a Petri dish with 
a thickness of 1.0 mm. Afterwards a vacuum (0.1 MPa) was 
applied for 30 min to remove all bubbles. The mixture was 
kept horizontally at room temperature for 24 h, and then 
cured in an oven at 80°C overnight. The cured PDMS was 
cut into square pieces (18 mm×18 mm), and immersed 
into heated paraffin bath for at least 7 h. Then the swelled 
PDMS pieces were taken out and cooled to room tempera-
ture and excess paraffin on the surface was removed. A liq-
uid layer was formed on the surface of prepared organogel 
after it was kept overnight. Two kinds of paraffin were used 
in our experiments, i.e., LP and FT (Fischer-Tropsch wax). 
LP is commercial product which is liquid mixture of satu-
rated cyclic hydrocarbon and isoalkane by refining process 
  (molecular weight 250–450, melting point −24°C). FT is a 
kind of microcrystalline wax (melting point 102–104°C). 
Phenyl silicone (from silicone tube) and butyl rubber (from 
rubber plate) were swelled by LP following the procedure 
for the preparation of PDMS-based OG. 

Ice adhesion measurement
The ice adhesion strength was tested by a home-built ap-
paratus which consists of a cooling stage (experiment tem-
perature ranges from −20 to −70°C) and an XY motion 
stage with force transducer as depicted in previous paper 
[3]. 1000 μL ultrapure water was syringed into a glass cu-
vette (10 mm × 10 mm × 25 mm) on organogel sample sur-
face when the cooling stage reached a desired temperature. 
Ice columns formed and were kept at the same tempera-
ture for 5 h to ensure a full contact between the ice and 
the substrate. A nitrogen gas flow with a small flow rate 
purged continuously to avoid water vapor frosting on the 
substrate. Nine samples each time were measured. Probe 
velocity was 500 μm s  −1 (typically used in other references) 
[20]. 50 μm s−1 was also tried to obtain some force curves 
in adhesion measurement. Non-shear contributions were 
minimized by keeping the probe distance constant (2 mm), 
as close to the surface as practical. Recorder for force-time 
curve was switch on just before the probe started to move. 
Once the probe contacted the glass cuvette that held the 
ice column, the force value began to increase until ice de-
tachment. The probe continued to push the ice to slide and 
sliding friction force was also recorded.   The shear force 
required for ice detachment was used to quantify ice ad-
hesion force just before the adhesion failure. The contact 
area between the ice and the substrate was 1.00 cm2. The ice 
adhesion strength (Pa)   was obtained via dividing the shear 
force by the area. Ice adhesion strength has the same unit as 
the shear stress needed for ice detachment.

RESULTS AND DISCUSSION
Thermally-cured cross-linked PDMS was immersed in 
a bath of the heated LP. In order to reach swelling equi-
librium, the PDMS network was soaked in the bath for 
7 h. Then the PDMS was taken out and cooled down to 
room temperature. The prepared OG is transparent. Fig. 1a 
shows the images of PDMS before and after swollen by the 
LP. Kinetic process of swelling is described as the LP (as the 
solvent) diffusing into and out of the PDMS cross-linked 
structure driven by the osmotic potential (as interpreted by 
Flory-Huggins theory). LP is immiscible with the PDMS. 
But the affinity of the LP to PDMS makes a certain amount 
of LP impregnated in the cross-linked network of PDMS. 
Swelling is quick   during the first 1.0 h and then the rate de-
creases gradually to reach a swelling limit (inset of Fig. 1a). 
Schott [21] used a second-order kinetic model to describe 
the   diffusion-controlled swelling process and divided it 
into two stages: the diffusion of the solvent into a network 
and stress relaxation of the polymer network. The rate of 
former is faster than that of the later. The   second-order ki-
netics can be expressed as

 2
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H  erein, Qe is the equilibrium swelling ratio, Q  t is the 
swelling ratio of the moment t, K is the constant of rate. Fit-
ted Qe is 2  3.17 ± 2.41%. Lowering the temperature increas-
es the viscosity of the solvent and decreases the relaxation 
degree of the network, resulting in a lower swelling ratio. 
This means that OG swelled by the LP will release LP at 
lower temperatures. 

The optical microscopic image verifies the release of LP 
on the surface of LP-OG at room temperature as shown in 
Fig. 1b. Compared to the smooth and flat PDMS surface, 
the surface of LP-OG is covered by LP drops. Fig. 1c is 
the atomic force microscopy (AFM) images of PDMS and 
LP-OG surface. It shows that LP-OG has almost the same 
surface roughness as that of the PDMS surface. But AFM 
probe tip seems to skip always due to capillary interaction 
between the released LP on LP-OG surface and the AFM 
tip. Osmotic pressure and surface effect in c  ombination re-
sult i  n the surface of OG being covered with a thin layer of 
LP. Released LP makes OG different from the PDMS sur-
face. Static contact angle (CA) of water on LP-OG is slight-
ly smaller than that on PDMS and the value decreases from 
114.3 ± 0.5° to 108.6 ± 0.9°. This is reasonable since wax 
is reported to have lower Young’s water contact angle than 
that of PDMS, which verifies that the released LP c overs 
the surface of PDMS.
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Anti-icing performance of LP-OG is investigated by 
measuring the ice adhesion strength on the LP-OG sur-
face. As shown   in Fig. 2a, ice adhesion strength on the flat 
PDMS is 146.3   ± 9.3 kPa, which is in the range of values 
reported in the literature (a  bout 120–460 kPa) [20]. PDMS 
with thickness of 533 μm has lower ice adhesion strength 
than that with thickness of 18 μm according to Kendall’s 
theory Ps∝1/t1/2 (t represents thickness of elastomer) [22]. 
PDMS swelled by LP has ultra-low ice adhesion strength 
of 1.7 ± 1.2 kPa, decreasing by almost two orders of mag-
nitude compared to that of the PDMS. Other materials 
such as phenyl silicone and butyl rubber swelled by LP 
also reduce the ice adhesion strength by 60 and 20 times 
compared to that of dry polymer, with the ice adhesion of 
2.  0 ± 0.5 kPa and 7.8 ± 2.12 kPa, respectively. This verifies 
that LP-OG can decrease the ice adhesion greatly, t  hus can 
satisfy the passive removal of ice on the power line surface 
which usually requires ice adhesion strength smaller than 
20 kPa [23,24]. 

To investigate the valid temperature range of the LP-OG 
for anti-icing, wide temperature range from −20 to −70°C 
was tested. Fig. 2b shows that ice adhesion strength on the 
PDMS surface is nearly independent on the temperature 
with a value around 150 kPa. On the LP-OG surface, ice 

adhesion strength maintains in the range of 1  .7 ± 1.2–5.8 ± 
1.8 kPa between −20 and −60°C and increases a little to 8  .0 
± 3.7 kPa until −70°C. The increase of ice adhesion strength 
can be explained by the viscosity increase with the decrease 
of temperature. Previous research generally measured ice 
adhesion at −10°C or −15°C. Ice adhesion strength usually 
increases with the decrease of temperature [25]. Chen et 
al. [24] reported a sharp increase of ice adhesion strength 
from 55 ± 15 kPa to 1156 ± 152 kPa when temperature was 
cooled to −25°C, which signified the disappearance of the 
self-lubricating liquid water layer. The largest temperature 
range was reported by Dou et al. [11] who showed that 
polyurethane (PU-9) anti-icing coating maintained a low 
ice adhesion until the temperatures was lowered to −53°C, 
and then a sudden increase of the ice adhesion from 27 kPa 
to 200 kPa occurred. LP is a mixture of saturated alkane 
with reported melting point at −24°C. However, no sharp 
increase of ice adhesion was observed when the tempera-
ture was lowered below the melting point of LP. And the ice 
adhesion remained almost the same when the temperature 
was lowered to −70°C, which was the lowest temperature 
that our instrument can a  chieve. T  herefore our LP-OG an-
ti-icing coating has the largest temperature range reported 
in the literature.
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Figure 1  Preparation and surface release of LP-OG. (a) Images of cross-linked PDMS before and after being swollen by LP. The resulting OG was 
larger in size than the as-prepared PDMS due to swelling (scale bar is 1 cm). The swelling ratio of PDMS by LP changed with time and the equilibrium 
swelling ratio was obtained by fitting with Schott’s second-order kinetics (inset). (b) Optical microscopic imaging of PDMS and LP-OG surface at room 
temperature. After releasing overnight, LP droplets come out onto the OG surface. Apparent CA of water drop on PDMS and LP-OG is 114.3 ± 0.5° 
and 108.6 ± 0.9°. Scale bar in the optical picture is 100 μm. (c) AFM images reveal that   PDMS and LP-OG have almost the same surface roughness. 
Scan size is 10 μm × 10 μm. 
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W  hy do LP-OG surfaces show ultra-low ice adhesion 
strength with a large temperature window? Differential 
scanning calorimeter (DSC) curve shows that paraffin in 
LP bulk start to crystallize at about −20°  C during the cool-
ing process at a cooling rate of 5°C min−1. A  fter a complete 
crystallization at about −36°C, the total e   nthalpy change is 
2.52 J g−1. E  nthalpy for the crystallization of pure paraffin 
is much higher (230.5–251.4 J g−1) [26]. It means that only 
about 1.09% (by weight) paraffin crystallizes in LP. Under 
polarized optical microscope (inset), n  o visible crystals ap-
pear in the bulk LP, when the temperature is lowered from 
−20 to −70°C. As is known, LP contains saturated cycloal-
kane and isomerization alkane. Cyclic hydrocarbon with 
long side chain alkyl and i  soalkane generally form small 
size and laminar crystals, while n  -alkanes tend to form 
large size and fibrous crystals [27]. Phase transition tem-
perature c  an be tuned by mixing l  ight paraffin [28] and t  he 
size and morphology of the wax crystal can be varied by 
adding pour point depressant [29,30]. T  he component cor-
responding to phase transition at −24°C as shown in Fig. 
S1 should be some cyclic hydrocarbon or isoalkane. At low 
temperatures, only few crystals separated from LP, and the 
crystals are small and are separately embedded in the LP, 
thus LP bulk is actually still a liquid system. Low content 
of crystallizable components also cause the difficultness for 
the paraffin crystals being observed under polarized opti-
cal microscope. 

When we mix LP with FT with ratios of 2:1 and 1:1 by 
weight, OG prepared by molten mixture swelling has ul-
tra-low ice adhesion strength of 4  .27 ± 0.92 kPa and 4.46 ± 
0.82 kPa, even though solidified FT separates from LP on 

the released paraffin film on the OG surface. It indicates 
that a certain amount of solid paraffin   does not disturb LP’s 
anti-icing performance. It is possible to incorporate inor-
ganic components to make composite anti-icing coatings, 
which is expected to increase the mechanical robustness. 
Low ice adhesion strength definitely requires the existence 
of lubricating layer, which property can be characterized 
by the equation, 

 k / vF A
h


 ,  (2)

where Fk is sliding friction on the thin fluid layer with con-
tact area of A, η is the viscosity of fluid layer, v is the shear 
velocity, and h is the thickness of the fluid layer. For OG to 
have ultra-low ice adhesion (e.g., 2 kPa), only a thin LP lay-
er with thickness of 2 μm is needed since LP has viscosity of 
4000 mPa s (by rheometer-MCR 301, Anton Paar, Austria, 
with flow layer thickness of 1.000 mm at −30°C) and shear 
velocity of 500 μm s−1 [25,31].

Fig. 3b shows that fo  rce increases immediately to a max-
imum and ice is detached on the LP-OG surface. Then a 
non-zero force dr  ives a dynamic sliding steadily. However, 
on the PDMS surface, force firstly experiences a slow in-
crease and then reaches a maximum value to detach the ice. 
And then a drop of shear force down to zero follows. The 
difference between force dropping to non-zero and drop-
ping to zero after the ice detachment verifies the liquid-like 
lubricating layer on LP-OG surface [32]. Dynamic sliding 
on PDMS surface shows a typical solid-like stick-slip fric-
tion characteristic. According to the Rabinowicz’s model, it 
is typical for the sliding of a solid on an elastomer surface 
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Figure 2  Anti-icing effect of LP-OG. (a) PDMS-based OG swelled by LP reduces the ice adhesion strength by 86 times compared to that of dry PDMS. 
Other polymer systems such as p  henyl silicone and butyl rubber swelled by LP also show ultra-low ice adhesion strength. Measured at −30°C with a 
probe velocity of 500 μm s−1. (b) Ice adhesion strength on LP-OG as temperature ranges from −20 to −  70°  C, which shows that LP-OG has the largest 
temperature range reported so far. In this paper, LP-OG is r  eferred to PDMS-based if there is no special explanation.
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[33]. On the LP-OG surface, static friction and smooth slid-
ing represent a typical stop-start force-displacement curve 
for a simple liquid (driving velocity > critical velocity) [34]. 
While the friction force of liquid-like layers or films is lower 
and more like that of a viscous liquid flowing between two 
solid surfaces with a smooth friction [31,35]. As ice slides, 
the smooth sliding friction generally increases with sliding 
velocity as indicated in Equation (2), but the “effective” vis-
cosity is usually much higher than the bulk viscosity of the 
trapped film [31]. When the film thickness becomes larger 
than 1 μm, viscosity of LP film is the same as that of the 
bulk [25]. Besides, before ice detachment, force on the LP-
OG surface increases rapidly, which means that lubricating 
domains on OG and effect of elastic deformation can be 
neglected. The absence of stick-slip dynamics in the sliding 
friction indicates that no capillary bridges are formed for 
thin LP lubricating layer, which can exert its bulk fluidity 
[36]. Temperature dependence of ice adhesion on LP-OG 
comes from dependence of viscosity on temperature. Vis-
cosity increase with temperature decrease from −20°C to 
−70°C   explains the little increase in ice adhesion strength 
in Fig. 2b. In fact, ice adhesion force in shear is equal to the 
static friction. Fig. S2 provides an empirical value of (Fs–
Fk)/Fk= 0.5–2 (Fs is the static friction, eq  ual to ice adhesion 
force in the measurement), which relates ice adhesion force 
to viscosity and thickness of lubricating layer on LP-OG. 
Ab    ove result that thin LP layer with thickness of 2 μm is 

needed for 2 kPa is obtained based on this relationship.
The durability of anti-icing performance of LP-OG an-

ti-icing materials was studied via the variation of ice ad-
hesion strength with the icing/deicing cycle as well as the 
service time as shown in Fig. 4. LP-OG was tested by re-
peated icing/deicing for 100 days at am  bient environment. 
Du  ring this period, it was exposed to the sunlight. The ice 
adhesion strength on the LP-OG surface showed very little 
increase after 35 cycles of icing/deicing. It is noteworthy 
that LP-OG’s anti-icing performance is maintained after 
se  rving for one hundred days. When LP-OG reaches to   
swelling equilibrium after 7 h, the weight of captured LP is 
about 23.17 ± 2.41% of that of PDMS network. Due to the 
affinity of LP to PDMS, the release rate of LP-OG is slow 
compared to swelling. In addition, micrometer thickness 
is enough for lubricating according to Equation (2). Thus 
LP-OG has a long lifetime showing a promising candidate 
for anti-icing coating. 

CONCLUSIONS
We prepared a durable OG anti-icing coating which is 
formed by swelling cross-linked polymer network with LP, 
and the released paraffin lubricating layer reduced the ice 
adhesion simultaneously. LP swelled PDMS network shows 
ultra-low ice adhesion strength. Moreover, the ice adhesion 
of the anti-icing coating remains ultra-low at the tempera-
ture as low as −70°C. Durability has been confirmed as the 
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LP-OG coating is still valid after more than 35 times icing/
deicing cycles during on  e hundred days of exposure in am-
bient environment.
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Figure 4  Durability of LP-OG for anti-icing. (a) Average ice adhesion strength on the surface of LP  -OG at −30°C remains almost the same after sev-
eral tens ic  ing/deicing cycles. (b) Average ice adhesion strength vs. service time. It clearly shows that the fabricated anti-icing surfaces have favorable 
durability for anti-icing.
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中文摘要    本论文报道了一种通过液体石蜡溶胀聚二甲基硅氧烷制备持久耐用的油凝胶除冰涂层的方法. 由于油凝胶表面被一层渗透
压驱动的石蜡缓释层覆盖, 这层缓释层可作为润滑层, 大大降低油凝胶表面的冰粘附强度. 实验结果显示, 油凝胶表面是一种具有超低
冰粘附的防结冰材料, 在−30°C测试温度条件下的冰粘附强度是1.7 ± 1.2 kPa, 且温度降低到−70°C时, 其冰粘附强度不高于10 kPa. 在
连续100天的使用期间, 经过35次的结冰/除冰循环操作, 具有润滑层的油凝胶表面仍然保持了持久的低粘附特性. 较低的冰粘附和较宽
的低温适用窗口, 以及持久的耐用性, 使其在依靠重力或风力的低粘附被动除冰领域具有很大的潜力和实际应用价值.

Yaling Wang is currently a PhD candidate at the Institute of Chemistry, Chinese Academic of Sciences. She obtained 
her MSc degree in environmental sciences from the University of Chinese Academy of Sciences in 2012. Her current 
research is anti-icing coating with ultra-low ice adhesion.

Jianjun Wang obtained his PhD degree at Max-Planck Institute for Polymer Research and the University of Mainz 
(Germany) in 2006. After seven months of postdoctoral research, he became a project leader at Max-Planck Institute for 
Polymer Research. Since 2010, he has been a professor at the Institute of Chemistry, Chinese Academic of Sciences. His 
current research interest is anti-icing materials.

encing factors of pour point depressants for crude oil. Speciality 
Petrochem, 2006, 3: 020, in Chinese

30 Zhang JJ, Guan JN, Song N, et al. Influence of pour point depressant 
on wax crystal morphology of crude oil. Acta Petrolei Sinica (Petro-
leum Processing Section), 2010, 1: 006

31 Yoshizawa H, Chen YL, Israelachvili J. Fundamental mechanisms 
of interfacial friction. 1. Relation between adhesion and friction. J 
Phys Chem, 1993, 97: 4128−4140

32 Ge L, Ding GF, Wang H, et al. Anti-icing property of superhydro-
phobic octadecyltrichlorosilane film and its ice adhesion strength. J 
Nanomater, 2013, 2013: 278936

33 Yoshizawa H, Israelachvili J. Fundamental mechanisms of interfa-
cial friction. 2. Stick-slip friction of spherical and chain molecules. J 
Phys Chem, 1993, 97: 11300−11313

34 Drummond C, Israelachvili J. Dynamic phase transitions in con-
fined lubricant fluids under shear. Phys Rev E, 2001, 63: 041506

35 Gee ML, McGuiggan PM, Israelachvili JN, et al. Liquid to solid-
like transitions of molecularly thin films under shear. J Chem Phys, 
1990, 93: 1895−1906

36 Chen W, Foster AS, Alava MJ, et al. Stick-slip control in nanoscale 
boundary lubrication by surface wettability. Phys Rev Lett, 2015, 
114: 095502

Acknowledgements  The authors are grateful for the support from the 
National Natural Science Foundation of China (51173196, 51436004 
and 21421061) and the National Basic Research Program of China 
(2012CB933801 and 2013CB933004).

Author contributions  Wang J and Jiang L designed the experiments; 
Wang Y, Chen J, He Z and Yao X performed the experiments; Wang 
J and Li Q supervised the theoretical and experimental work. Wang Y, 
Chen J and Wang J wrote the manuscript. All authors contributed to the 
general discussion and reviewed the manuscript.

Conflict of interest  The authors declare that they have no conflict of 
interest.

Supplementary information  Supplementary data are available in the 
online version of the paper. 


