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Superhydrophobic surfaces with anti-icing performance have been the focus of research but few studies

have reported an effective strategy that met the requirements of excellent mechanical properties and

durability. In this article, superhydrophobic coatings were prepared from a mixture of superfine

polytetrafluoroethylene powder, polydimethylsiloxane and tetraethyl orthosilicate through spin-coating

on aluminum substrate followed by solidification at 150 �C. The static contact angle (CA) of the prepared

coatings was as high as 163.6�. The surface morphology of the coatings was shown to be rough at

micro/nano-scale with honeycomb microstructure, which allowed them to demonstrate excellent anti-

icing properties. The experiments show that the superhydrophobic surface exhibits excellent mechanical

abrasion resistance after mechanical abrasion against 1000 grit SiC sandpaper for 1.0 m at the applied

pressure of 14.4 kPa. The surfaces CA remained unchanged after one month and decreased to be 140.0�

after 34 subsequent icing/deicing experiments, which suggests good mechanical properties and

durability of the prepared coatings. The present study may suggest a method for promising anti-icing

applications in various fields.
1. Introduction

Ice or wet-snow accumulation on cold solid surfaces oen leads
to serious socioeconomic problems,1–4 which is why anti-ice (or
icephobic) materials and coatings are potentially of high
importance for a wide spectrum of systems, including trans-
portation, outdoor infrastructures and energy systems.1–3,5–9

However, the development of such surfaces for use in low
temperatures is an ongoing challenge. Superhydrophobic
surfaces (SHSs) (i.e. those with water contact angle, CA, of above
150� and contact angle hysteresis less than 5�),10 with an ability
to trap air and prevent wetting, minimize the effective contact
area of a supercooled droplet and a cold solid substrate, sup-
pressing ice formation and/or reducing accumulation of ice or
wet snow on solid surfaces.11–13 Because of their speculated
capability to reduce accumulation of snow and ice and even to
prevent completely the formation of ice on solid surfaces, SHSs
are still a hot research topic for many groups worldwide.14–20

However, some recent reports have showed that SHS materials
do not always exhibit excellent icephobicity, sometimes failing
under certain conditions.3,21,22 That is why more systematic
studies on hydrophobic and SHS materials and their anti-icing
performance are needed, including development of new
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materials with improved robustness and durability toward icing
and deicing.21–23

Generally, superhydrophobicity comprises the combination
of roughness at micro-nano scale and an intrinsic low-surface-
energy of the materials used. For example, PDMS is frequently
used for the preparation of SHSs because of its intrinsic CA of
110� (i.e., CA of at surface). However, at PDMS does not
exhibit a low value sliding angle, and thus various ller mate-
rials should be mixed with PDMS in order to make it rough and
achieve superhydrophobic surface.16,24–29 Manca et al. used SU-8
masters to fabricate micropillars onto PDMS sample and then
fabricated nanoposts on their top and enhanced their uori-
nation rate by using inductively coupled plasma (ICP) tech-
nique.30 Xiu et al. studied the superhydrophobicity PDMS/PTFE
composites applied on top of Si wafer via dip-coating, bar-
coating, or spin-coating.31 Tropmann et al. used PDMS/PTFE
composite particles and CF4/O2 plasma treatment for isotropic
superhydrophobic PDMS surface.16

In this study, aluminum plates were used as the substrates
because of their easy availability, low price and wide applications
in transportation, packaging, construction, electrical trans-
mission lines and so on. Alumina-based SHSs were produced
using PDMS (polydimethylsiloxane), TEOS (tetraethyl orthosili-
cate), DOTL (dioctyldilauryltin) and PTFE (polytetrauroethylene)
as precursors. To optimize the materials' water-repellent proper-
ties, we studied the inuence of the amount of PTFE. The anti-
icing performance and mechanical property of optimized
samples was investigated, demonstrating a good level of stability.
RSC Adv., 2017, 7, 41339–41344 | 41339
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Fig. 1 Scheme of the home-made icing monitoring system used in
the present study.

Fig. 2 CA values of coatings prepared with different amount of PTFE
(0, 0.2, 0.4, 0.6, 0.8, 1.0 g) added to spin-coated mixture.
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2. Materials and methods

Aluminum plates with purity of 99.6% and anhydrous ethanol
were purchased from Tianjin Tianli chemical reagents
company. PDMS with viscosity of 500 mm2 s�1 was purchased
from Tianjin Bodi chemical company. TEOS was purchased
from Chengdu Kelong chemical company. DOTL was purchased
from Sa'en chemical technological company. PTFE was
purchased from DuPont company. The aluminum plates (10 �
10 � 0.1 mm3 in size) were used as substrates. They were rst
degreased using 2000# metallographic abrasive paper and
cleaned ultrasonically, subsequently with alcohol and deionized
water for 5 min, aer which dried in air at 60 �C for 0.5 h.

The values of CA were measured on a Kr}uss DSA 100 contact-
angle goniometer (Kr}uss GmbH, Germany) following standard
procedures previously described by others.14,21 The surface
morphology of the samples was observed using scanning elec-
tron microscopy (SEM; FEI Quanta 200). FTIR spectral data were
measured with the KBr/PDMS or KBr/PDMS/PTFE disks
(prepared with 0.1998 g of powdered KBr and 0.0002 g of PDMS
or PDMS/PTFE as ref. 32) with Bruker Tensor 27. An atomic
force microscopic (AFM; MFP-3D Origin AFM from Oxford) was
operated in the contact mode for visualization of the surfaces.

PDMS and PTFE were the main components of the raw
material, while DOTL and TEOS were used as modiers and to
facilitate solidication processes. First, DOTL was added to
PDMS to form a suspension, then different amounts of PTFE
powder were added to the above suspension followed by the
addition of TEOS. The weight of PDMS, TEOS, and DOTL was 3,
1.2, and 0.3 g, respectively. Then the as-prepared mixture was
deposited on the prepared aluminum substrate by means of
spin-coater. Aer coating, the samples were dried at 150 �C in
oven.

The mechanical abrasion resistance of the prepared SHS
sample was tested against 1000 grit SiC sandpaper for 1.0 m at
the applied pressure of 14.4 kPa. The sample was placed face-
down to sandpaper and moved for 0.25 m along one direc-
tion, then the sample was rotated by 90� (face to the sandpaper)
and then moved for 0.25 m along one direction. This process
was dened as one abrasion cycle, and repeated the cycle for
four times to complete the abrasion test.

Furthermore, the anti-icing behavior of the samples was
tested with a home-made icing monitoring system whose
schematic diagram is shown in Fig. 1. The system consists of
water-cooling system (water-cooling power of about 5 W),
semiconductor material refrigeration slice (cooling power of
about 25.2 W), temperature sensor, sample stage (5 � 3 cm2),
camera and controlling computer. The temperature of the
sample surface and icing process can be real-time monitored by
the home-made simple system. The icing/deicing process was
also implemented by the system. The specic implementation
procedures would be described subsequently.

3. Results and discussion

To investigate the effect of the amount of PTFE on the sample
superhydrophobicity, 0, 0.2, 0.4, 0.6, 0.8 and 1.0 g PTFE was
41340 | RSC Adv., 2017, 7, 41339–41344
mixed with PDMS, TEOS, and DOTL. Fig. 2 shows how the
amount of added PTFE inuenced the CA value of produced
coating. It is clearly seen that PTFE played a signicant role in
the superhydrophobicity of the samples. While the value of
PTFE-free sample was 129.0�, it could reach 163.6� (with the
addition of 0.6 g PTFE) of the optimized sample. It was also seen
in Fig. 2 that when more PTFE was added into the spin-coated
mixture, no further increase of CA was achieved, and the
highest CA value was obtained at the weight ration of the initial
materials of PDMS : TEOS : DOTL : PTFE ¼ 10 : 4 : 1 : 2. It may
because of the microscopic structure of the surface, when there
was no or little PTFE, the surface was too smooth to “trap” air
between the mastoid structure. On the other hand, if there was
too much PTFE grain, they could ll the gap between the micro-
nano structure to some extent which would decrease the
roughness of the surface and the CA.

Fig. 3a–c present SEM surface images of as-prepared coatings
without PTFE added (a), with 0.6 g of PTFE (b), and with 1.0 g of
PTFE (c). For comparison, panel (d) exhibits the surface image of
the sample in panel (b) that was subjected to 34 icing/deicing
experiments. It is seen in Fig. 3a, the sample spin-coated
without PTFE is smooth, while those prepared with addition of
PTFE are rough atmicro- and nano-scale with honeycomb-shaped
surface roughness as shown in Fig. 3b–d. Water droplets are ex-
pected to form a larger liquid–solid contact area12,33 with the
smooth surface whose CA is 129.0� in Fig. 3a. At the same time,
This journal is © The Royal Society of Chemistry 2017
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Fig. 3 SEM surface images of coatings prepared with different amounts of PTFE added to spin-coated mixture: (a) PTFE-free coating, (b) with
0.6 g of PTFE, (c) with 1.0 g. For comparison, panel (d) demonstrates surface from panel (b) subjected to icing/deicing 34 times. (e) is the SEM
image of vertical surface of SHS coating.
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water drops are expected to contact only a small fraction of solid
surface (mainly tops of rough structures) on the SHSs with the CA
of 163.6� and 158.3� (for which 0.6 and 1.0 g of PTFE was used in
spin-coated suspensions).

Thus, the roughness (and wettability) of prepared coatings
could be controlled through the amount of PTFE incorporated
into the coating, as seen in Fig. 2 and 3b and c. The optimized
sample (shown in Fig. 3b) had its weight ratio of
PDMS : TEOS : PTFE : DOTL equal to 10 : 4 : 1 : 2. Importantly,
its morphology was basically unchanged aer 34 icing/deicing
cycles, showing that only a small fraction of surface rough
structures were damaged/removed from the surface during
icing/deicing (compare Fig. 3b and d). Fig. 3e shows the SEM
image of the vertical surface of the SHS coating with the
thickness of the about 205 mm.

Fig. 4a shows the AFM image of the optimized sample with
the weight ratio of PDMS : TEOS : PTFE : DOTL ¼ 10 : 4 : 1 : 2
Fig. 4 The AFM images of (a) the prepared SHS surface and (b) the surf

This journal is © The Royal Society of Chemistry 2017
and its root-mean-square (rms) roughness is 44.8 nm. It shows
that the SHS surface has deep groove and is plain regionally
with CA of 163.6�. Aer the abrasion test of the prepared SHS
surface, a porous morphology can be seen in the AFM image
with its roughness of 23.3 nm and CA of 140.0� as shown in
Fig. 4b. It seems that the CA of the surface is dependent on the
roughness. Besides roughness, the superhydrophobicity also
has a relationship with the chemical compositions of the
surface. FTIR is used to investigate the inuence of it.

Fig. 5 compares FTIR spectra of as-prepared PTEF-free PDMS
coating (dotted line) and of SHS coating with 0.6 g of PTFE (red
solid line). The new very strong bands at 1262 cm�1 and
1094 cm�1 corresponding to the asymmetric and symmetric
stretching of C–F bond in the SHS sample spectrum (red solid
line in Fig. 5).6 The spectra clearly indicate the presence of PTFE
on the SHS sample surface, which promises the interaction of
PTFE with aluminum surface.
ace after abrasion test.

RSC Adv., 2017, 7, 41339–41344 | 41341
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Fig. 5 FTIR spectra of PDMS coating (dot line) and PDMS/PTFE
composite coating with 0.6 g of PTFE (red solid line).

Fig. 6 Water drops freezing on SHS sample (left) and untreated
aluminum plate (right). (a and b) Initial water drops just placed onto
surfaces at 13.3 �C. (c) The water drop spread a little on SHS at�0.5 �C.
(d) Ice nucleation starts at �0.5 �C on untreated aluminum. (e) Ice
nucleation starts at �3.6 �C on SHS sample. (f and h) Completely
frozen droplet on untreated aluminum. (g) Freezing proceeds on SHS
at �3.6 �C. (i and j) Iced droplets at �6.0 �C.
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Fig. 6 exhibits how a water droplet (4 ml in volume) freezes on
the above described optimized SHS sample, an untreated
aluminum plate with a similar water droplet being presented
for comparison. The two samples were rst put horizontally on
the sample stage of the home-made icing monitoring system in
air with relative humidity of about 60%, aer which the surface
temperature of the sample stage was decreased from 13.3 �C to
�6 �C with a cooling rate of 12 �C min�1. Fig. 6a and b present
the initial images of the water droplets on the SHS and non-
coated bare aluminum surfaces, respectively. In agreement
with previous reports by others,34 the water droplet was spread
more and tended to wet the bare aluminum surface, while it
attained a sphere-like shape on the SHS surface.

Because of a high cooling rate applied (12 �C min�1) and
small volume of water droplets, the temperature of the surface
decreased rapidly. As a result, the droplet placed onto the non-
coated aluminum demonstrated ice nucleation inside and was
completely frozen just within 2 s (already 37 s aer the experi-
ment began), when the surface temperature only reached
�0.5 �C. This is associated with the light region disappearing in
the middle of the right-hand-side droplet in Fig. 6d, indication
git was no longer transparent but opaque and solid. Meanwhile,
due to the low temperature and relatively high humidity in the
atmosphere, the initially spherical droplet on the SHS spread
a little at �0.5 �C, still remaining transparent (Fig. 6c). Ice
nucleation only began in it aer as long as 82 s when the
temperature reached �3.6 �C and the relative humidity was
�52%, as shown in Fig. 6e. Aer initial ice nuclei formed, it
took about 5 s for the water droplet to freeze completely on the
SHS surface, as well seen in Fig. 6i where a fully opaque droplet
is presented.

Thus, a delay (of �50 s) of water drop freezing was achieved
on the prepared SHS sample compared with the untreated
surface. It is worth noting, however, that though the two
41342 | RSC Adv., 2017, 7, 41339–41344
surfaces were placed on the same freezing stage and were
cooled down under similar conditions, the stage temperature
was constantly decreasing, and while the droplet on the
uncoated aluminum froze at�0.5 �C, its counterpart on the SHS
got completely solidied at �3.5 �C. This implies that the
freezing delay on the SHS is believed to be much longer
provided that the stage temperature is kept constant at�0.5 �C.

The observed delay in freezing of water on SHS agrees well
with previous reports by others and was explained in several
previous reports.34 The actual water-solid contact area of water
droplets resting on SHS (which are known to be in the Cassie–
Baxter wetting mode) is known to be quite small, on the order of
10% or lower,34 the remaining contact area being the water–air
This journal is © The Royal Society of Chemistry 2017
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Fig. 7 (a) Initial state of water drops freezing on the optimized SHS
sample, the inserted figure represents the water droplet on the surface
with CA of 163.6�. (b) Frozen state after 34 times icing/deicing cycles,
the inset being a water image with CA of 140.0�.
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interface. Air is known as a good thermal insulator, and thus it
slows down any energy exchange between water drops and SHS.
Consequently, the heat transfer via the liquid–solid contact
interface on SHSs is lower when compared with that on at non-
coated aluminum (with no air pockets trapped into surface
roughness).34

The icing/deicing experiments were carried out using the
same above mentioned system. Seven to ten water drops (of
�4 ml in volume) were placed onto the optimized SHS randomly,
aer which the stage temperature was decreased from room
temperature to �6 �C. Upon freezing, all the iced drops were
then removed by applying external mechanical force (shear
stress). Due to the low temperature, the sample was frozen and
xed on the sample stage, we used a pair of tweezers to remove
the frozen drops by a external force in parallel to the sample.
This process must be completed rapidly, because the frozen
water droplets are very small and they will melt in short time.
Aer deicing, the sample was dried in oven at 60 �C for 3 min,
aer which the same procedures were repeated again.

Fig. 7a and b show liquid water drops on the as-prepared SHS
sample (a) and similar drops frozen on the same sample sub-
jected to 34 icing/deicing cycles (b). It is seen that all water
drops were spherical on the as-prepared sample (a). Meanwhile,
the frozen drops in Fig. 7b are seen to wet the surface, thus
giving rise to larger ice adhesion strength on the sample that
was iced/deiced 34 times. As was previously reported by
others,17,21–23 SHSs tend to be gradually damaged by icing/
deicing. This is also somewhat supported by Fig. 3b and
d where the surface of the sample iced/deiced 34 times shows
somewhat lower roughness. This should result in slightly
higher water/solid contact area when water drops are placed on
such a surface (compare insets in Fig. 7a and b).
This journal is © The Royal Society of Chemistry 2017
4. Conclusions

PTFE powder is shown to be effective to obtain super-
hydrophobic coatings on aluminum substrate, with water
contact angle (CA) values reaching as high as 163.6�. In this
study, PTFE was dispersed in composite coating at the ratio of
PDMS : TEOS : DOTL : PTFE ¼ 10 : 4 : 1 : 2. The prepared
coatings were stable even aer one month. The surface
morphology was found to be rough honeycomb structures at
micro-nano scales. Aer as many as 34 icing/deicing cycles
performed in a home-made icing monitoring system, the
surface rough structures were observed to experience just minor
changes, which led to CA of 140�.
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