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ABSTRACT: Superhydrophobic surfaces are imperative in ﬂexible
polymer foams for diverse applications; however, traditional surface
coatings on soft skeletons are often fragile and can hardly endure
severe deformation, making them unstable and highly susceptible
to cyclic loadings. Therefore, it remains a great challenge to balance
their mutual exclusiveness of mechanical robustness and surface
water repellency on ﬂexible substrates. Herein, we describe how
robust superhydrophobic surfaces on soft poly(dimethylsiloxane)
(PDMS) foams can be achieved using an extremely simple,
ultrafast, and environmentally friendly ﬂame scanning strategy. The
ultrafast ﬂame treatment (1−3 s) of PDMS foams produces
microwavy and nanosilica rough structures bonded on the soft
skeletons, forming robust superhydrophobic surfaces (i.e., water
contact angles (WCAs) > 155° and water sliding angles (WSAs) < 5°). The rough surface can be eﬀectively tailored by simply
altering the ﬂame scanning speed (2.5−15.0 cm/s) to adjust the thermal pyrolysis of the PDMS molecules. The optimized surfaces
display reliable mechanical robustness and excellent water repellency even after 100 cycles of compression of 60% strain, stretching
of 100% strain, and bending of 90° and hostile environmental conditions (including acid/salt/alkali conditions, high/low
temperatures, UV aging, and harsh cyclic abrasion). Moreover, such ﬂame-induced superhydrophobic surfaces are easily peeled oﬀ
from ice and can be healable even after severe abrasion cycles. Clearly, the ﬂame scanning strategy provides a facile and versatile
approach for fabricating mechanically robust and surface superhydrophobic PDMS foam materials for applications in complex
conditions.
KEYWORDS: hierarchical micro-/nanostructure, superhydrophobic surface, ultrafast thermal pyrolysis, polymer foam materials,
mechanical robustness
ture under abrasion.15 However, these superhydrophobic
coatings on rigid substrates may not apply to soft substrates,
especially for polymer foam materials since many of these
coatings are fragile and can hardly sustain severe/large
deformations under high local stresses, making them unstable
and highly susceptible to cyclic loading of the soft substrates.16
To overcome the abovementioned drawbacks, many
strategies have been developed to achieve surface superhydrophobicity on soft substrates with large water contact
angles (WCAs) > 150° and small water sliding angles (WSAs)

1. INTRODUCTION
Lightweight and porous polymer foams with easy processability and multifunctionalities are attractive for applications in
energy storage and conversion, wearable electronics, absorption and separation, tissue engineering, etc.1−8 Especially,
those polymer foam materials with robust superhydrophobic
surfaces that stay dry, self-clean, and avoid biofouling are
promising as eﬃcient absorption and separation materials.9−12
Normally, for rigid substrates (e.g., ceramics, glasses, and
metals), micro-/nanorough surface coatings constructed with
extremely low water aﬃnity have been widely used to achieve
excellent water repellency by minimizing contacts between the
liquid and the solid surface.13−15 Recently, Wang et al.
designed multiscale structured surfaces on rigid substrates: a
nanostructure, which oﬀered water repellency, and a hard
microstructure, which acted as an “armor” to provide
mechanical durability and prevent removal of the nanostruc© 2021 American Chemical Society
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Figure 1. Schematic fabrication process of superhydrophobic SiRF materials. Based on low-viscous PDMS materials, porous SiRF materials with
surface superhydrophobicity and excellent mechanical ﬂexibility can be prepared in a ∼150 s foaming process at RT, followed by 1−6 s of ﬂame
treatment at ∼1300 °C, showing ultrafast, low-cost, and green features. The as-prepared samples can be cut into diﬀerent shapes and sizes.

< 10°.13−15,17,18 For example, decorating the polymer foam
with low-surface-energy molecules (e.g., perﬂuorooctyltriethoxysilane14) or nanoﬁllers (e.g., graphene oxide ribbon19)
containing functional groups that interact with the residual
groups of the foam skeleton can enhance the mechanical
robustness; however, the water repellency of the coating is still
not desirable, sometimes pinning water droplets to the
surface.19 By contrast, the combined use of low-surface-energy
chemistry and micro-/nano-rough structure is eﬀective to
achieve a good interface between the coating and the soft
substrate (e.g., polymer foam), yielding stable water repellency
after abrasions.12,14,20,21 However, these coatings are readily
abraded under severe external deformations and/or harsh
environments, e.g., high temperature, strong acid/alkali
solution, and UV aging. Under such hostile conditions,
traditional polymer foams can change their local surface from
hydrophobic to hydrophilic and can even produce mutually
exclusive surface properties of mechanical robustness and
water repellency.15
Among the large family of porous polymer foam materials,
poly(dimethylsiloxane) (PDMS) foam materials have received
substantial interest in the past few years because of their easy
fabrication and intriguing properties, e.g., wide temperatureusage range (−60 to 260 °C), mechanical ﬂexibility, high
thermal and chemical stability, and good weatherability.22−24
Hence, such PDMS foams have been considered for various
potential applications.25−28 Unfortunately, due to the chemical
inertness of the lateral groups (e.g., methyl and phenyl) of the
PDMS molecules, the abovementioned surface-coating approaches have hardly been used to fabricate robust superhydrophobic PDMS foam materials.
Often, a particle-templating approach is employed to
fabricate hydrophobic PDMS foams with fast oil absorption
using cube sugar or salt particles as templates.18 The WCA
values of PDMS foams are only 120−130° (and not
superhydrophobic).29 The fabrication process involves shaping
and etching the particles and needs a vacuum apparatus, which
is undesirable for practical applications. To resolve these issues,
some solvents (e.g., p-xylene, hexane, octane, and ethanol30−33) were adopted without using the special templates/
apparatus to dilute the PDMS/particle mixture and prepare the

foams. Despite good surface hydrophobicity and oil absorption
of the foams, the process requires the use of centrifuges and
the removal of solvents (a relatively lengthy procedure), hence
restricting the large-scale production of this material. Recently,
a three-dimensional (3D) printing technique has been used to
synthesize hydrophobic PDMS foam materials without
solvents,18,34 which takes advantage of the adjustable foam
structure to obtain superhydrophobicity (WCA > 150°18) and
good oil absorption capacity. However, the need to prepare the
“printing ink” with an appropriate viscosity and the low
eﬃciency of the 3D printing process are time-consuming.
Hence, all of the above-proposed strategies show certain
deﬁciencies because special facilities and/or toxic solvents are
impractical. Indeed, most approaches require complex and
lengthy steps, e.g., high-temperature treatment, centrifugation
and vacuum, and template removal. Therefore, it is imperative
and challenging to develop a facile, fast, and green approach to
synthesize mechanically robust and surface superhydrophobic
PDMS foams.
In this work, we describe an extremely simple, ultrafast, and
environmentally friendly ﬂame-induced pyrolysis (FIP) strategy to fabricate mechanically robust and superhydrophobic
surfaces on PDMS foams, which requires only a few minutes of
the foaming process of the viscous PDMS prepolymers (Figure
1). Silicone rubber foam (SiRF) materials are ﬁrst prepared at
room temperature (RT), followed by an ultrafast ﬂame
treatment (only several seconds). The ﬂame-induced pyrolysis
(FIP) of PDMS molecules yields micro-wave-like and
nanosilica rough structures bonded on the foams’ surface,
whereby robust superhydrophobic surfaces with WCA > 155°
and WSA < 5° can be achieved by simply controlling the ﬂame
scanning rates. In particular, these robust superhydrophobic
surfaces on PDMS foams can be well retained after 100 cycles
of compression, tension, or bending, and in hostile environments (i.e., acid/sal/alkali condition, high/low temperature,
UV aging, and cyclic abrasion). Moreover, such superhydrophobic surfaces of SiRF samples display low adhesion
with ice and are healable after severe abrasion cycles.
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Figure 2. (a) Schematic of ﬂame treatment at diﬀerent moving speeds: (i) 0 cm/s, (ii) 15 cm/s, (iii) 5 cm/s, and (iv) 2.5 cm/s. Typical SEM
images and surface water contact and sliding angles (WCA and WSA) of SiRF materials (∼15 cm width) treated for diﬀerent times: (b) 0 s, (c) 1 s,
(d) 3 s, and (e) 6 s, indicating that ultrafast surface superhydrophobicity of SiRF foams can be achieved.
°C·min−1 in air. Thermographic analysis (FLUKE Ti 450 pro) was
also conducted to record the surface temperature during ﬂame
scanning.
Cyclic compression tests of the SiRF samples before and after ﬂame
treatment were performed using a DMA (TA-Q800) at a strain rate of
2000 μm·min−1. The surface hydrophobic properties of various
samples before and after ﬂame treatment or diﬀerent deformation
modes were obtained with a DSA30 CA analyzer (Kruss, Germany)
using a 3 μL water droplet, and the reported results are the average
value of ﬁve parallel measurements. Abrasion tests of the superhydrophobic surfaces of SiRF samples were conducted on sandpaper,
and subsequent surface hydrophobic properties were also measured to
analyze any changes in their structures.

2. EXPERIMENTAL SECTION
2.1. Materials. Vinyl dimethicone (∼0.6 wt % vinyl group),
dihydroxy PDMS, and hydrogen dimethicone (1.0 wt % hydrogen
group) were supplied by the Zhejiang Xinan Chemical Industrial
Group Co., Ltd. (Hangzhou, China). Karstedt’s catalyst diluted with a
concentration of 3000 ppm was supplied by Betely Polymer Materials
Co., Ltd. All materials were directly used without any further
puriﬁcation.
2.2. Preparation of SiRF and the Flame Scanning Treatment. SiRF materials were prepared by the following procedure in
several minutes. First, vinyl dimethicone, dihydroxy PDMS, hydrogen
dimethicone, an inhibitor, and a certain amount of water (as a
foaming agent, 0.2−1.8 wt %) were mixed at a speed of ∼1000 rpm
for 2−3 min to obtain a uniform mixture. Second, the Pt-based
catalyst was dispersed in the above mixture and stirred at 800 rpm for
40 s. Then, the mixture was poured into a mold and cured at 150 °C
for 1 h in an oven to obtain the SiRF materials. Finally, the prepared
SiRF samples with 150 mm width, 100 mm height, and 10 mm
thickness were ﬁxed in squarelike equipment using clips, and then the
sample surfaces were treated by ﬂame scanning at diﬀerent rates of
2.5−15.0 cm/s to fabricate the ﬁnal SiRF-FT-xs samples (FT is ﬂame
treatment and x is the treatment time). An ethanol ﬂame was ignited
for 2 min to obtain a stable ﬂame source. The center of the ﬁxed
sample and the ﬂame source were adjusted to the same height, and
the distance between the ﬂame source and the sample surface was
kept at ∼25 mm to ensure the ﬂame scanning treatment on the entire
surface of the sample. For comparison, pure SiRF controls were also
treated at a high temperature (500 °C) in an air oven for 0−20 s.
2.3. Material Characterization and Surface Hydrophobicity
Measurements. The structure and morphology of SiRF materials
before and after ﬂame treatment were examined using scanning
electron microscopy (SEM) (Sigma-500, ZEISS). Fourier transform
infrared (FTIR) spectra of various materials and SiRF samples were
conducted on an FTIR spectroscope (Antaris, Nicolet 7000) in the
range of 4000−600 cm−1. X-ray photoelectron spectroscopy (XPS)
was used to study the elemental compositions (VG Scientiﬁc ESCA
Lab 220I-XL). The thermal properties of the samples were obtained
by thermogravimetric analysis (TGA) (TA Instruments Q500) using
samples that were scanned from 35 to 800 °C at a heating rate of 10

3. RESULTS AND DISCUSSION
3.1. Flame-Induced Pyrolysis (FIP) Approach.
3.1.1. How Does FIP Work? An outline of our ﬂame-induced
pyrolysis (FIP) strategy is illustrated in Figure 1. The
fabrication process comprises a rapid foaming and crosslinking process at RT followed by ultrafast pyrolysis. The lowviscosity PDMS monomers (i.e., hydrogen dimethicone and
vinyl dimethicone) and the foaming agent (water) were mixed
for ∼30 s with a Karstedt platinum catalyst, and this mixture
can cross-link to form porous SiRF materials in ∼150 s by
adjusting the catalyst content (10−50 ppm). It is noted that
the ultrafast FIP process of only 1−6 s (by simply changing the
ﬂame scanning rate, as shown in Figure 2a) can endow these
SiRF materials with robust superhydrophobic surfaces and
retain their structural integrity. Such SiRF materials can be
processed in only 3 min and are amenable to relatively largescale production; the samples may be easily cut into various
sizes and shapes, such as triangles, squares, cylinders, and star
prisms (see the inset in Figure 1). As expected, the untreated
SiRF sample shows a very smooth surface with WCA of 118°
and WSA of >90° (see Figure 2b), indicating relatively poor
water repellency.35,36 After the FIP treatment, the formation of
23163
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Figure 3. Chemical design of SiRF materials at RT: (a) cross-linking reaction to construct the PDMS molecular network of the foam skeleton and
(b) foaming reaction between PDMS-H and water to generate hydrogen gases (n ≈ 60, m ≈ 10, p ≈ 20). (c) Thermal degradation and pyrolysis of
PDMS molecules during the ﬂame attack. (d) Thermographic images of the SiRF materials during the ﬂame scanning process at diﬀerent rates: (i)
15.0 cm/s, (ii) 5.0 cm/s, and (iii) 2.5 cm/s.

Figure 4. (a) WCA values of SiRF materials treated at diﬀerent temperatures from 200 to 500 °C for 10 s in an air oven, showing increased surface
hydrophobicity but inducing obvious structural damage (see the inset). (b) WCA and WSA values of SiRF materials treated at 500 °C for diﬀerent
times. (c) Comparison of WCA and WSA values of SiRF materials treated at diﬀerent temperatures and times (500 °C-5 s and FT-1300 °C-3 s).
(d) WCA and WSA values of SiRF materials (∼15 cm width) as a function of ﬂame treatment time 0−6 s, illustrating that surface hydrophobicity
can be obtained in only 3 s. (e) Comparison of the overall performance of ﬂame scanning methods at diﬀerent times. (f) Comparison of the
preparation time of silicone-based composites with surface superhydrophobicity via diﬀerent fabrication strategies, conﬁrming the highly eﬃcient
ﬂame treatment process.

3s) with ∼15 cm width, e.g., WCA = 158° and WSA < 5°. This
eﬀect is conﬁrmed by the diﬀerent water repellency behaviors
of untreated and FIP-treated surfaces exhibited in Figures S1
and S2 and Movie S1. Increasing the ﬂame treatment time
further improves the WCA but greatly reduces the WSA, while

rough surfaces from the special microwavy structure to the
porous nanosilica surface is visible on the SiRF skeleton (see
Figure 2c−e). Hence, the surface hydrophobicity can be
greatly improved and becomes superhydrophobic only after 3 s
of ﬂame treatment for the SiRF sample (denoted as SiRF-FT23164
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Figure 5. (a) XPS spectra and (b) FTIR results of SiRF materials for diﬀerent ﬂame treatment times. (c) TGA and DTG curves. (d)
Microstructure and surface morphology of SiRF materials for diﬀerent ﬂame treatment times: (i) 0, (ii) 1 s, (iii) 3 s, and (iv) 6 s, showing diﬀerent
multiscale rough structures formed on the skeleton surface after ﬂame treatment. (e) Schematic illustrating construction of micro-/nano-structures
on the surface by adjusting the ﬂame moving speed (ﬂame scanning rate).

oligomer and diﬀerent gases (e.g., CO2, CO, H2O, etc.).42
Meanwhile, under such high-temperature environments, the
silicone oligomer reacts with other molecules or further
thermally degrades to generate silica nanoparticles to deposit
on the foam surface.37 Hence, these high temperatures
accelerate the thermal depolymerization of silicones, thus
producing diﬀerent rough surfaces on the foam skeleton.
3.1.3. High-Temperature Treatment versus the FIP
Process. The strategies of using high-temperature treatment
of the silicone molecules have been reported to produce
hydrophobic surfaces, but some of these still need additional or
special processing, e.g., hot-pressing43 or microscale patterning,44 and the interfaces between the hydrophobic surfaces and
diﬀerent substrates are usually very poor, conferring unstable
surface properties. This has obviously restricted their largescale applications. Similarly, we tried adopting high temperatures to treat SiRF materials in an air oven, and the
temperature was set at 500 °C close to that of the ﬂame
scanning rate at 5.0 cm/s. As shown in Figure 4a, the WCA
increases with increasing temperature reaching >150° at 500
°C and depends strongly on the treatment time (Figure 4b).
Superhydrophobic surfaces of SiRF can be obtained when
heat-treated for more than 10 s; however, such a long
processing time causes severe structural damage of SiRF (see
Figure 4a inset) due to the thermal decomposition of the
skeleton. Clearly, the FIP method shows obvious advantage in
improving the surface water repellency of SiRF compared with
the high-temperature treatment (Figure 4c), and the surface

the pores are damaged and the surface structure is changed to
an unstable porous nanosilica layer,37 which is discussed in
detail in later sections.
3.1.2. Principle of the FIP Process. Speciﬁcally, silicone
molecules and a platinum-based catalyst were directly used to
cross-link the PDMS network at RT, and deionized water was
chosen as a green foaming agent.38,39 While the Pt-based
catalyst ensured the hydrosilylation reaction (cross-linking)
between vinyl dimethicone and hydrogen dimethicone
molecules to form the polymer network (Figure 3a),40 a
certain amount of water (0.2−1.8 wt %) was added to react
with hydrogen dimethicone to release hydrogen gases and
generate a porous structure (Figure 3b).22,41 Consequently,
environment-friendly SiRF materials could be rapidly achieved
by simply adjusting the starting composition of various
materials, especially the Pt-based catalyst content. During the
subsequent ﬂame scanning process, the PDMS network
undergoes thermal pyrolysis of the silicone molecules due to
their high-temperature environments (Figure 3c).40 The ﬂame
scanning process (∼1300 °C provided by the ﬂame) used in
this work exhibited a fast temperature rise (Movie S2). By
simply altering the ﬂame scanning rate, we could produce
thermal transfer and adjust eﬀectively the central temperature
near the foam surface (Figure 3d), e.g., 340−380, 480−520,
and >600 °C for 15.0, 5.0, and 2.5 cm/s, respectively.
Normally, temperatures over 300 °C induce partial depolymerization of the Si−O backbone and thermal decomposition of
the organic side groups of PDMS chains, releasing the silicone
23165
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properties depend strongly on the ﬂame scanning rate/time
(Figure 4d). A ﬂame scanning time of ∼3 s can produce
excellent surface superhydrophobicity of the SiRF sample
without aﬀecting other performances, that is, abrasion
resistance and mechanical ﬂexibility (Figure 4e), and the
throughput of this ultrafast process can be quite easily
improved by increasing the size of the burner source (>1
m2/min).
The comparison of the processing, treatment time, and
surface hydrophobic and mechanical properties of various
polymer foam materials is summarized and shown in Table S1.
PDMS-based foam systems were mainly chosen in the table
since they are comparable to the robust superhydrophobic
PDMS foam materials used in this work. Clearly, the ultrafast
FIP process developed in this work is green and advantageous
since neither solvents nor complicated processes are used,
which would otherwise have restricted large-scale productions.
Further, our FIP method for fabricating robust surface
superhydrophobic PDMS foam materials can be realized in
about 150 s, which is much more eﬀective and facile than any
previous surface coating, template transfer, and 3D printing
technique (Figure 4f).18,44−48 More importantly, our optimized PDMS foam materials have a good balance among the
fabricating process, superhydrophobic properties, and mechanical robustness and exhibit reliable water repellency after
complex cyclic deformation modes and hostile environmental
conditions, which is discussed later. Clearly, our ultrafast FIP
methodology is much more eﬀective in improving the surface
water repellency on the soft PDMS substrates in comparison
with other strategies. We do know that the robust superhydrophobic surfaces on the ﬂexible substrate depend on not
only the unique microwavy/nanosilica structures but also other
factors (such as the composition of the PDMS molecules,
ﬂame temperature, surface roughness, and surface energy), and
the signiﬁcance of these results is owing to the fact that the
ultrafast FIR treatment is indeed an eﬀective method to
fabricate the mechanically robust and surface superhydrophobic PDMS materials.
3.2. Origin of Superhydrophobic FIP-Treated SiRF
Surfaces. X-ray photoelectron spectroscopy (XPS) and
Fourier transform infrared (FTIR) spectra demonstrate an
increase in the oxidation state of Si atoms and the transition of
surface chemical composition (Figure 5a,b). With decreasing
ﬂame scanning rate, the C 1s peak intensity for the SiRF
samples at ∼286.2 eV (compared with the intensity of Si
bonding) displays a small decrease that is likely due to the
combined eﬀects of thermal decomposition of the methane
groups on the Si−O backbone and deposition of the C source
from the ethanol ﬂame.42 Meanwhile, the partial oxidation and
scission of the Si−O−Si bond generate inorganic SiO2 and
organic silicone “soot”,37 corresponding to the signiﬁcant
increase in the ratio of O/Si from 0.998 for the control to
1.051 and 1.565 for SiRF-FT-3s and SiRF-FT-6s (Figures 5a
and S3), respectively. Moreover, the characteristic peak of the
Si 2p (102.5−103.8 eV) binding energy for the control is
shifted to a slightly higher value of 104.1 eV for SiRF-FT-3s
(Figure S4a), suggesting that the Si atoms in the control were
not fully oxidized to SiO2.40 Because the organic groups can be
thermally degraded at high temperature, FTIR gives more
concrete results of the thermal oxidation of PDMS molecules.
Many organic groups (e.g., C−H2 at ∼2960 cm−1, Si−C at
1258 and 785 cm−1, and Si−O−Si at 1080 and 1008 cm−1, as
shown in Figure 5b) are found in the control sample.49 When

the ﬂame scanning rate is increased, some organic groups (e.g.,
C−H and other groups in the range of 1250−1750 cm−1)
show an obvious decrease in the peak intensity and even
disappear. Comparatively, the intensity values of Si−O−Si or
Si−C bonds display a gradual increase, conﬁrming the eﬀective
oxidation of Si atoms and formation of Si−C char (probably
initiated by the C source from the ﬂammable ethanol gas
during burning). Meanwhile, ethanol molecules on continuous
thermal decomposition would react with the silicone oligomer
to form the additional Si−C bond. This phenomenon is
supported by the FTIR spectra of SiRF materials treated in a
high-temperature oven. Figure S4b shows that a temperature of
500 °C can remove completely Si−C and −CH2 in only 10 s,
leaving the dominant Si−O−Si bond without an increased Si−
C bond. The above results indicate that the FIP process can
eﬀectively tailor the surface chemical composition of SiRF
materials with an adjustable organic/inorganic structure.
The surface superhydrophobicity of the SiRF materials
originates from the interplay between the low-surface-energy
chemistry (aﬀected by the decomposition of the PDMS
chains) and the micro-/nano-surface textures (induced by the
deposition structure).15,50 The FIP process can produce the
hierarchical micro-/nano-rough surface through controllable
degradation of the PDMS chains without aﬀecting the low
surface energy. Typically, the organic side groups and the Si−
O backbone near the SiRF foam surface are thermally
degraded in diﬀerent temperature ranges,51 which can be
conﬁrmed by the TGA results. Clearly, two temperature peaks
at ∼356 and 494 °C are visible for the obvious weight losses in
Figure 5c, which are comparable to the measured surface
temperatures shown in Figure 2d. During the ﬂame treatment
process, combustion of ethanol gas generates a high-temperature ﬂow to thermally degrade the PDMS molecules or react
with themselves in the ﬂame zone (that increases the Si−C
peak intensity in Figure 5b).21 Hence, a continuous and strong
ﬂame scanning yields a smooth surface of the control (Figure
S5) that is transferred into a microwavy and rough morphology
(see Figures 5d(i),(ii) and S6), which is likely attributed to the
combined eﬀects of the ethanol ﬂame ﬂow generated by the
ﬂame blaster and the rapid thermal pyrolysis of PDMS
molecules. At a lower ﬂame scanning rate of 5.0 cm/s (i.e., 15
cm width in 3 s of ﬂame treatment), the formation of unique
wider microwavy structures with 0.4−1.0 μm interval is visible,
and some nanosilica particles with 20−50 nm diameter are
found to be well attached on the foam skeleton (see Figures
5d(iii) and S6). The combination of low surface energy and a
microwavy/nanosilica rough surface (see the schematic
illustration in Figure 5e) reduces the liquid−solid contact,
yielding a Cassie−Baxter wetting behavior15,52,53 (Figure S7).
By further decreasing the ﬂame scanning rate to 2.5 cm/s or
increasing the ﬂame treatment time to 6 s, the temperature on
the foam surface increases signiﬁcantly. Consequently,
considerable amounts of silicone oligomer and soot are
generated and evaporated in the ﬂame zone, and they crosslink and redeposit on the skeleton surface, thus forming a
porous nanosilica layer (Figures 5d(iv),5e and S8). Similar
porous structures were observed in previous silicone resin or
silane-based coatings/aerogels.21,22,49,51,54,55 Clearly, these
results demonstrate that an appropriate ﬂame treatment can
tailor the surface temperature of the sample and properly
control the levels of degradation and pyrolysis of the PDMS
molecules, achieving desired water repellency.
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Figure 6. Digital images and water repellency of SiRF-FT-3s materials under diﬀerent loading modes: (a) compression, (b) stretching, and (c)
bending conditions. (d) Cyclic compressive stress curves of control SiRF, SiRF-FT-3s, and SiRF-FT-6s under 60% strain as a function of time.
Here, the maximum compressive stress of the SiRF materials is almost unchanged after ﬂame treatment, demonstrating excellent structural integrity
of the foams. Surface WCA and WSA values of SiRF-FT-3s samples under diﬀerent cyclic loading modes (100 cycles): (e) compression, (f)
stretching, and (g) bending. The surface superhydrophobicity of the samples can be well maintained under various applied deformation modes,
suggesting outstanding stability and durability of the multiscale rough structure formed on the foam surface.

ﬁnger scratching are retained. All of these results show that the
water repellency of SiRF-FT-3s displays excellent durability
under diﬀerent modes of deformation.
Besides excellent durability to various deformation modes,
the superhydrophobic surface of SiRF-FT-3s is also stable in
various acid/salt/alkali solutions and at diﬀerent temperatures.
Various acidic (pH 1), salt (pH 7), and alkaline (pH 14)
aqueous solutions were dripped onto the surfaces of SiRF-FT3s samples. As shown in Figure 7a, it is obvious that the strong
acid/salt/alkali water droplets still exhibit excellent water
repellency on the sample surface, and their corresponding
WCA values are practically unchanged, i.e., 154/155/152° for
these three solutions, respectively. Therefore, the superhydrophobic surface is suﬃciently durable to resist the acid/
salt/alkali solutions. Also, for both cold and hot water droplets
used, the surface superhydrophobic behavior of the samples is
still retained, i.e., 158 and 157° at 4 and 90 °C water,
respectively. In addition, the SiRF foam materials were exposed
to UV. As shown in Figure 6b, no signiﬁcant eﬀects on water
repellency can be found after UV exposure (320−400 nm,
4200 mW/m2 for 12 h, Figure 7b). The WCA and WSA values
after UV exposure are 156 and 3°, respectively. These values
are almost identical to those before UV treatment, indicating
excellent and stable surface water repellency.
3.3.2. Oil/Water Separation and De-icing Characteristics.
Moreover, the surface of SiRF-FT-3s samples shows excellent
water repellency and de-icing characteristics. The control SiRF
and SiRF-FT-3s samples were placed on the water surface and

3.3. Mechanical Robustness and a Superhydrophobic
FIP-Treated SiRF Surface. 3.3.1. Mechanical Loadings and
Harsh Aqueous Environments. An appropriate ultrafast FIP
process can produce an exceptional superhydrophobic surface
in the SiRF foams without aﬀecting the mechanical ﬂexibility
and robustness. Figure 6 shows the mechanical properties and
water repellency of the SiRF-FT-3s samples under diﬀerent
deformation modes. Figure 6a−c shows that SiRF-FT-3s
samples can recover their original size after subjected to severe
compression of 60% strain, tension stretching of 100% strain,
and 90° bending. These excellent results are attributed to the
well-retained structure during ﬂame treatment (see Figure
5d(iii)), which is quite diﬀerent from severe damages of the
sample after 500 °C for only 10 s shown in Figure S9a and
Movie S3. Hence, the control SiRF, SiRF-FT-3s, and SiRF-FT6s samples exhibit almost unchanged stress values for the 100
cycle compression tests (Figure 6d), indicating no structural
damage during the entire process.56 Further, the surface water
repellency of the SiRF-FT-3s samples during various
deformation modes is almost unchanged. Thus, with increasing
compression cycles, WCA is reduced slightly but still much
higher than 150° (Figure 6e), and WSA has a slight increase.
The changes are anyway less than 5° even after 100
compression cycles, conﬁrming the excellent water repellency
(see insets in Figure 6e). Similar excellent surface superhydrophobicity is displayed after cyclic stretching and bending
tests (Figure 6f,g). Also, as shown in Figure S9b,c and Movie
S4, the surface structure stability and water repellency after
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Figure 7. (a) Droplets on SiRF-FT-3s samples for aqueous solutions with diﬀerent acid/salt/alkali conditions and temperatures of 4 and 90 °C,
indicating the robustness of the surface. (b) Water-repellent property of the sample after UV exposure, showing stable surface superhydrophobicity.
(c) Comparison of the control SiRF and SiRF-FT-3s samples attached on water after the freezing process, displaying outstanding de-icing capability
of the latter. (d) Surface water self-sliding phenomenon of SiRF-FT-3s samples for various aqueous solutions: (i) apple juice, (ii) milk, (iii) mud
water, and (iv) Cola. The robust and superhydrophobic surfaces of SiRF-FT-3s samples show excellent surface cleaning for the above solutions.

Figure 8. (a) Cyclic abrasion process of the SiRF-FT-3s sample: (i) schematic of the sandpaper abrasion test and (ii) a digital photo. (b) WCA/
WSA values of SiRF-FT-3s and SiRF-FT-6s samples during cyclic abrasion tests. Compared with a rapid decrease in WCA and an increase in WSA
values of SiRF-FT-6s, SiRF-FT-3s after 20 abrasion cycles shows excellent stability of surface superhydrophobicity. (c) Digital photo and SEM
image of the SiRF-FT-3s sample after 20 abrasion cycles, conﬁrming that nanosilica particles are still well-attached on the rough solid surface. (d)
WCA/WSA values of the SiRF-FT-6s samples before/after 20 abrasion cycles and ﬂame retreatment, demonstrating healable water repellency.
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frozen in a refrigerator for 12 h, and the water became ice.
Figure 7c shows that pure SiRF is ﬁrmly attached on the ice
surface and is hard to peel oﬀ. Comparatively, SiRF-FT-3s can
be easily peeled oﬀ the ice surface, indicating outstanding deicing characteristics, which is attributed to the excellent water
repellency of the treated surface. As shown in Figure S10 and
Movie S5, compared with obvious water on the pure SiRF
foam surface, the SiRF-FT-3s sample displays no water residue
after similar water exposure, conﬁrming excellent surface
superhydrophobicity. As expected, the foam surface exhibits a
good water self-sliding phenomenon for various aqueous
solutions, including apple juice, milk, mud water, and Cola (see
Figure 7d and Movie S6). Hence, the robust superhydrophobic
surfaces of SiRF-FT-3s can be used for eﬃcient separation of
oil/solvent from water. As shown in Figure S11, the SiRF-FT3s samples display excellent absorption capacity for both
ﬂoating xylene (orange) on water and heavy CH2Cl2 below
water. In addition, these foams can be used for continuous
solvent/oil collection from water using a pump.57 It should be
noted that during the above processes, no water could pass
through the SiRF-FT-3s samples due to the excellent surface
superhydrophobicity,58,59 exhibiting good solvent/oil separation eﬃciency.
3.3.3. Abrasion and Healable Superhydrophobic SiRF
Surfaces. Superhydrophobic surfaces with low robustness that
are mechanically weak and readily abraded cannot have wide
applications.15,16 While a soft substrate can partially protect the
surface roughness due to its inherent ﬂexibility, abrasion
degrades the durability of a robust superhydrophobic surface.60−62 Typical sandpaper abrasion tests are illustrated in
Figure 8a, and a steel weight of 100 g was placed on the sample
in contact with the sandpaper (Grit No. 240) and moved for
100 mm along a ruler (see Figure 8a(ii) and Movie S7).14 This
sliding process is deﬁned as one abrasion cycle (Figure S12),
and the WCA values after ﬁve such abrasion cycles are given in
Figure 8b. It can be seen that the static WCA values are higher
than 150° for SiRF-FT-3s samples, indicating that the
superhydrophobic surface is maintained after mechanical
abrasions, which is consistent with their excellent structure
stability (see Figure 6). SEM observations revealed that the
micro-roughness and nanosilica particles are visible on the
foam surface without altering the microstructure (Figure 8c),
even after 20 abrasion cycles. By contrast, the water
superhydrophobicity of the SiRF-FT-6s sample surface shows
obvious deterioration in both the WCA and WSA values, e.g.,
from ∼158 to ∼140° for WCA and 3 to 17° for WSA after 20
abrasion cycles (Figure 8d). This is likely caused by the
removal of the unstable porous nanosilica layer (see Figure
5d(iv)). Interestingly, the degraded water repellency of the
abraded SiRF-FT-6s sample can be healed or recovered after
another round of ﬂame scanning treatment, which is further
demonstrated by the observed porous silica layer on the
skeleton (see Figure S13). Hence, as shown in Figure 8d, for
the sample that has undergone a second ﬂame scanning
treatment, the surface is healed and it fully recovers
superhydrophobicity (WCA > 150° and WSA < 10°) even
after 20 abrasion cycles. A similar healable feature is also
applicable for the SiRF-FT-3s sample (not shown). Clearly, the
surface water repellency of the PDMS foam sample is easily
recovered and healable after a new ultrafast ﬂame scanning
treatment, which makes the FIP method more attractive for
potenial applications.

4. CONCLUSIONS
In sumarry, we describe a ﬂame-triggered pyrolysis (FIP)
strategy for creating mechanically robust and superhydrophobic PDMS foams (that are typical of the class of porous
polymer foam materials). The fabrication process is easy,
ultrafast, and promising for large-scale applications. The
formation of hierarchical pattern-like rough structures strongly
depends on the ﬂame scanning rate due to diﬀerent thermal
pyrolysis behaviors of the PDMS molecules. An appropriate
ﬂame scanning rate produces a unique microwavy/nanosilica
rough surface on the soft foam skeletons, hence achieving
exceptional mechanical robustness and surface water repellency. The optimized surface of the PDMS foams after ultrafast
ﬂame scanning treatment possesses excellent structural stability
and superhydrophobicity under diﬀerent loading modes and
various complex conditions (e.g., acid/salt/alkali conditions,
high/low temperatures, UV aging, and harsh cyclic abrasion),
as well as excellent de-icing ability. Further, the micro-/nanorough surface on the ﬂexible substrates also exhibits fast surface
healing capacity even after a severe abrasion process. Thus, the
FIP strategy developed provides a facile and versatile approach
for fabrication and development of mechanically robust and
surface superhydrophobic PDMS foam materials, conquering
the mutual exclusiveness of mechanical robustness and water
repellency on the soft substrates.
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