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Surfaces that can rapidly shed impacting drops are important for a wide range of applications, including anti-
icing, dropwise condensation and miniaturized drones. Previous strategies to reduce the contact time of
impacting drops are primarily based on engineering superhydrophobic surfaces through introducing secondary
textures, either macroscopic or nanoscopic, or constructing specifically designed nanotextures. Here, a facile and
effective approach is demonstrated to reduce the contact time of superhydrophobic surfaces by simply replacing
the widely used perfluorosilane (i.e., trichloro (1H, 1H, 2H, 2H-perfluorooctyl) silane, PFOS) coating with liquid-
like perfluorinated polyether (PFPE) surface chemistry. Though their apparent contact angles are comparable,
the PFPE-coated superhydrophobic surface exhibits a reduction of contact time up to 26% compared to the PFOS-
coated counterpart, attributed to enhanced retraction speed on the former surface. Remarkably, while a classical
inertial model predicts a merely 3% difference in retraction time between the PFPE- and the PFOS-coated sur-
faces, a drastic reduction of retraction time by 12-32% is observed. The improved retraction dynamics on the
liquid-like surface is suggested to be caused by the low contact angle hysteresis and enhanced interface slippage
on the liquid-like coating. This study offers a general strategy to enhance dynamic liquid repellency of super-
hydrophobic surfaces for diverse applications.

1. Introduction experimentally, and p, D, y are the density, diameter, and surface tension

of the liquid drop, respectively. Since then, a range of strategies have

Drop impact on superhydrophobic surfaces has recently attracted
extensive attentions for the significance in a wide variety of fundamental
and industrial research areas, such as self-cleaning of plants [1-4],
survival of insects in heavy rains [5-7], anti-icing of airframe [8-10],
drop-based heat transfer [11,12] and energy harvesting [13-15].
Richard et al., [16] quantified in 2002 the contact time of drop impact on
water-repellent surfaces based on inertial-capillary balance as t, = a
(pD3/87)1/ 2 where t, is the contact time, a is a prefactor determined
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been explored to achieve a reduced contact time below the theoretical
limit. A well-known method is introducing macrotextures to micro/
nanotextured superhydrophopic surfaces [17,18]. The macrotexture can
redistribute the drop mass and induce a non-axisymmetric recoil of the
contact line, enabling drop rebound with an impressive contact time
reduction. Symmetry breaking in drop bouncing also occurs on super-
hydrophobic surfaces with macroscopic curved morphology (e.g.,
Echevaria leaves), which allows asymmetric momentum and mass
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distribution and a consequent reduction in contact time [19]. Excitingly,
pancake bouncing, noted by Liu et al., exhibited a particular rapid drop
detachment in the absence of drop recoiling [20]. This is achieved by
imprinting superhydrophobic nanotextures on submillimetre-scale post
arrays, which can effectively rectify the surface energy of deformed
drops into upward liquid motion. More recently, Wang et al., demon-
strated the availability of shortening the contact time through employ-
ing compact nanoscale textures with size down to 100 nm on
superhydrophobic surfaces of high solid fraction, in which the effect of
line tension driven by the high contact line density promotes fast drop
rebound [6].

Despite the above tremendous progress, the reported methods are
primarily based on tuning the surface structures of superhydrophobic
surfaces by introducing secondary textures, either macroscopic or
nanoscopic, or constructing compact nanostructures of specific sizes.
This makes the fabrication inevitably relies on tedious fabrication pro-
cedures or particular structure design. Moreover, some surfaces requires
the drop to impact on certain position (e.g., the macrotextures) to
minimize the impact duration, which would to some extent limit their
applicability. A facile and general strategy capable of shortening contact
time of superhydrophobic surfaces is thus in high demand. Among the
diverse superhydrophobic surfaces, fluorinated coatings, such as PFOS,
are widely adopted for low-surface-energy functionalization. Herein we
show that a liquid-like PFPE coating featuring highly flexible molecular
chains can effectively reduce the impact duration of drops on super-
hydrophobic surfaces by enhancing their retraction dynamics. As a type
of grafted flexible polymer brush emerging over the last few decades,
liquid-like coatings exhibit exceptional and stabilized dynamic liquid-
repellency [21-24]. Previous studies on liquid-like coatings have paid
much attention to their intrinsic omniphobicity as well as ultra-low
hysteresis towards sessile drops [23,25]. In this paper, we investigate,
for the first time, to use liquid-like coatings to reduce the contact time of
impacting drops on superhydrophobic surfaces. The novelty of our
strategy is that the contact time can be effectively reduced by simple
surface modification with liquid-like coatings, and it is no longer
necessary to design complex and specific surface textures. Furthermore,
while a classical inertia model predicts a slight difference of 3% in
retraction time between the PFOS- and the PFPE-coated surfaces, we

Surface with micropillars Coating liquid-like PFPE brush

Chemical Engineering Journal 448 (2022) 137638

observe an at least fourfold increase in this time difference, attributed to
the low contact angle hysteresis and the interface slippage of the liquid-
like coating.

2. Results and discussion

It is well known that superhydrophobic surfaces can be made by
combining rough surface textures with low-surface-energy chemical
modification [26-33]. In this study, we used a micro-fabrication
approach to pattern micropillars on a silicon substrate, and coated it
with liquid-like PFPE polymer brushes (Fig. 1a). Scanning electron mi-
croscopy (SEM) image showed the uniform topography on the surface
(Fig. 1b). All the micropillars were cylindrical with a diameter D, of 10
pm, and were arranged in square lattices with a centre-to-centre spacing
Ly, of 20 pm, corresponding to ¢s = 0.20 where ¢; = nDp2 / 4Lp2 is the
area fraction of the solid in contact with the liquid (i.e., the solid frac-
tion). Noted that an increased ¢; can be achieved by designing more
compact pillar arrays, and vice versa. The PFPE polymer features highly
flexible molecular chains, characterized by its extremely low glass
transition temperature (-116 °C) [22,34]. At the molecular scale, the
torsional barrier of its repeated C-O-C bonds was comparable to the
energy of thermal motion, leading to a variable dynamic molecular
conformation [25,35]. As a consequence, the PFPE molecular chains
behave like a liquid at room temperature when covalently grafted onto a
solid substrate (Fig. 1c). In previous studies, we have found that a liquid-
like coating can enhance liquid repellency of non-wetting surfaces by
suppressing microscopic liquid residue when a drop moves away from
the surface [36,37]. This inspires us to explore whether such coating can
help to minimize the contact time of an impacting drop on super-
hydrophobic surfaces. A control sample was also prepared by applying
conventional PFOS coating onto the microfabricated surface with the
same structure (Fig. la, d). The successful grafting of PFPE and PFOS
was confirmed by X-ray photoelectron spectroscopy (Fig. 1e). The spe-
cific C-O-C bonding in PFPE polymer chains was identified by the O1s
XPS spectra (Fig. 1f). Although the PFPE- and the PFOS-coated micro-
pillared surfaces are both superhydrophobic with similar static contact
angles 05 (159° and 157°, respectively, Fig. 1c-1d), their advancing and
receding contact angles are distinct (Table S1). The PFPE-coated surface
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Fig. 1. Surface preparation and characterization. a) Schematic of the prepared micropillared surface coated with liquid-like PFPE brushes and the control sample
coated with PFOS. b) SEM image of the prepared surface with top diameter of pillars D, = 10 pm, height H = 45 pm and surface solid fraction ¢ = 0.20. c) Schematic
of the tethered PFPE molecule on the surface with high molecular mobility. The contact angle, contact angle hysteresis and sliding angle on the PFPE-coated
micropillared surface were 159°, 26° and 5.2°, respectively. d) Schematic of rigid PFOS molecule tethered on the surface as a control sample. The corresponding
contact angle, contact angle hysteresis and sliding angle were 157°, 37° and 10.6°, respectively. e,f) XPS spectra and the O 1 s spectra of the surfaces coated with

PFPE and PFOS.
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exhibits much lower contact angle hysteresis (i.e., the difference be-
tween the advancing and the receding contact angles) and sliding angle
than the PFOS-coated one, a typical characteristic of liquid-like coating.
To investigate how the liquid-like coating differs from conventional
perfluorosilane coating in affecting the contact time of bouncing drops
on superhydrophobic surfaces, water drops with diameters of 2.15 mm
(+0.5%) were let to impact on the prepared surfaces with a velocity of
0.48 m/s, corresponding to We = 6.8 (We = pDv?/y is the Weber num-
ber, and v is the impact velocity). This We was first chosen to demon-
strate the impact dynamics as the liquid-like coating displayed
significant advantages in contact time reduction under such condition. A
high-speed camera at the rate of 10,000 frames per second was utilized
to observe the drop bouncing processes, and the selected side-view
snapshots were shown in Fig. 2a. While negligible distinctions were
observed at the spreading stage, the retraction phase was pronouncedly
influenced by the surface chemistry. The drop retracted gently on the
PFOS-coated surface and detached from the surface at 14.5 ms. By
contrast, on the PFPE-coated sample, the contact line retracted much
more trippingly and the drop bounced off the surface within 10.7 ms
(Video S1). The simple replacement of perfluorosilane coating with
liquid-like coating thereby led to a contact time reduction of ~ 26%.
To explore the dynamics of impacting drops, we measured the
normalized contact diameter D./Dy (D, is the contact diameter and D,
the initial diameter of the drop) as a function of time for both surfaces
(Fig. 2b). The two series of contact diameters coincide in the whole
spreading process, and reach the maximum lateral extension synchro-
nously at ~ 2.4 ms. This is in accordance with previous reports, which
indicated that the spreading process is primarily determined by the ki-
netic energy of the impacting drop [38,39]. However, during the
retraction stage, the contact diameter for the PFPE-coated surface is
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always below that for the PFOS-coated surface, and the drop retraction
speed, characterized as the slope of the contact diameter plots, exhibits a
greater value on the former surface. Note that the plots were not smooth
at a few points. This was commonly seen in modest-We drop impact, in
which the capillary wave propagation cannot be neglected [40]-

The contact time t, of a bouncing drop on water-repellent surfaces
scales with the inertia-capillary time scale and obeys the following
equation [16],

. = a(pD3/8;/)1/2 (€D

We investigated the size-dependent contact time on the two surfaces
using drops of different volumes (Fig. 2c), and the results are in well
agreement with the scaling law of Eq. (1). On the PFPE-coated surface,
the fitting curve gives a prefactor of a = 2.7, which is smaller than that
on the PFOS-coated control surface with a = 3.6. This is unexpected for
drops bouncing on non-wetting surfaces made of micron-scaled struc-
tures. Previous works have shown the prefactor is profoundly influenced
by the dimension of surface texture [17,19,20,41-47] (Fig. 2d). In an
ideal condition of a freely oscillating drop, the prefactor is dictated by
the Rayleigh time formula trayteigh = 2 27[(/)D3/8]/)1/ 2 asa~ 22 [48].
On nano-textured non-wetting surfaces with low solid fraction f;, pre-
factor values closed to 2.6 were reported in a majority of relevant re-
searches [19,20,45-47]. This increase could be attributive to the
restricted vibration of droplets on the solid part of surfaces. When the
surface structures were amplified to micron level, the prefactor would
further increase to at least 3.1, and even up to 3.8 in some reports
[17,41-44]. In our study, the prefactor a = 3.6 of the micropillared
surface with conventional PFOS coating was indeed among the reported
range for solely microstructured superhydrophobic surfaces. Notably,
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Fig. 2. Comparison of contact time of impacting drops on the PFPE- and the PFOS-coated microtextured surfaces. a) Selected snapshots showing droplets impacting
on the PFPE- and PFOS-coated micropillars with solid fraction ¢; = 0.20 at We = 6.8. The droplet bounced off the PFPE-coated micropillars within 10.7 ms, while it
detached from the PFOS-coated control sample at 14.5 ms. b) Temporal evolution of the normalized contact diameter D./Dy (D, is the contact diameter and D, the
initial diameter of the drop). c) Curves showing the contact time as a function of the drop diameter. According to the equation of the drop contact time on water-
repellent surfaces t, = a(pD°/8y)'/?, the prefactor a for the PFPE- and the PFOS-coated surface were fitted as 2.7 and 3.6, respectively. d) Comparison of the prefactor
a of superhydrophobic surfaces with micron-scale and nano-scale structures. In the current study, while the PFOS-coated micropillared surface exhibits a prefactor of
3.6, in accordance with previous reports on microstructured superhydrophobic surfaces, the PFPE-coated micropillared surface achieves a greatly reduced prefactor
of 2.7, which is comparable to that of the nano-structured surfaces in previous publications.
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the prefactor on the same microstructured surface with liquid-like PFPE
coating is reduced to 2.7, which is comparable to that of nano-structured
superhydrophobic surfaces. This makes the liquid-like PFPE coating
highly promising to replace traditional perfluorosilane coating in
diverse applications of non-wetting surfaces to minimize the contact
time of impacting drops. Moreover, in practical scenarios, while main-
taining a similar low-level drop contact time, the slender and fragile
nanotextures could be substituted by robust microtextures to promote
the mechanical durability of non-wetting surfaces.

To investigate whether the contact time reduction enabled by liquid-
like PFPE coating is a general phenomenon, we studied the drop
impacting dynamics at a wide range of We conditions with a drop ve-
locity up to 1.31 m/s (corresponding to We = 50.7). Above 1.31 m/s, a
Cassie-to-Wenzel transition would occur on the microtextured surfaces
as the water hammer pressure would exceed the breakthrough pressure
of the micropillars (Fig. S1). Fig. 3a shows the snapshots of drop
bouncing on the PFPE- and the PFOS-coated surfaces at We = 50.7. Both
surfaces exhibit similar spreading behaviors and reach almost identical
maximum spreading diameters Dy,qy at 2.4 ms. However, their retraction
behaviors are distinct, which lead to notable difference in the contact
time. A drop lifted off the PFPE-coated micropillars within 11 ms (cor-
resonding to a prefactor a ~ 2.7 in the inertia-capillary time scale),
significantly faster than that on the PFOS-coated surface of 12.7 ms
(corresonding to a prefactor a = 3.1). The plots of time-dependent
normalized contact diameter are shown in Fig. 3b. Note that the plot
for the PFPE-coated surface is fairly smooth, demonstrating an approx-
imately constant retraction speed, whereas for the PFOS-coated surface
a less steep plateau is present at about 9 to 12 ms. Further investigations
indicate that the PFPE-coated surface always gives greatly reduced
contact time than the PFOS-coated one with We numbers from 3.8 to
above 50 (Fig. 3c), confirming the universality of using liquid-like
coating to suppress the contact duration. Via monitoring the detailed
impact dynamics, we were able to resolve the contact time into the
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spreading and the retraction components. The two surfaces exhibit
almost no difference in the spreading time at the same We (Fig. 3d). The
retraction time of the PFPE-coated surface is markedly less than the
PFOS-coated counterpart at whatever We (Fig. 3e), which consequently
leads to the observed difference in the total contact time between the
two surfaces.

A classicial inertial mode developed by Bartolo et al., [49] could be
attempted to analyse the drop retraction dynamics after impacting. A
drop impacting a surface at high velocity first deforms to a uniform film
at the point of maximum spreading. The capillary force acted on the
upper and the bottom sides of the film would then drive the edge to
recoil inwards, leading to a retracting rim and a stationary central film
[40,50]. Balancing the capillary tension from the film with the inertia of
the rim, the retraction speed V,. can be expressed as follows:

Vyer/Danas ~ [77(1 = cosbrec) /pD* ] )
where 6, is the receding contact angle. According to this scaling law,
the receding contact angle seemed to be responsible for the observed
difference in the retraction time 7, (estimated by et = Dmax/ Vryer)- It is
similar to what was observed by Antonini et al [51]. Here we define a
reduction factor of retraction time Ak = (Trer.pFOS - Tret-PFPE)/ Tret-PFOS, i1
which 7re.pros and 7....prpE are the retraction time on the PFOS- and the
PFPE-coated micropillars, respectively. A higher degree of reduction in
contact time would thus give a larger Ak. The receding contact angle of
the PFPE- and the PFOS-coated microtextured surfaces are 146° and
135°, respectively (Table S1). Substituting the above contact angles into
the above inertial model, a minute Ak of 3% is obtained. Remarkably,
the experimentally measured Ak values are drastically larger than the
theoretical reduction factor. As shown in Fig. 3f, a lowest Ak of 12% is
observed while the highest one is even up to 32% in our experiments.
That is, the reduction factors of retraction time between the PFPE- and
the PFOS-coated surfaces show an at least fourfold increase compared to
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Fig. 3. Investigation of contact time and its spreading and rectraction components at different We, and the mechanism analysis. a) Selected snapshots of droplets
hitting on the PFPE- and the PFOS-coated micropillars at We = 50.7. The surface solid fraction ¢; is 0.20. b) Plots of the time-dependent normalized contact diameter
for the two surfaces. c¢) Contact time of impacting drops on the the two surfaces at different We. d) Spreading and e) retraction time on the two surfaces. f) Variation
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the classical inertial model.

The huge discrepency between the experimental and the theoretical
Ak values suggests that, beyond the receding contact angle, the liquid-
like PFPE coating offers extra advantages to promote drop retraction
on the surface. Investigations of drop impacting behaviors on flat sur-
faces also confirm that liquid-like coatings can bring enhanced retrac-
tion dynamics beyond that predicted by the classical model (Fig. S2).
The drop retraction dynamics can also be understood from an energetic
perspective. As mentioned above, the drop spreads to a uniform film at
the time of maximum spreading (Fig. S3), which corresponds to a point
of maximum surface energy. This surface energy then drives the
recoiling of the peripheral rim by transforming the surface energy to
kinetic energy. In fact, the term y(1-cos6c) in Eq. (2) could be inter-
preted as the surface energy per unit area of the liquid film, though
strictly the receding angle 6., should be replaced by thermodynamically
most favorable apparent contact angle of the surface (which is in prac-
tice difficult to measure). This is why the surface contact angle domi-
nates the retraction dynamics according to the classical inertial model.
The minimization of the surface energy provides the driving force for the
drop retraction.

However, energy dissipation also takes place at the retraction stage.
If energy is well dissipated during drop recoiling, the transform of the
surface energy to the kinetic energy would become less effective, leading
to reduced retraction speed. We infer that the liquid-like PFPE coating
can effectively mitigate the energy dissipation of a retracting drop
compared to conventional perfluorosilane coating. Firstly, it is known
that the liquid-like coating possesses minimal pinning force towards the
solid-liquid-gas triple-phase contact line, often described as extremely
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low contact angle hysteresis [22,23,34]. The PFPE coating indeed shows
lower contact angle hysteresis than the PFOS coating (Table S1, S2). The
minimial pinning force of the PFPE coating is thus expected to reduce
the interface energy dissipation throughout the contraction of the con-
tact line on the surface. Drop rebounding experiments at very low We
confirm much lower interface energy dissipation of the PFPE-coated
micropillars compared to the PFOS-coated micropillars (Fig. S4). It is
found that a drop impacting the former surface at a low We of 0.97 can
rebound for multiple times, whereas on the latter surface the drop only
oscillates and can not detach from it. The observed difference could be
attributed to the reduced interface energy dissipation of the PFPE-coated
surface as viscous dissipation at such low impact velocity is neglegible.
Secondly, recent studies suggested that the liquid-like coating could
introduce additional interface slippage with increased slip length
through its unique lubrication effect [36]. This means that the boundary
liquid layer is less constrained by the solid surface and thus able to move
more synchronously with the bulk fluid. Decreased viscous dissipation
could thus be present on the PFPE-coated surface during drop retraction
in the case of drop impacting at relatively high velocity. Taken together,
the liquid-like coating are expected to reduce the energy dissipation
effectively during drop recoiling and thereby facilitate achieving a
higher drop retraction speed.

The reduced energy dissipation on the PFPE coating relative to the
PFOS coating is also verified by additional control experiments. As
shown in Fig. S5, when a drop impacts a flat PFPE-coated surface at We
= 3.8, the contact line retracts rather smoothly, and moreover the drop
can finally bounce off the surface swiftly (Fig. S5 and Video S2). In
contrast, on the PFOS-coated flat surface the contact line retracts rather
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Fig. 4. The ability of liquid-like PFPE coating to reduce the contact time of non-wetting surfaces with varied surface solid fraction ¢;. a-d) Comparison of the contact
time of impacting drops on the PFPE- and the PFOS-coated micropillars at different We with solid fraction ¢ of (a) 0.13, (b) 0.16, (c) 0.24 and (d) 0.31, respectively.
The insets in each figure show the SEM images of the corresponding microtextured surfaces.
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primly for an impacting drop of the same We, and the drop ultimately
gets firmly pinned on the surface. Clearly, the former coating presents
both enhanced contact line mobility and reduced energy dissipation.
The less energy dissipation of the liquid-like coating is also demon-
strated on the microtextured surface by the larger drop rebounding
height on the PFPE-coated micropillars relative the PFOS-coated coun-
terpart (Fig. S6).

We further verified the ability of the liquid-like coating in reducing
the contact time of non-wetting surfaces with various solid fractions
(Fig. 4). A range of microtextured surfaces with solid fraction ¢ varied
from 0.13, 0.16, 0.24 to 0.31 were employed in the investigation. For
whatever solid fraction, the contact time of impacting drop on the PFPE-
coated surface is always less than that on the FPOS-coated one,
regardless of the We. Though the classical inertial model still predicts
negligible difference in the contact time between the two surfaces, the
experimentally observed difference is noteworthy, similar to the case of
drop impacting on the microtextured surface with ¢; = 0.20.

Additionally, to demonstrate the strategy of using liquid-like coat-
ings to reduce contact time of impacting drops is applicable to liquids
with different surface tensions and viscosities, we performed a series of
experiments using ethylene glycol and its water solutions as the probe

a b

0 ms 2.5ms
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liquids. As expected, the PFPE-coated superhydrophobic surface always
showed a significantly reduced contact time than the PFOS-coated
counterpart for all the investigated liquids (Fig. S7), regardless of their
surface tensions,viscosities and drop sizes (Table S4).

Finally, to demonstrate whether the reduction of contact time of
impacting drops was a universal effect for liquid-like surface chemistry,
we extended our studies to another well-known liquid-like coating, i.e.,
the linear polydimethylsiloxane (PDMS) brush coating (Fig. 5). Ana-
logus to the PFPE, the PDMS polymer has an extremely low glass tran-
sition temperature (-127°C) and features highly flexible molecular
chains [21]. The PDMS brush coating can thereby also behave as a
liquid-like layer at room temperature [52-56]. We applied the liquid-
like PDMS coating onto the microtextured surface with ¢s = 0.20 and
compared its drop impacting behaviors with the PFOS- and the PFPE-
coated micropillars. The successful grafting of PDMS brush coating is
verified by XPS analyses (Fig. S8). Interestingly, the PDMS-coated sur-
face shows similar wetting property to the PFOS-coated one (Fig. 5a and
Table S1), and their receding contact angles are identical to be 135°. The
equivalent wettability of the two surfaces allowed us to better resolve
the influence of liquid-like features on drop impacting dynamics. Fig. 5b
compares the drop bouncing behaviors on the PDMS-, the PFPE- and the
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Fig. 5. Demonstration of contact time reduction by the PDMS brush coating, which is another well-known liquid-like coating. a) Schematic of the liquid-like PDMS
brushes coated on the micropillared surface. The contact angle, contact angle hysteresis and sliding angle on the PDMS-coated micropillars with ¢ = 0.20 were 157°,
37° and 7.7°, respectively. b) Selected snapshots showing drop impacting behaviors on the PDMS-, the PFPE- and the PFOS-coated micropillars at We = 44.7. The
corresponding contact time was 11.5 ms, 11.4 ms and 13.5 ms, respectively. ¢) Curves of time-dependent normalized contact diameters of impacting drops on the

three surfaces. d) Variation of the reduction factor of retraction time Ak at varied We. Noted that Ak here was defined as Ak =
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pros and 7. ppys are the drop retraction time on the PFOS- and the PDMS-coated micropillars, respectively. The inset compares the droplet contact time on the two

surfaces at varied We.
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PFOS-coated micropillars at We = 44.7. While the impinging drops
reached their maximum lateral extensions at the same time of 2.5 ms on
the three surfaces, their retraction processes make a difference (Video
S3). The drop on the PDMS-coated surface recoils almost as fast as that
on the PFPE-coated one, giving to a comparable contact time (11.5 ms
for the former and 11.4 ms the latter). In contrast, on the PFOS-coated
micropillars a much larger contact time of 13.5 ms is obtained. That
is, the PDMS coating shows similar capability to reduce the contact time
to the PFPE. The curves of time-dependent normalized contact di-
ameters for the three surfaces are plotted in Fig. 5c. The contact di-
ameters for the PDMS-coated surface are in between the other two sets of
values with a tendency to approach those of the PFPE-coated sample
(inset in Fig. 5¢). In particular, a gradually increased gap between the
curves of the PFOS-coated surface and the other two can be observed
with prolonged recoiling time, highlighting the distinction between the
liquid-like coatings and the conventional perfluorosilane coating. We
further measured the contact time of impacting drops on the PDMS- and
the PFOS-coated surfaces at varied We and analyzed the corresponding
reduction factor of retraction time Ak between the two surfaces (Fig. 5d).
Note that according to classcial inertial model the PDMS- and the PFOS-
coated surfaces should have the same retraction time due to their
identical receding contact angles (Table S1), and the theoretical
reduction factor Akgpe, should thus be 0. However, the experimental
reduction factor Ak at various We are calculated to be among 8% and
19%. These facts further confirm that, beyond the receding contact
angle, the liquid-like coatings indeed bring about unique advantages in
shortening the contact time of impacting drops by reducing the energy
dissipation during drop retraction.

3. Conclusion

In summary, we experimentally show that the liquid-like brush
coatings featuring highly mobile molecular chains are dramatically
conducive to reduce the contact time of a bouncing drop on super-
hydrophobic surfaces. Compared to traditional perfluorosilane coatings,
the liquid-like PFPE and PDMS coatings greatly enhanced the retraction
dynamics of impacting drops on the microtextured non-wetting surfaces.
In particular, the measured reduction factors of retraction time at varied
We are far beyond the theoretical values that are predicted by the
classical inertial model. We suggest that the low contact angle hysteresis
and the interface slippage of the liquid-like coating effectually reduce
the energy dissipation during drop recoiling, thus facilitate the
achievement of unthought-of performance in enhancing the drop
retraction dynamics. Our study offers a general and effective strategy to
reduce the contact time of impacting drops on non-wetting surfaces
based on simple surface modification. Moreover, by combining previ-
ously reported structure engineering approaches [6,17-20] with liquid-
like surface chemistry, non-wetting surfaces with extremely low contact
duration to impacting drops are expected to be created. Such surfaces
could realize unprecedented lower drop contact time than existing
surfaces, which are highly attractive to scenarios demanding ultrafast
drop shedding. We believe the above findings are of great importance to
develop functional surfaces of excellent dynamic drop repellency with
widespread application prospects in anti-icing, heat transfer, energy
harvesting and miniaturized air vehicles.

4. Experimental section
4.1. Fabrication of microtextured surfaces

The textured surfaces with cylindrical micropillars were fabricated
by combining photolithography with deep reactive ion etching (DRIE).
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First of all, a 500 pm-thick silicon wafer with 2 pm-thick SiO5 top film
was selected as the substrate. A layer of photoresist AZnLOF 2035
(MicroChemicals, GmbH), with thickness of 1.9 pm measured by the
step profiler (AlphaStep D-120, KLA-Tencor), was then spin-coated on
the substrate. The micropattern was designed by the Klayout sofware,
and was lithographed to the photoresist layer by the UV-light exposure
in a uPG501 mask writer (Heidelberg Instruments). After development
and post-baking, a 2 pm deep anisotropic SiO» etching (Table S5, recipe
1 in Supporting Information) was conducted by the DRIE system (Oxford
Instruments, PlasmaPro 100 Estrelas) to transform the pattern onto the
SiO5 top film. The remaining photoresist was further removed by ul-
trasonic cleanout in acetone and oxygen plasma cleaning. Ultimately,
ultilizing the SiO, pattern as a hard mask, a 45 pm deep Si post array was
achieved by a 240-loop DRIE Bosch Process (Table S6, recipe 2 in Sup-
porting Information). The surface was ready for further functionaliza-
tion after a second oxygen plasma cleaning, and the remaining SiO; top
cap was not required to be removed so that we could adjust the ¢ to
designed values precisely.

4.2. Surface functionalization

i). PFPE coating. The PFPE brush layer was coated on the micro-
textured surface and the smooth surface through the following method.
First, the as-fabricated surface was plasma-treated for 5 min using an
oxygen plasma cleaner (Harrick Plasma, PDC-002, O, flow rate = 15
scem, RF power = 30 W). Then, it was dip-coated by a 0.5 wt% solution
of trimethoxysilyl-terminated PFPE (Optool, Daikin) in Novec 7200,
followed with a 5 min solvent evaporation in air (25 Deg, relative hu-
midity ~ 50%). To achieve a firm grafting, the surface was subsequently
annealed at 130°C for 30 min. Ultimately, the PFPE-coated surface was
soaked in hexane for 2 h for a thorough cleaning.

ii). PFOS coating. A simple approach of chemical vapor deposition
(CVD) was used to coat PFOS. First, the as-fabricated surface underwent
a similar oxygen plasma treatment as mentioned above. It was then
placed into a vacuum desiccator together with an open glass vessel
containing about 0.2 mL 1H,1H,2H,2H-perfluorooctyltrichlorosilane
(PFOS, Sigma Aldrich, 97%). The vacuum was kept at ~ — 0.09 MPa
for 2 h to guarantee a complete silanization reaction. The PFOS-coated
surface was finally obtained after vacuum venting and volatilization of
unreacted silane residues.

iii) PDMS coating. The linear PDMS brush layer was covalently
tethered on the microtextured surface and the smooth surface by a two-
step synthetic route (Fig. S6). As a preprocessing, the as-fabricated
surface was treated by oxygen plasma with the same parameters
mentioned above. The first step was grafting of double bond groups on
the surface. The hydroxyl groups on the plasma-treated surface was let
to react with 0.4 mL chlorodimethylvinylsilane (TCI, 97%) for 5 minina
50 mL beaker containing 20 mL dichloromethane (General-Reagent,
AR), catalyzed by 25 mg 4-dimethylaminopyridine (Adamas-beta, 99%)
and 0.8 mL triethylamine (Adamas-beta, 99%). After cleaning by
ethanol and deionized water, the surface performed the second-step
reaction to tether PDMS molecules. A mixed solution of 0.6 mL mono-
hydride terminated polydimethylsiloxane (PDMS, Gelest, 5-8 cSt) and
15 pL Karstedt catalyst solution (Meryer, Pt, ~ 2%) was applied to cover
the surface and react with the double bonds for 24 h. The surface with
PDMS coating was then soaked in toluene bath for 2 h to remove the
unreacted residues.

4.3. Characterization

The surface morphology was characterized by an Auriga (Zeiss) FIB-
SEM system. The static, advancing and receding contact angles were
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measured using a Drop Shape Analyzer (Kriiss, DSA1008S). The sliding
angles were recorded using the Drop Shape Analyzer (Kriiss, DSA100S)
with the tilting-plate method based on 20 pL droplets. The chemical
compositions of the functionalized surfaces were detected by X-ray
photoelectron spectroscopy (XPS, AXIS Supra, Shimadzu). The impact
dynamics of droplets were recorded by a high-speed camera (VEO 710L,
Phantom) at 10,000 fps. Deionized water drops with various diameters
were generated from a micro syringe pump (Longer Precision Pump Co.,
Ltd, TJ-1A/L0107-1A) equipped with a series of fine needles. Note that
except for the experiments in Fig. 2c, all other impacting experiments
were based on drops with a uniform diameter of 2.15 mm. The drop
impact velocities, contact diameters, dynamic contact angles, contact
time, spreading time and retraction time were determined and analyzed
from the recorded movies using a custom-programmed MATLAB
(Math_Works Inc., USA) algorithm. All the experiments of drop impact
were conducted at room temperature with ~ 50% relative humidity.
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