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Spontaneous removal of liquid, solidifying liquid and solid forms of
matter from surfaces, is of significant importance in nature and
technology, where it finds applications ranging from self-cleaning to
icephobicity and to condensation systems. However, it is a great
challenge to understand fundamentally the complex interaction of
rapidly solidifying, typically supercooled, droplets with surfaces, and
to harvest benefit from it for the design of intrinsically icephobic
materials. Here we report and explain an ice removal mechanism
that manifests itself simultaneously with freezing, driving gradual
self-dislodging of droplets cooled via evaporation and sublimation
(low environmental pressure) or convection (atmospheric pressure)
from substrates. The key to successful self-dislodging is that the
freezing at the droplet free surface and the droplet contact area with
the substrate do not occur simultaneously: The frozen phase bound-
ary moves inward from the droplet free surface toward the droplet-
substrate interface, which remains liquid throughout most of the
process and freezes last. We observe experimentally, and validate
theoretically, that the inward motion of the phase boundary near
the substrate drives a gradual reduction in droplet-substrate contact.
Concurrently, the droplet lifts from the substrate due to its incom-
pressibility, density differences, and the asymmetric freezing dynam-
ics with inward solidification causing not fully frozen mass to
be displaced toward the unsolidified droplet-substrate interface.
Depending on surface topography and wetting conditions, we find
that this can lead to full dislodging of the ice droplet from a variety
of engineered substrates, rendering the latter ice-free.

wettability | superhydrophobicity | freezing | sublimation | icephobicity

he interaction of liquid water and ice with surfaces is funda-

mentally important in nature and many engineering applica-
tions (1-3). For decades researchers developed surfaces that repel
water—so-called hydrophobicity—as these are promising for anti-
fouling and self-cleaning applications (4-8). In addition, the ratio-
nal design of surfaces that passively inhibit surface icing—so-called
icephobicity—has gained attention in recent years, as ice affects the
safety and performance of a broad palette of applications ranging
from aircrafts and automobiles (transportation), to wind turbines
and electrothermal energy storage (energy), and to power lines and
roads (infrastructure) (9-13).

Recent investigations into the development of icephobic sur-
faces focused on ice nucleation delay by changing the surface to-
pography and wettability (14, 15), ice nucleation prevention by
droplet shedding due to self-propelled dropwise condensate co-
alescence on superhydrophobic surfaces (16), reduced contact
time during droplet impact by droplet splitting (17) and pancake
bouncing (18), as well as impact resistance to supercooled droplets
(19). Further research studied the role of environmental condi-
tions on the freezing process on surfaces (20, 21) and the freezing
dynamics (22, 23). Despite intensive work at the complex in-
tersection of nucleation thermodynamics, interfacial thermo-
fluidics, and materials micro/nanoengineering, eventual freezing is
often inevitable. Consequently, researchers also developed solu-
tions to reduce ice adhesion, e.g., by liquid-infused surfaces (24).
Recently, it was demonstrated that the physics of freezing dy-
namics at low environmental pressures can be exploited in
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mitigating icing by spontaneous levitation of water droplets during
nonequilibrium freezing on microtextured, superhydrophobic
surfaces, and guidelines for the design of surface textures con-
ducive to this behavior were suggested (25).

Despite the progress mentioned above, in the vast majority of
applications freezing water adheres and remains on surfaces,
resulting in ice accretion, which is a highly undesirable event. Here
we show and explain a freezing-driven ice-removal mechanism.
We find that a freezing sessile water droplet, which is cooled
primarily from its free surface, experiences a concentric inward
growth of the phase boundary from the free surface toward the
still unsolidified droplet-substrate interface. The key to successful
self-dislodging is that the droplet-substrate interface remains a
liquid throughout most of the process and freezes last. The volu-
metric expansion associated with the phase change, combined with
the incompressibility of the droplet core, the flow permittivity of
the still unsolidified droplet substrate interface, and the flow re-
striction imposed by the solid outer ice shell at the free surface, all
result collaboratively in a displacement of the unsolidified core
toward the substrate. Simultaneously, the inward phase-boundary
motion near the substrate (ice-liquid—vapor contact line) drives a
gradual reduction in droplet—substrate contact area (liquid-vapor—
substrate contact line). We observe that the displaced core lifts the
droplet away from the substrate, intrinsically prohibiting ice ad-
hesion associated with freezing. Combined with further freezing
and ice-shell growth, this can lead to a complete removal of the
freezing droplet. We term this mechanism droplet self-dislodging,
as the water droplet employs the freezing dynamics to remove
itself from the substrate upon which, in the absence of this mech-
anism, it would be lodged. The broad range of investigated sub-
strates and conditions is not capable of realizing the self-levitation
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or jumping behavior for droplets in contact with microtextured
superhydrophobic surfaces discussed earlier (25). Experimentally,
we study the effect of the surface-ice interaction, establish a
thermofluidic model to predict the outcome of the freezing event,
and deduce design rules for icephobic self-dislodging surfaces. We
demonstrate the robustness and the general applicability of the self-
dislodging process on a broad range of material groups, i.e., poly-
mers, ceramics, and metals, ranging from smooth and hydrophilic,
to nanotextured and superhydrophobic. This work gives insight into
the fundamentals of freezing on surfaces, introduces a passive, self-
cleaning mechanism, and can guide the further development of
hydrophobic and icephobic materials.

Results and Discussion

We investigated freezing-driven self-dislodging of supercooled
water droplets from engineered substrates; droplets were cooled
via evaporation and froze from a supercooled state in a low-
pressure, low-humidity environment [partial pressure of water
pv =0(1 mbar), Evaporative Cooling]. We performed the experi-
ments in an environmental chamber at room temperature (Ma-
terials and Methods). Fig. 1 shows an image sequence of a freezing
water droplet, from an initially supercooled state, on a smooth
[root-mean-square roughness O(1 nm)], hydrophobic glass sub-
strate. Fig. 14 (side view) and Fig. 1B (bottom view) are syn-
chronized; time zero is defined as the moment when freezing
starts. The freezing of the supercooled droplet proceeds in two
distinct stages (26). During the first stage (recalescence), which is
relatively short [duration O(0.01 s)], the droplet rapidly heats up
adiabatically from 7=-15+5 °C to T=0 °C (equilibrium tem-
perature, Fig. S1), resulting in a slushy mix of solid (¢ ~ 20 wt. %)

intervening
liquid layer

" substrate

Fig. 1. Phenomenon of self-dislodging. Synchronized (A) side- and (B) bot-
tom-view image sequences of a water droplet freezing—through evaporative
cooling—on a hydrophobic glass substrate (Movie S1). (C) Magnified side view
of a partially solidified droplet from the image sequence in A. Note the ice
(transparent) and slush (opaque) regions. The red dashed lines in A indicate
the outer droplet radius, rs, and the radial position of the ice-slush phase
boundary, re. The green dashed line in B indicates the droplet—substrate con-
tact radius, xc. (D) Magnified bottom view of a partially solidified droplet from
the image sequence in B. The black arrow highlights interference patterns.
(E) Contact radius, xc, and ice-shell thickness, (rs —r), vs. time, t. The self-dis-
lodging time, tsp, is defined from the start of freezing (t =0 s) until xc =0. The
initial droplet volume is 5 pL. The four small circular features visible in the first
image of B are vapor bubbles. [Scale bars: (A-C) 1.0 mm; (D) 0.5 mm.]

Graeber et al.

and liquid ((1 — ¢) ~ 80 wt. %) water; ¢ is the solid mass divided
by the total mass and depends on the degree of supercooling (14)
(Recalescence Freezing). In the second, longer stage [classical
freezing; duration O(1 s)], the remaining liquid water solidifies at
T=0°C. Fig. 1 A and B show that further droplet freezing—that
is, an increase in the thickness of the outer ice shell that proceeds
radially inward from the free surface (rs — rp)—is associated with a
reduction in the droplet-substrate contact radius, xc. Here, rs and
rg are the radial positions of the outer and inner phase boundaries,
respectively. The bottom-view images reveal that the ice beyond xc
no longer contacts the substrate. The low adhesion due to the lack
of contact is obvious in the end of Movie S1, where the frozen
droplet slides over the substrate. Fig. 1C shows an example of
what we identified as the ice shell (clear) and slushy core (opa-
que). Fig. 1D and Movie S1 show unequivocally that while freezing
is occurring, a continuous intervening liquid layer (ILL) is main-
tained between freezing droplet and substrate—due to the warmer
environment (T, ~23 °C) and also substrate (T, >0 °C)—as
identified by the strong interference patterns near the contact line.
We determined the thickness of this layer to be O(10 pm) (ILL).
The simultaneous reduction in xc and increase in (rs —rp) with
time ¢ is plotted in Fig. 1E. The total time for the droplet to self-
dislodge from the substrate is defined as fsp.

To investigate experimentally the effect of surface wettability
on the dislodging behavior, we prepared three types of glass
substrates with varying advancing (6;) and receding (;) con-
tact angles: hydrophilic (6, =56 +3°, 6 =31 +4°), hydrophobic
(6; =118 £3° 67 =93 +3°), and superhydrophobic (¢; =164 +1°,
0; =160 + 2°) (Materials and Methods). As mentioned above, when
supercooled droplets freeze, they undergo rapid warming, which
can cause the droplet to strongly evaporate (20). On specially
designed superhydrophobic microtextured surfaces, such vapor-
ization can produce an overpressure between the droplet and
substrate, which can overcome adhesion and initiate spontaneous
levitation (25). In contrast, here we study droplet—surface inter-
actions at low pressures on substrates with a wide range of wet-
tability (from hydrophilic to superhydrophobic) and topography
[from O(1 nm) to O(100 nm) root-mean-square roughness]. Due
to their composition and structure, these substrates are unable to
support high-vapor pressures and droplet self-levitation behavior,
revealing dislodging as the dominant ice-shedding mechanism
persisting over a broad range of wettability (Droplet-Substrate
Interactions at Low Pressure). On the three substrates studied here,
the water droplets froze repeatedly, but showed different dis-
lodging performance. Fig. 24 shows an image sequence of a
droplet freezing on hydrophilic glass, where we observe only
partial droplet dislodging. To demonstrate this, Fig. 2B shows the
droplet-substrate contact region (bottom view, through the
transparent substrate) of a droplet on hydrophilic glass 1.5 s after
freezing began. Here, we highlight two regions where the droplet
and substrate make contact: the center (green dashed line) and
peripheral (shaded red) areas. The peripheral region remained in
contact with the substrate during the freezing event and hindered
the removal of the droplet (Movie S2). Fig. 2C shows an image
sequence of a droplet freezing and dislodging from hydrophobic
glass. Fig. 2D shows the corresponding bottom view 1.5 s after the
start of freezing. In contrast to the droplet on the hydrophilic
substrate, the liquid-substrate contact area remained approxi-
mately circular and in one region (green dashed line), and kept
reducing itself over the course of the freezing event, leading the
droplet to self-dislodge completely from the substrate in a mean
dislodging time of tsp =2.22 +0.35 s (initial droplet volume 5 pL).
The above highlights the important role that wettability plays in
determining if droplet dislodging occurs or not. Fig. 2E shows an
image sequence of a water droplet freezing on and dislodging from
nanoroughened (~30-nm root-mean-square roughness), super-
hydrophobic glass (Movie S3). The image sequence shows that the
ice beyond the contact radius xc clearly lifts from the substrate and

PNAS | October 17,2017 | vol. 114 | no.42 | 11041

APPLIED PHYSICAL

SCIENCES


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1705952114/-/DCSupplemental/pnas.201705952SI.pdf?targetid=nameddest=STXT
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1705952114/-/DCSupplemental/pnas.201705952SI.pdf?targetid=nameddest=SF1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1705952114/-/DCSupplemental/pnas.201705952SI.pdf?targetid=nameddest=STXT
http://movie-usa.glencoesoftware.com/video/10.1073/pnas.1705952114/video-1
http://movie-usa.glencoesoftware.com/video/10.1073/pnas.1705952114/video-1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1705952114/-/DCSupplemental/pnas.201705952SI.pdf?targetid=nameddest=STXT
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1705952114/-/DCSupplemental/pnas.201705952SI.pdf?targetid=nameddest=STXT
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1705952114/-/DCSupplemental/pnas.201705952SI.pdf?targetid=nameddest=STXT
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1705952114/-/DCSupplemental/pnas.201705952SI.pdf?targetid=nameddest=STXT
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1705952114/-/DCSupplemental/pnas.201705952SI.pdf?targetid=nameddest=STXT
http://movie-usa.glencoesoftware.com/video/10.1073/pnas.1705952114/video-2
http://movie-usa.glencoesoftware.com/video/10.1073/pnas.1705952114/video-3
http://movie-usa.glencoesoftware.com/video/10.1073/pnas.1705952114/video-1

Fig. 2.

Effect of substrate wettability on self-dislodging behavior. Side view of water droplets (initially 10 pL) freezing on A, hydrophilic (Movie S2),

(C) hydrophobic, and (E) superhydrophobic glass (Movie S3), introducing the vertical lifting of the droplet y. Selected bottom views of droplets (initially 5 uL)
freezing on (B) hydrophilic, (D) hydrophobic, and (F) superhydrophobic glass (Movie S4). The contact area corresponds to the region inside the green dashed
line. Peripheral liquid-substrate contact area is highlighted in red. (Insets) Corresponding topographical scans by AFM. Gray scale bar for the height in-
formation is the same for all. (G) Thermographic images of a droplet self-dislodging under same conditions as C (Movie S5). [Scale bars: (A-G): 2 mm; Insets:

500 nm.]

no longer makes contact with it. Fig. 2F shows the bottom view of
a water droplet on the superhydrophobic substrate 0.2 s after the
start of freezing (fsp =1.11+0.39, initial droplet volume 5 pL,
Movie S4). The bottom-view perspective in Movie S4 also shows
how during freezing the ice beyond x¢ progressively moves out of
focus, indicating that it is moving away from the substrate. The
droplet-substrate contact region is confined to a smaller area—
relative to the hydrophilic and the hydrophobic cases—due to the
increased water repellency of the substrate. Also, for a constant
initial droplet volume, when supercooled droplets freeze on a
substrate, tsp decreases with increasing ¢, and ;. Fig. 2G presents
thermographs of recalescence freezing and the self-dislodging
process, allowing a noninvasive measurement of the droplet
free-surface temperature, revealing its rapid increase at the mo-
ment of recalescence freezing. Of particular interest here is the
subsequent surface temperature decline due to ensuing vapor
sublimation (Fig. S2 and Movie S5).

To elucidate the physical mechanism responsible for the droplet
self-dislodging behavior, we model the evolution of the radial
position of the solid-slush phase boundary rg(¢) for the case of a
solidifying sphere with an initial radius, rs. This is achieved by
balancing heat removal due to sublimation from the droplet free
surface, Qg, with heat generation due to phase change within the
droplet, Qp [one-phase Stefan problem (27)]. This model can be
applied to any approximately spherical cap geometry in contact
with a substrate, with an apparent contact angle §g—assuming that
the droplet-substrate interface is adiabatic, as the associated heat
rate Qg, << Qs, O (Fig. S3, Substrate Heat Transfer, and Spherical
Cap)—allowing us to determine the radial- ag(f), and vertical
position y(t), of the liquid-slush—solid—vapor quadri-junction
[s() = (ag(?),y(2))], Fig. 34. Since heat is removed from the free
surface, it follows that drg(¢) /dt < 0. In addition, we assumed that
y(t) <<ap(), which holds for low values of 65, and at 65 =110°,
y(t) mag(t), setting an upper limit for 5 where the above analysis
is appropriate for water (Quadri-Junction Motion). The assumed
spherical cap geometry of the droplet and the adiabatic droplet—
substrate interface justify solving the one-dimensional heat equa-
tion (spherical coordinates) for the case of a representative,
inward-solidifying full sphere (rs determined from the volume
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of the spherical cap and 6;), and later applying the results to the
investigated droplet, as

oT *T 20T
} [1]

o e [ﬁ*?y ’

with the necessary initial 7'(0,r) =T (freezing temperature of
water, 0 °C), and boundary conditions,

T(t,re)=Tr,

oT

(1_¢)'hF,w'pice'rze_[_lice;

} [2]
r=rg '

o (pvltrs)-py(re), 131

_ﬂice ;

r=rs

=C-hs-T(t,rs)™

where dice = Aice/ (Pice * Cice)s Pices Cices and Aice are the thermal dif-
fusivity, density, specific heat capacity, and thermal conductivity of
ice, respectively, iy and hg are the enthalpy of fusion and sub-
limation of water, respectively, and C is a constant from the
Hertz-Knudsen equation (28) (Stefan Model). The vapor pressure
of the ice-vapor interface is approximated as the saturation pres-
sure for that ice surface temperature, py(,rs) = pvsat(T(t,rs)),
while the vapor pressure at sufficiently large distance from the
ice-vapor interface is py(re)~1 mbar (Vapor Pressure Above
the Sublimating Surface). Fig. 3B shows a plot of the solution to
the above, (rs —rr) vs. t, whereby the full solution for a solidifying
sphere is used only for the region of the spherical cap that is
necessary for this specific case (droplet volume at the moment
of freezing 4.2 pL and 05 =96°) along with experimental values.
The ice thickness (rs — rg) is scaled by rs, the total length the phase
boundary traverses, and ¢ is scaled with 0.5r3/(@iceSt) (Stefan time
scale). Here St=cjc - AT /hpyw=0.06<<1 is the Stefan number
[cie=2.1J/(gK) (29), hpyw=334 J/g (29), and AT=10 K,
which is the typical average temperature difference observed in
simulations and experiments between rs and ¢ (Fig. S2 and Movie
S5)]. We see that (rs —rg) increases approximately linearly with ¢,
which is a departure from the linear one-dimensional Stefan

Graeber et al.
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Fig. 3. Effect of liquid-slush—solid-vapor quadri-junction motion on droplet
dewetting and dislodging behavior. (4) Schematics showing a droplet of radius
rs and contact angle 9; on a substrate (spherical cap), which is freezing due to
sublimation. The droplet periphery and core consist of ice (gray) and slush
(blue), respectively. The magnified region of the schematic highlights the
position of the liquid-slush-solid-vapor quadri-junction, s(t)=(ar(t),y(t)),
which is defined as the phase boundary position r¢(t) near the substrate. It also
highlights the ILL and its contact radius with the substrate, xc. (B) (rs —re) vs.
time t for theoretical (black line) and experimental cases for a freezing droplet
on a surface with 6; =96° and 4.2 L at the start of freezing (red line; four
individual experiments; shaded red region shows the SD). (C) af vs. t for the-
oretical (black line) and experimental cases (red line) as well as experimentally
measured xc (green line; five individual experiments; shaded green region
shows the SD). (D) Plot of s for experimental (blue) and theoretical (black) cases
for a droplet on a surface with 6; =96° and initial volume of 10 pL (Inset).
(E) Simulated (solid lines) and measured self-dislodging times tsp as a function
of 6; for two different volumes at the start of freezing: 4.1 + 0.3 pL (black) and
8.1+0.4 pL (gray). Each point is an average of at least five individual experi-
ments performed on as-purchased PMMA (symbol: open triangle), C4Fg-treated
PMMA (open circle), FDTS-treated PMMA (open square), FDTS-treated hydro-
phobic glass (solid triangle), nanotextured hydrophobic glass (solid circle),
and nanotextured superhydrophobic glass (solid square); error bars indicate
the SD.
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problem, where the phase boundary progresses as « +/f (30), and
that the experiments and simulation correlate well. With the abil-
ity to predict the shape and the position of the phase boundary, we
can compute experimental and theoretical values for the radial
component of the quadri-junction, s, through the following rela-

tion for a spherical cap, ap = y/r& —r2 cos?(65). It is instructive to

compare experimental and theoretical values of ap with experi-
mental values of xc, as shown in Fig. 3C. We note that they correlate
well in time, indicating that the position of the quadri-junction
strongly influences the observed dewetting behavior. This link

Graeber et al.

between ar and xc is to be expected due to the small thickness
of the ILL and the resulting importance of capillary forces: As
the quadri-junction moves radially inward (decreasing ar), a
growth in the thickness of the ILL and a reduction in xc becomes
energetically favorable (/LL).

As mentioned above, the key to successful self-dislodging is the
inward-moving phase boundary, where the free surface solidifies
first and the droplet—substrate interface freezes last. This freezing
behavior differs from that in ref. 23, where the ice shell formed on
the external surface was completely closed (also in the region of
contact with the substrate). As a result, the freezing phase
boundary in ref. 23 moved inward in a radially symmetric manner,
fully enclosing and compressing the (incompressible) liquid core
leading to ice-shell fracturing and an explosive shattering of the
partially frozen water droplet. In the present work, we found that
the frozen shell formed is not completely closed: In the contact
region with the substrate the droplet remains liquid. This is re-
sponsible for the manifestation of self-dislodging. To this end, we
also found that the frozen phase boundary moves inward but
asymmetrically, as the base of the drop in contact with the sub-
strate remains unfrozen and provides an exit for the also-unfrozen
core of the droplet, alleviating internal stress buildup. The con-
sequence of this though is that the droplet lifts from the substrate.
In what follows below, we focus on modeling the lifting motion.
During solidification, the droplet should expand due to differences
in densities and the incompressibility of the solid and liquid. Here,
the expansion breaks symmetry because the free interface freezes
before the droplet-substrate interface; therefore, solidification
causes mass to be displaced toward the unsolidified droplet-sub-
strate interface. Since the substrate is nonwetting, and the ice—
liquid—vapor contact line is pinned, the displaced mass is not
expected to spread away from the droplet and wet the surface
(ILL and Fig. S4). Therefore, the droplet should lift upward.
Using the principle of conservation of mass, assuming that the
droplet is a spherical cap and that the phase boundary progresses
radially inwards (Fig. 34), we estimate the rate of droplet lifting as

dzﬁrr(rF—rs-cos(eé))v‘F.(v(1—¢)—(1—¢)) 4]
di a wp+(-04) )

where v is the ratio between p;.. and the density of liquid water.
After integration of Eq. 4, we obtain y(¢), which, combined with
the previous findings on ag(z), yields a full solution for the
quadri-junction, s(¢) (Quadri-Junction Motion). Fig. 3D shows
theoretical and experimental values of s, which compare well,
validating the model (Fig. S5). Such profiles are reminiscent of
those obtained in freezing droplets on cold substrates, where
universal pointy tips are obtained upon full solidification on
top, at the center of symmetry of the drop free surface, albeit
here the pointed area is inversed and is located at the bottom of
the drop (22, 31). To summarize the above findings, Fig. 3E plots
experimental values of tsp vs. 0; obtained on six different sub-
strates using two different initial droplet volumes. Also included
are theoretical predictions of ¢sp, which is defined as the time it
takes for the radial component of the quadri-junction ag () to go
from its initial value to zero. The comparison with the simula-
tions shows good agreement for 65 between 70 and 110°, where
the model is valid, and a trend of decreasing fgp for rising 6.
Based on our analysis, we find that droplet contact line motion
(dewetting) can be well-predicted with the radial quadri-junction
motion; therefore, the time to complete droplet solidification at
the droplet-substrate interface can be simply estimated by the
Stefan time scale [0.5a3/(aiceS?)], and can serve as the design rule
when creating icephobic self-dislodging surfaces. For a spherical
cap as « 1/6 for a given droplet volume, implying that 6 has to
be maximized to minimize tsp. Furthermore, for droplet solidifi-
cation to occur, one should ensure that O, << Qg, O, which is
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achieved by minimizing substrate thermal conductivity, substrate
thermal diffusivity, and as (Substrate Heat Transfer and Figs. S6
and S7). Out of the broad range of substrates self-dislodging oc-
curs on, the above criteria enable us to determine the substrates
best suited for robust and fast self-dislodging.

To demonstrate the efficacy of this approach, Fig. 44 shows nine
water droplets self-dislodging in one experiment from a nano-
textured superhydrophobic glass substrate, satisfying the above
design criteria. In addition, Fig. 4 B and C shows water droplet self-
dislodging from other technically relevant materials, including
stainless steel and poly(methyl methacrylate) (PMMA), designed
to be sufficiently hydrophobic and thermally insulating for robust
self-dislodging events. To show that self-dislodging can also occur
under standard atmosphere environmental pressure conditions and
basically requires that heat transfer from the droplet free surface is
relatively large to ensure inward solidification, we performed ex-
periments where the droplet was cooled by a cold gas stream at
atmospheric pressure—relevant environmental conditions for ice
formation. Fig. 4D shows a droplet in contact with a nanotextured
superhydrophobic glass substrate—in an environment at atmo-
spheric pressure—exposed to a cold nitrogen flow (~-30 °C,
Movie S7). We see that as the droplet freezes, the phase boundary
propagates from the outside in, displacing the unsolidified core
toward the substrate causing the droplet to lift, reduce substrate
contact area, and fully remove from the surface, which is our
definition of self-dislodging discussed in detail earlier for vacuum
conditions (Fig. 4D, Insets). This underlines the importance of the
self-dislodging mechanism for a wide range of applications where
convective heat transfer from the droplet free surface is relevant.
Therefore, we demonstrate water droplet self-dislodging on a
broad range of material groups, including polymers, ceramics, and
metals, both in low- and atmospheric pressure environments and
expect that the identification and understanding of the phenomenon

Fig. 4. Robust self-dislodging on several coating compositions. (A) Top view:
nine water droplets self-dislodging from superhydrophobic glass. The substrate
is tilted by 2° with respect to the horizontal position (Movie S6). Fig. 2 (Inset)
shows the corresponding topographical scan. (B and C) Droplet self-dislodging
from hydrophobic stainless steel and FDTS-treated PMMA, respectively. (Insets)
Corresponding topographical scans by AFM. (D) Self-dislodging from super-
hydrophobic glass at atmospheric pressure (Movie S7). The droplet is cooled by
a stream of cold nitrogen. The dashed red line indicates the position of the
freezing front. Magnified contact regions are shown as insets and linked by
colored frames. Droplet volume: (A-C) initially 10 pL; (D) initially 5 pL. [Scale
bars: (A-C): 2 mm; (D): 1 mm; (B and C, Insets) 500 nm; (D, Insets) 1 mm).]
Scanning electron microscope images of the substrates are presented in Fig. S8.
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Fig. 5. Schematic of the experimental setup for self-dislodging visualization.
(A) Configuration for side- and top-view imaging with nitrogen inlet on the
left and a connection to vacuum pump on the right. The water droplet is
resting on the substrate, which is on a thermally insulating O-ring. Using LED
illumination and a high-speed camera, synchronized images and measure-
ments of pressure (p), RH, heat flux, and temperature (T1-T5) in the indicated
positions are recorded. (B) Configuration for high-speed bottom-view visuali-
zation through the transparent substrate with additional visualization from
the side. The substrate is attached to a PMMA window with a hole. The
droplet is placed on the inside of the chamber on the substrate, allowing direct
optical access through the substrate. Monochromatic red LED light passes a
beam splitter, is focused by an objective, interacts with the droplet substrate
interface, and is collected by the high-speed camera.

herein will pave the way to new approaches in the design of surfaces
extremely resistant to ice accretion.

Materials and Methods

Materials. In this study we used PMMA in thickness of 175 pm and 1 mm
obtained from Schlésser GmbH, borosilicate glass (BSG) in thickness 200 pm
obtained from Plan Optik AG, as well as sapphire in random orientation in
thickness of 200 pm obtained from UQG Ltd. We obtained the 1.4310 stainless
steel tape 10 mm wide, 0.1 mm thick, from H+S Prazisions-Folien GmbH. For
the chemical functionalization we used 1H, 1H, 2H, 2H-perfluorodecyltri-
chlorsilane, 96% (FDTS) from Alfa Aesar GmbH, hexane anhydrous 95% from
Sigma-Aldrich, isopropyl alcohol (IPA) from Thommen-Furler AG, deionized
water (DIW, Merck Milli-Q direct, resistivity >18.2 MQ cm).

Substrate Preparation. We used the substrates in their as-purchased state,
which is hydrophilic, and in their functionalized state, which is hydrophobic. To
render the substrates hydrophobic, we treated the substrates with FDTS: First,
we used a sputter tool (C5320S; Von Ardenne Dresden) to apply a layer of ~10-
nm silicon dioxide onto the PMMA and the sapphire samples to prepare them
for the FDTS treatment. Subsequently, we cleaned and activated all samples in
an oxygen plasma (7 min, 100 W; Plasma Asher Diener). We immersed the
samples in a mixture of 10 pL FDTS in 20 mL hexane (BSG and sapphire: 2 min;
PMMA: 1 min; stainless steel: 2 h), followed by rinsing in hexane (BSG, sap-
phire, and stainless steel: 1 min; PMMA: 10 s), rinsing in IPA (BSG, sapphire, and
stainless steel: 1 min; PMMA: 10 s), rinsing in DIW (BSG, sapphire, and stainless
steel: 1 min; PMMA: 105s), and heating for 10 min on a hotplate (BSG, sapphire,
and stainless steel: 120 °C; PMMA: 80 °C). We fabricated the nanotextured,
hydrophobic, and superhydrophobic glass samples using maskless reactive ion
etching (RIE) for 5 and 120 min, respectively, in an Oxford NPG80 (38 sccm Ar
and 12 sccm CHF;3 gas at 200 W). We measured the root-mean-square (rms)
roughness of as-purchased BSG by atomic force microscopy (AFM) in three
independent scans to be Ryys =1.1+0.1 nm (mean + SD). After exposure to
RIE for 5 and 120 min the roughness increased to Ryyms =3.8+0.2nm and
Rrms =25.7 £ 0.5nm, respectively. The FDTS treatment was the same as for
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the not-etched BSG samples. We fabricated the C4Fg-treated PMMA by exposing
the PMMA to a C4Fg plasma in a dry etching machine for 10 min (100 sccm, Alcatel
AMS 200). Table S1 lists the properties of the substrates including advancing/re-
ceding contact angles, 6, 67, and the thermal properties.

Experimental Setup. A schematic of the environmental chamber and the data
acquisition for side-view visualization is shown in Fig. 5A. In the environmental
chamber we can reduce the pressure by using a vacuum pump (RZ 2.5;
VACUUBRAND), create a dry environment by purging with nitrogen, and re-
duce for some experiments the temperature on the bottom of the aluminum
chamber with the help of a Peltier element. We use a connected pressure
sensor (CMR362; Pfeiffer Vacuum), a humidity sensor (IST AG LinPicco A05),
and temperature sensors (PT1000 and T-type thermo elements) to record the
thermodynamic conditions inside the chamber. We measured heat fluxes with
a heat-flux sensor (gSKIN — XM 26 9C calibrated; GreenTEG) applying thermally
conductive paste between the bottom of the chamber, the heat flux sensor,
and the substrate. We synchronized all signals with the high-speed images
with a National Instruments board (NI USB-6361) and the camera software
PhotronFastcamViewer. We used a high-speed camera (SA1.1; Photron) at up
to 2,000 frames per second and an LED front-side illumination (SL073; Ad-
vanced lllumination) to record the self-dislodging event from the side. For
bottom-view visualization the experimental chamber was mounted on an
inverted microscope setup using the high-speed camera, a 4x objective
(Olympus), and a red fiber-coupled LED light source (M625F1; Thorlabs) for the
bottom-view visualization through the transparent substrate. A sketch of the
inverted microscope setup is shown in Fig. 5B. We used an additional camera
(DCC1645C; Thorlabs) at 15-30 frames per second for simultaneous side-
view visualization.

Experimental Procedure. We used a pipette (20 pL; Eppendorf Research plus)
to place water droplets of initial volumes between 5 and 10 pL on the
substrate in the chamber. We closed the chamber, purged it with nitrogen to
reach a relative humidity below 3%, and opened the valve between the
environmental chamber and the vacuum pump.
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For the study on the wettability effect, we placed the substrate on an O-ring
limiting the heat transfer between the bottom of the chamber and the sub-
strate to a negligible amount. We performed 10 independent experiments per
substrate with an initial droplet volume of 10 pL focusing on high-quality side-
view visualization and 5 independent experiments per substrate with an initial
droplet volume of 5 pL focusing on the visualization of the droplet-substrate
interface. For all experiments on the wettability effect, we set the absolute
chamber pressure and temperature to be p,, =2+ 1mbar and T, =23+2°C,
respectively, and measure the relative humidity (RH) to be RH=3%, with an
uncertainty of 3% RH, resulting in a low vapor pressure py.

For the experiments at atmospheric pressure, we cooled the droplet with a
stream of nitrogen vapor directed at the sessile water droplet from above.
The nitrogen gas was produced by boiling liquid nitrogen (Kaltgas; KGW
Isotherm). The approximate nitrogen vapor temperature impacting onto the
droplet was measured with a thermocouple to be —30+5°C.

Substrate Characterization. To determine the wettability of the substrates, we
measured the apparent advancing (9}) and receding (¢;) water contact an-
gles by inflating (advancing) and deflating (receding) ~10 pL of water
through a flat-tipped plastic needle (GELoader Tips) using a syringe pump
(New Era Pump Systems). Using a detector (DCC1645C; Thorlabs), a zoom
lens (MVL7000; Thorlabs), and an LED light source, we captured images of
the wetting and dewetting dynamics, which we used to measure the contact
angles in ImageJ.

We measured the surface roughness with an AFM (Bruker AFM Dimension
FastScan) in tapping mode in air.
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