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ABSTRACT: Methods for fabricating super-liquid-repellent sur- S

faces have typically relied on perfluoroalkyl substances. However, ___ . llquid-like PDMS

growing concerns about the environmental and health effects of —

perfluorinated compounds have caused increased interest in @‘\ silicon dioxide particles
a

fluorine-free alternatives. Polydimethylsiloxane (PDMS) is most

promising. In contrast to fluorinated surfaces, PDMS-coated

surfaces showed only superhydrophobicity. This raises the question whether the poor liquid repellency is caused by PDMS
interacting with the probe liquid or whether it results from inappropriate surface morphology. Here, we demonstrate that a well-
designed two-tier structure consisting of silicon dioxide nanoparticles combined with surface-tethered PDMS chains allows super-
liquid-repellency toward a range of low surface tension liquids. Drops of water—ethanol solutions with surface tensions as low as 31.0
mN m™' easily roll and bounce off optimized surface structures. Friction force measurements demonstrate excellent surface
homogeneity and easy mobility of drops. Our work shows that fluorine-free super-liquid-repellent surfaces can be achieved using
scalable fabrication methods and environmentally friendly surface functionalization.

KEYWORDS: Friction, Nanoparticles, Superhydrophobic, Surface chemistry, Wetting

Inspired by structures found in various plants' and insects,”’ as the formation of fibrous silicone nanofilaments.”® Since
artificial super-liquid-repellent surfaces have been developed water has a high surface tension of 72 mN m™!, super-
for applications includin; self—cleaning,4 heat transfer,” anti- hydrophobicity is relatively easy to achieve. The lower the
icing,6 or antibiofouling.”® On super-liquid-repellent surfaces, surface tension of the liquid, the more difficult it becomes to
drops exhibit apparent contact angles exceeding 150° and roll engineer suitable surface morphologies supporting drops in the
off when the surface is tilted by less than 10°.”'° In order to Cassie state.'”'” To the best of our knowledge, so far
achieve this, appropriate surface structures combined with low repellency toward ethylene glycol (ygg = 47.7 mN m™') has
surface energy are required.“’12 Perfluoroalkyl substances are only been achieved by the partial decomposition of PDMS at
conventionally used to achieve super-liquid-repellency toward elevated temperatures.27 The results raise the question of
low surface tension liquids,''* yet there are growing concerns whether this is a fundamental limit caused by the interactions
toward this class of chemicals. They are persistent and may between PDMS and the probe liquid, or whether super-liquid-
bioaccumulate in humans, animals, and plants,"*~"" thereby repellency toward lower surface tension liquids can be achieved
posing a danger to human health such as thyroid disease, liver using suitable surface morphologies.
damage, and effects on reproduction and fertility.'” Therefore, In this work, we demonstrate that the poor wetting
fluorine-free alternatives are urgently needed. properties of previously reported surfaces result from the
Various strategies have been tested to design fluorine-free surface morphology. We present surfaces that are able to repel

surfaces, where droplets of water and low surface tension
liquids easily roll off.'® Silicones are considered promising
although super-liquid-repellency against low surface tension
liquids has not yet been achieved. There are multiple benefits
to silicones; they are nontoxic, biocompatible, colorless, and
cheap. Most importantly, they have a low surface energy of
approximately 20 mN m™."" The most common silicone is
trimethylsiloxyl-terminated linear poly(dimethylsiloxane) -
(PDMS). On flat surfaces functionalized with PDMS, aqueous Rec_e“'ed: SePFember 28, 2022
and organic liquids roll off at low tilt angles.”’>* However, the Rews_ed‘ Apr%l 6, 2023
velocity of drop mobility is typically a few orders of magnitude Published: April 11, 2023
below those on superhydrophobic surfaces. Superhydrophobic

PDMS surfaces have been prepared successfully by coating

preformed structures'®* or through one-step processes such

liquids with surface tensions as low as 31.0 mN m™), ie,
liquids having a surface tension more than 1S mN m™" lower
than previously reported data. Contact angles above 150°, low
roll-oft angles below 10°, and rebound of impacting drops
ensure high drop mobility. The surfaces consist of silicon
dioxide nanoparticles that are functionalized with surface-
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Figure 1. Scanning electron microscopy images of various particle-based surfaces: (a) liquid flame spray I (LFS I), (b) liquid flame spray II (LFS
IT), (c) sprayed silica particles (SSP), and (d) a candle soot coating (CSC). The insets show schematic illustrations of the particle structures with
the red lines indicating the structural differences in height. (e) Functionalization with dichlorotetramethyldisiloxane results in the formation of
surface-tethered linear PDMS chains which render the surfaces super-liquid-repellent. (f) Optical images of dyed 15 uL droplets of water (blue)

and ethylene glycol (orange) on a PDMS-functionalized SSP surface.
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Figure 2. Wetting properties of structured PDMS-functionalized surfaces prepared by liquid flame spray (LFS), sprayed silica particles (SSP), and
candle soot coatings (CSC). (a) Contact angle and (b) roll-off angle measurements using 6 L droplets of water and water—ethanol solutions. The
amount of ethanol was increased from 0 to 35 wt % in steps of S wt %. Surface tensions were measured using the pendant drop method. (c)
Contact (A) and roll-off (®) angle measurements using 6 uL droplets of ethylene glycol (EG) and diiodomethane (DI). Drop friction
measurements: (d) A thin glass capillary is brought into contact with the drop (V = 15 uL). The surface is then moved laterally at a constant
velocity (v) of 0.5 mm s™". The deflection of the glass capillary is measured using an optical microscope camera. Drop friction measurements using

(e) water and (f) a 20 wt % water—ethanol solution.

tethered PDMS chains. We demonstrate that a well-designed
roughness on the nano- and micrometer scale allows fluorine-
free super-liquid-repellency.

To investigate the significance of surface morphology and
overhang morphologies on the nano- and microscale on
fluorine-free super-liquid-repellency, we prepared a range of
silicon dioxide particle-based surfaces. Three fabrication
methods, namely liquid flame spray, spray coating, and the
deposition of soot from a paraffin candle were employed
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(Figure la—d and Supporting Information, Methods for
experimental details, and Figure S3a—d for top-view scanning
electron microscopy images).

In liquid flame spray (LFS), a liquid feed containing the
precursor (tetraethyl orthosilicate in isopropanol) was injected
into a CH,/O, flame where the feed evaporates and the
precursor combusts. Silica particles nucleate and grow. The
time and process distance at which nanoparticles are collected
determine their diameter, degree of aggregation, and the
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coating’s microscale roughness.”® A thin silica shell of
approximately 10 nm was added by chemical vapor deposition
to enhance the mechanical stability of the coatings. For the
sample LFS I, coated for 3 min at a 15 cm distance from the
burner, nanoparticles with diameters of 83 + 19 nm are
aggregated into structures with heights between approximately
8 and 10 ym (Figure 1a, Inset red lines). The sample LFS II
was coated for 2 min at a distance of 10 cm and displays
porous protrusions that vary in height by up to S pm.
Neighboring surface protrusions are spaced out by approx-
imately 10 to 20 um. The lower process distance causes
reduced growth times resulting in smaller nanoparticle
diameters of 47 + 8 nm (Figure 1b).

The second type of sample was prepared by spray coating
fumed silica particles with a diameter of 7 nm. The particles
were dispersed in acetone (S mg mL™") and sprayed onto the
substrates at a flow rate of 0.2 mL s~ at 2 bar and 10 cm
distance. During spray coating and drying, the particles form
aggregates with a diameter of 32 + 5 nm. These aggregates
assemble into porous features with heights varying by up to 20
pm and distances of up to several tens of micrometers (Figure
Ic). The sprayed silica particle (SSP) surface exhibits the
highest degree of micrometer scale roughness.

Candle soot coatings (CSC) were formed from the
combustion of paraffin wax in a flame.”” The soot deposit is
coated with a silica shell to introduce the surface hydroxyl
groups necessary for surface functionalization. The resulting
nanoparticles have a diameter of 85 + 18 nm. The surfaces are
homogeneous on the microscale; the height varies by less than
1 pm (Figure 1d).

If not stated otherwise, the surfaces are functionalized with
linear PDMS chains via solvent-free chemical vapor deposition
of dichlorotetramethyldisiloxane at ambient environment
(Figure 1f, Supporting Information, Methods for details on
the sample preparation).””*® The chlorosilane dimer is
hydrolyzed by water from the environment and reacts with
hydroxyl groups via condensation reactions (Figure le). This
reaction can occur between several species including the
surface hydroxyl groups, the hydrolyzed dimers, surface-grafted
PDMS chains, and loose oligomers. On flat surfaces, a two-
dimensional PDMS coating with a thickness of a few
nanometers is formed.*>*"**

To quantify the super-liquid-repellency we used water—
ethanol solutions. Increasing the fraction of ethanol allowed us
to gradually reduce the surface tension (Supporting
Information, Table T2 for surface tensions and contact
angles). For all samples, the contact angles of 6 uL drops of
milli-Q water exceed 165° (Figure 2a). Notably, both liquid
flame spray surfaces, LFS [-.PDMS (green) and LFS II-PDMS
(orange) even exhibit contact angles of more than 150° for
water—ethanol solutions with a surface tension of 31.0 and
32.8 mN m™', respectively. Impacting drops bounce off
(Supplementary Video M4). We observed roll-off angles of
less than 10° for all test liquids (Figure 2b, Supplementary
Video M1). The high contact and low roll-off angles are in line
with a stable Cassie state, where the liquids rest on a composite
solid—air interface.”””* On the sprayed silica particle surface
(blue), contact angles abruptly dropped to less than 100° for
surface tensions lower than 34.8 mN m™'. While the candle
soot coating (red) could repel liquids with surface tensions
down to 32.8 mN m™’, the contact angles were continuously
lower than the values observed using the LFS surfaces.
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For diiodomethane (yp; = 50.9 mN m™) roll-off angles
between 3° and 6° and contact angles well above 150° were
observed for all samples (Figure 2c). Drops of ethylene glycol
(e = 47.7 mN m™") rolled off both LES surfaces (green,
orange) at a 2° to 3° tilt.

Overall, superior super-liquid-repellency was observed for
the LES I-PDMS surface, which is able to repel water—ethanol
solutions with a surface tension of only 31.0 mN m™". This
suggests that a porous two-tier structure with protrusions
varying by a few micrometers in height is most appropriate.
Liquids with even lower surface tensions such as hexadecane
(yup = 27.6 mN m™') wet the surface. The Cassie—Wenzel
transition may be due to the low surface tension, an enhanced
affinity to the PDMS layer, or a combination thereof.

To resolve pinning of the three-phase contact line and detect
spatial heterogeneities even on the micrometer scale we
directly measured the friction force a drop experiences during
motion.”™*” The friction force is determined from the
deflection of a flexible glass capillary while the substrate
velocity was kept constant at v = 0.5 mm s™': Fp = koAx
(Figure 2d). Here, Ax is the deflection and k, the spring
constant of the capillary (Supporting Information, Methods for
details on the friction measurements and the normalization of
the data). Drop friction depends on the solid—liquid interfacial
area and therefore, on the drop volume. Hence, we normalized
the force to the drop radius (r = 1.5 mm from V = 15 mm?).

Using water, the friction forces measured on the LFS I-
PDMS surface were as low as 1.8 + 0.4 uN mm™, varying by
20% across the investigated distance (Figure 2e, Supplemen-
tary Video M2). For LFS II-PDMS, the average force increased
by 17% to 2.1 + 0.3 uN mm~. This is in line with a slight
deterioration of the wetting properties compared to the LFS I-
PDMS sample (Figure 2a). On the SSP-PDMS surface, a
stick—slip motion was observed resulting in variations of the
friction force of up to +30%. The pronounced roughness
results in localized pinning sites. On the candle soot-based
surface the force measurements reveal noticeable surface
inhomogeneities on the millimeter scale, caused by the less-
controlled sooting process. Depending on the surface, the
friction forces agree within 60 to 115% with friction forces
calculated from the integration of the horizontal component of
the liquid—air surface tension y along the three-phase contact
line®® (Supporting Information, Table 1 for calculated values
for drop friction).

Using a water—ethanol solution (y = 37.7 mN m™'), the
normalized friction force decreases on both LES by
approximately a factor of 2, i.e., proportional to the decrease
of the interfacial tension (Figure 2f, Supplementary Video
M3). The homogeneity of the surfaces is reflected in the
smooth shape of the force curves. The candle soot-based
surface exhibits the highest droplet friction with 3.7 + 0.59 uN
mm™". The larger friction of the water—ethanol mixture on the
candle soot coating hints that the lower contact angle (Figure
2a) and likely larger contact width cause the increase of the
normalized friction force (Supporting Information, Methods
for details on the friction measurements).

Both, the apparent contact angle and the friction force
measurements show that the LFS I surface, followed closely by
the LFS II surface, exhibits the most suitable surface
morphology for supporting drops in the Cassie state without
having to rely on the use of perfluoroalkyl substances. A
comparatively homogeneous microscale morphology increases
the solid—liquid interface, thereby reducing the super-liquid
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repellency (CSC, Figure 1d). On the other hand, a
pronounced roughness on the micrometer scale induces
pinning sites which increase droplet friction and roll-off angles
(SSP, Figure 1c).

So far, structures functionalized with perfluoroalkyl sub-
stances are the benchmark in the preparation of super-liquid-
repellent surfaces. To investigate the influence of surface
morphology on the performance of fluorinated surfaces, we
functionalized the four particle-based structures with perfluor-
ooctyltrichlorosilane (PFOTS) via chemical vapor deposition
(Figure 3a, b and Supporting Information Table T3). In
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Figure 3. Contact angle (A) and roll-off angle (®) measurements on
structured perfluorooctyltrichlorosilane-functionalized surfaces pre-
pared by a) liquid flame spray (LFS) and b) sprayed silica particles
(SSP) and candle soot coating (CSC). The wetting properties were
measured using water (y,0 = 72.0 mN m™"), diiodomethane (yp; =
50.9 mN m™'), ethylene glycol (ypg = 47.7 mN m™'), a 35 wt %
aqueous ethanol solution (1,0 gron = 31.0 mN m™!), and hexadecane

(Yap = 27.6 mN m™).

combination with PFOTS, all four surface morphologies are
able to support hexadecane (yyp = 27.6 mN m™") in the Cassie
state. Nevertheless, we observe superior super-liquid-repellency
using the LFS surfaces with roll-off angles of only 3° to 4°. The
highest roll-off angles are observed for the candle soot-based
surface. These results support the assumption that the
differences in super-liquid-repellency of PDMS-functionalized
surfaces are indeed due to the underlying particle structures.

Fluorine-free super-liquid-repellency towards a range of low
surface tension liquids can be achieved using PDMS. The poor
wetting properties of previously prepared surfaces result from
poorly designed surface morphologies rather than a conceptual
limitation to the use of PDMS. However, achieving super-
liquid-repellency is much more challenging than using
fluorination. Likely increased affinity of organic solvents with
the probe liquid causes slight swelling of the PDMS chains,
resulting in an increased effective interfacial tension between
PDMS and the probe liquid. Therefore, a suitable surface
morphology is even more essential. Surfaces prepared via liquid
flame spray show the suitable combination of dual-scale
morphology with overhang structures.

Porous structures on the nano- and micrometer scale exhibit
inherently low mechanical robustness. Although most
applications require high mechanical stability, this does not
hold in general. Comparatively low mechanical robustness is
demanded, for example, in the application as membranes in
water—oil separation®® and CO, capturing,’”*’ in (photo)-
electrocatalysis,*' and drop transport.

With concerns about the bioaccumulability and toxicity of
perfluoroalkyl substances on the rise, these results point a way
toward fluorine-free alternatives based on a suitable surface
morphology and a PDMS functionalization.
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Methods and supporting figures and tables (PDF)
Video M1: Roll-off angle measurements with 6 yL drops
of milli-Q water on LES, SSP, and CSC surfaces (AVI)
Video M2: Friction force measurements with 15 uL
drops of milli-Q water on LFS, SSP, and CSC surfaces
(AVI)

Video M3: Friction force measurements with 15 uL
drops of aqueous ethanol (20 wt %) on LFS, SSP, and
CSC surfaces (AVI)

Video M4: Drop impact using milli-Q water (4 uL) and
aqueous ethanol (35 wt %, 2.3 L) on a LFS I surface.
0.006X speed (AVI)
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