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Abstract: Superamphiphobic coatings have attracted tremendous interest from both
academia and industry owing to their potential for self-cleaning and anti-fouling.
However, many state-of-the-art superamphiphobic coatings are unable to preserve their
super-repellent properties after prolonged liquid immersion. Thus, practical
applications have so far been drastically limited. Herein, we highlight the immersion-
stable performance of a nanostructurally-densified superamphiphobic coating
possessing super liquid repellency to water and various low-surface-tension liquids.
They exhibit excellent superoleophobic properties and functional stability even after
prolonged immersion in mixed synthetic and vegetable oils. This immersion-stable
superamphiphobic coating was also tested on household kitchen appliances under real-
world conditions. Particularly inaccessible components such as the impeller and grease
traps of range hoods were coated. Impellers demonstrate an improvement of up to 65%
contamination-resistance while grease traps remained largely dry after collected oils
were disposed. These findings highlight the potential of using nanostructurally-
densified superampiphobic coatings as anti-fouling surfaces in the kitchen environment,
with potential applications in petroleum extraction and oil transportation.
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1. Introduction

Inspired by superhydrophobic plants such as the lotus (Nelumbo) [1],
superamphiphobic surfaces with high static contact angles (> 150°) and sliding angles
(< 10°) for both water and oil have received a lot of attention from academia and
industry [2-7]. To achieve these peculiar surfaces, an appropriate combination of
surface morphology and low surface energy is needed [8-13]. The low surface adhesion
towards a wide range of liquids, including water, low-surface-tension oils, and organic
solvents, allows for the ease of their removal without leaving any residue. Due to these
multifunctional properties, they exhibit great potential for application in antifouling
materials [14], self-cleaning coatings [15], chemical shielding [16] and oil
transportation [17,18].

The use of superamphiphobic coatings for oily kitchen environments is
particularly promising as anti-fouling coatings on grease traps, kitchen ventilation
impellers, and kitchen exhausts. However, the adhesion and hardness of state-of-the-art
coatings remain too fragile to be directly cleaned by scrubbing. Therefore, we propose
the use of superamphiphobic coatings in difficult-to-reach components in appliances
which are inherently shielded from contact (i.e. impeller and grease trap). During
prolonged operation, most superamphiphobic coatings will experience immersion
under different liquids (i.e. mixed oils). Subsequently, they are known to lose their super
liquid repellency [19-23]. This is accompanied by shedding of the functional coating
and subsequent penetration by oil drops. So far, long-term resistance to oil immersion
is still fairly difficult to achieve (see Table S1). In other instances, researchers studied
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the tunability of network fluoroalkyl densification on nanoparticles for super liquid-
repellency but did not investigate prolonged oil-immersion [27]. Here, we propose to
overcome these drawbacks by optimal surface functionalization and densified nano-
structuring.

In previous literature, different kinds of superamphiphobic surfaces were prepared
using spray-deposition to form hierarchical structures. These legacy surfaces tend to
have large pore sizes [24], resulting in low breakthrough pressure. Inspired by such
super-repellent surfaces, we first used high degrees of surface-fluorination via the
means of cross-linked FDTS, which matches the lowest possible solid surface energy
[25,26]. Thereafter, we improved upon the state-of-the-art, by the use of a highly
compact nanoparticle coating, designed to have nano-scale pore sizes in order to
enhance breakthrough pressure, thus resistance to prolonged oil-immersion.

Previously, Hsieh et al. have fabricated a stable superoleophobic surface using a
hierarchical silica sphere stacking layer, which maintains its water and ethylene glycol
repellency after immersion for at least three days [19]. With improvements to scalability,
Wu et al. have prepared a series of superamphiphobic coatings based on hierarchical
FOTS-Si0; powders, which displayed excellent super-repellency even after soaking in
crude oil for ten days [20]. In other works, complicated synthesis methods and limited
oil immersion resistance continue to hamper real-world applications [31-34]. To date,
superamphiphobic coatings with abrasion resistance have been reported for various
applications [28,29,30]. For instance, some are composed of fluorinated multi-walled
carbon nanotubes that have been applied in anti-corrosion and self-cleaning [28].
However, these coatings are devoted to demonstrating enhanced mechanical robustness.
Notably, abrasion resistance is not equivalent to oil-immersion resistance due to
different breakdown mechanisms. Therefore, the focus of this work, on tuning liquid-
repellency and long-term immersion performance remains rarely investigated.

Herein, we propose a simple methodology for fabricating immersion-stable
superamphiphobic coatings. This is achieved first by spraying a primer resin coat and
thereafter impregnating the resin layer with functionalized nanoparticles. The coatings
exhibit high static contact angles and low sliding angles for a variety of low-surface-
tension liquids. These coatings have the following advantages: (1) The coatings were
facilely prepared by spray-deposition using pre-modified SiO2 nanoparticles having
high degrees of fluoro-densification; (2) The coatings exhibit stable
superamphiphobicity toward mixed synthetic and vegetable oils under prolonged
immersion with heating (up to 50 days at 80 °C). Coatings easily last beyond 60 days
of immersion under ambient conditions.

2. Experimental section
2.1. Materials
Fluoroethylene vinyl ether (FEVE) resin, acrylic acid (AA) resin, polyurethane
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(PU) resin, n-butyl acetate and curing agent (for fluorocarbon resins) were provided by
Nanjing WanQing Chemical GlassWare & Instrument Co., Ltd. 1H,1H,2H,2H-
perfluoro-decyltrichlorosilane (FDTS) and 1H,1H,2H,2H-perfluorodecyl-
trichlorosilane was purchased from Aladdin (Shanghai) reagent Co., Ltd. Silica sol was
purchased from Nanjing Super-roll New Material Technology Co., Ltd. Silica
nanoparticles with a size of 10-20 nm, absolute ethanol (EtOH), ammonium hydroxide
(NH3-H20, 28 wt%), tetracthoxysilane (TEOS) were purchased from Sinopharm
Chemical Reagent Co., Ltd. FEVE has been selected as a key component of the primer
due to 1) Excellent adhesion to the substrate and 2) Low surface energy. The impellers
and grease traps were provided by Hisense (Guangdong) Kitchen & Bath System Co.,
Ltd and BSH Electric Appliance (Jiangsu) Co., Ltd, respectively.
2.2. Preparation of the FEVE/AA composite primer

The primer composed of mixed resins was acquired by the dissolution of FEVE,
AA, silica nanoparticles and curing agent in n-butyl acetate. The mass ratio of n-butyl
acetate, FEVE, AA, nanoparticles and curing agents is 19.5:3:3:0.3:3. Firstly, FEVE
and AA were dispersed in n-butyl acetate and stirred for 2-4 h. Silica nanoparticles were
then added into the biphasic mixtures. Subsequently, curing agents were added to the
mixtures, and continuously stirred for 10 min.
2.3. Preparation of the superamphiphobic nanoparticle suspension

1.2 g silica sol was diluted and alkalified in an alkaline solution containing 8 mL
of deionized water and 4 mL of ammonium hydroxide. After ultrasonic dispersion for
10 min, the mixture was slowly added into 80 mL of EtOH with continuous stirring for
30 min. Subsequently, different amounts of FDTS was slowly added into the system
(defined as wt % of the total mixture). The superamphiphobic nanoparticle suspension
was obtained after the reaction was completed in 24 h.
2.4. Spray-coating of superamphiphobic coating

An airbrush (working distance = 10 cm, pressure = 60 bar, flowrate = 0.13 mL/s)
was first used to coat the FEVE/AA composite primer onto the substrate (2.7 L/m?).
After semi-curing for several minutes at ambient temperature, the superamphiphobic
nanoparticle suspension was sprayed onto the composite primer (8.5 L/m?). Finally, this
layered superamphiphobic coating was cured for 24 h at room temperature. The detailed
process is presented in Fig. S1. Test samples (glass slides) were only coated on one side.
2.5. Surface Characterization

The morphology of samples was observed using a field-emission scanning
electron microscopy (FESEM) and a transmission electron microscope (TEM), which
were conducted using a Sirion instrument and a G2-20 instrument (FEI Corporation,
Hillsboro, USA), respectively. The physical adsorption of N> at 77 K was performed
via a fully automated surface area and porosity analyzer (Quantachrome, Florida, USA).
Specific surface areas were determined by the Brunauer-Emmett-Teller (BET) method.
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The static water contact angles (CAs) and sliding angles (SAs) were determined
through an OCA 15Pro contact angle goniometer. Test samples were measured at five
different positions and presented in mean + standard deviation.

3 Results and discussions

3.1. Fabrication of superamphiphobic coatings
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Fig. 1. A schematic representation of the hard-to-clean components of a range hood and the wetting
properties of water and oils on superamphiphobic coatings. (a) The schematic of a typical range
hood, highlighting components (red and orange boxes) that were coated by the as-prepared
superamphiphobic coating. (b) (Top) The superamphiphobic coating embedded with fluoroalkyl
modified SiO, (FM-SiO;) nanoparticles was permeated by oil after immersion for a few days.
(Bottom) The superamphiphobic coating embedded with fluoroalkyl densified SiO, (FD-SiO»)
nanoparticles displayed excellent oil immersion resistance for over 60 days.

Coatings were fabricated in a simple and highly efficient manner, as schematized in Fig.
S1. The superamphiphobic coatings were prepared by the combination of a polymer
composite primer and functional nanoparticles (See Experimental Section), and sprayed
onto a variety of kitchenware components and other test substrates (Fig. S2, Video S1).
Two differently- functionalized superamphiphobic coatings were used for comparative
purposes, as schematized in Fig. 1. We know that 1H,1H,2H,2H-perfluoro-
decyltrichlorosilane (FDTS, tri-functional) plays a crucial role in forming a network
during functionalization. Self-condensation takes place spontaneously during the
process. Covalent bonding takes place primarily between the hydroxyl groups on silica
and the trichlorosilane groups (condensation), forming a primary functional layer on
nanoparticles. With sufficient trichlorosilane, oligomers are able to form via stochastic
self-condensation reactions occurring between the trichloro- functionalities of the
silanes under ambient moisture (self-condensation). With excess trichlorosilane,
oligomers further react to form a network. This represents the well-known network
polymerization mechanism belonging to trichlorosilanes [35]. The proposed

mechanism is presented in Fig. S3. Upon increasing the concentration of FDTS, the
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degree of polymerization increases. Initially, a low concentration of FDTS (i.e. 0.21%)
likely only induced the formation of a predominantly covalently-bonded fluoroalkyl
modified layer on SiO; nanoparticles (FM-SiO.). Using a high concentration of FDTS
(i.e. 0.45 wt%) in the reaction results in denser (ca. 45 wt %) network-bonded
fluoroalkyl layers on SiO; nanoparticles (FD-SiO,), building on top of initial layers.
Thus, superamphiphobic coatings embedded with FD-SiO> nanoparticles possess
densified fluoroalkyl network packing at the sub-and-nanoscopic domains, potentially
aiding in its long-term oil immersion stability. In contrast, the superamphiphobic
coating embedded with the slightly less densely functionalized FM-Si0O, nanoparticles
(40 wt%) was found to be prone to higher oil adhesion and poorer oil immersion
resistance (Fig. S4). This occurs despite achieving quasi-similar surface morphologies.

In the process of hydrolysis and fluoro-functionalization, FD-SiO; particles with
hierarchical structures were obtained. The TEM images in Fig. 2a show that the
functionalized nanoparticles were crosslinked and poly-condensed to some extent. On
the contrary, untreated silica nanoparticles were comparatively discrete (Fig. S5). The
surface morphology of the superamphiphobic coatings was characterized using FESEM.
Fig. 2b and c show that the coatings were evenly distributed on the composite resin,
highlighted by the presence of stochastic nanopores (11~184 nm). Supplementary SEM
images with different magnifications are presented in Fig. S6. The dense micro- and
nano-structured (hierarchical) surfaces are vital for the so-called Cassie-Baxter state
which prevents wetting. In the SEM images of both FM-SiO, and FD-SiO»,
nanoparticles are assembled into aggregates which are anchored into the composite
primer during coating, with a thickness of ca. 13 um (Side views: Fig. S7). The resulting
surfaces trap air within the hierarchical architectures, giving rise to excellent liquid
repellency. In principle, there could still be minute differences in the morphology
belonging to the two types of superamphiphobic coatings presented here. Nonetheless,
the immersion resistance observed for the coating embedded with FD-Si0, was notably
far superior to that embedded with FM-SiO; nanoparticles. We ascribe this
improvement to both the improved degree of surface network functionalization, and the
nanostructural packing of modified SiO; particles.

Specific surface area (SSA) analysis using the Brunauer—-Emmett-Teller (BET)
method is highlighted in Fig. 2d. Upon increasing the concentration of FDTS, the SSA
of the fluorinated SiO, particles decreased from ~300 m?/g (bulk silica) to 35 m*/g (at
a FDTS concentration of 0.45-0.60%). FM-SiO nanoparticles had a SSA of 130 m%/g
compared to FD-SiO> nanoparticles” SSA of 30 m?g. Due to the network
polymerization reaction, we believe that the crosslinking and multilayer stacking of
fluoroalkyl chains formed a denser and thicker (cross-linked) network structure around
the nanoparticles, resulting in the reduction of measured surface area. Notably, the
change in SSA was only stabilized at relatively high reaction concentrations (i.e. 0.45
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Fig. 2. Characterization of the network-functionalized silica nanoparticles and the wetting properties
of the superamphiphobic coatings. (a) TEM image of the FD-SiO, nanoparticles. (b) SEM image of
the superamphiphobic coating embedded with FM-SiO; nanoparticles. (c) SEM image of the
superamphiphobic coating embedded with FD-SiO, nanoparticles. (d) The specific surface area
analysis of fluoro-functionalized nanoparticles treated with various reaction concentrations of FDTS.
SSA results describe the evolution of a denser and thicker functional network layer. (¢) The variation
of FDTS concentration and its influence on contact and sliding angles of n-decane on
superamphiphobic coatings. (f) The effect of FDTS concentration on the actual fluorosilane grafted
on nanoparticles (represented as a w/w ratio).

The wettability of the superamphiphobic coatings was assessed using contact
angle goniometry with n-decane (y = 23.8 mN/m). These tests revealed high static
contact angles (> 150°) and low sliding angles (< 10°) upon achieving the surface
grafting density of beyond 45 wt%. The equilibrium plateau observed for CA and SA
in Fig. 2e demonstrates that coatings remain non-wettable towards the low-surface
tension liquid, therefore achieving superamphiphobicity [36]. Despite showcasing
similar repellency to n-decane, the density of grafted fluorosilanes is slightly dependent
on the reaction concentration of FDTS. This analysis was supplemented by TG analysis,
as shown in Fig. S8, which provides a direct measurement of grafted fluorosilane. The
weight loss observed in the TG curves from 400 to 590 °C represents the weight
percentage of grafted fluorosilane. The results in Fig. 2f indicate an optimal reaction
composition for the network polymerization reaction. Grafting functionalization of
SiO2 nanoparticles at a FDTS reaction concentration of 0.45 wt% provides the
maximum degree of densification. These have so-far been referred to as the fluoroalkyl

densified SiO2 (FD-Si0z) nanoparticles. As for the particles treated at a comparatively
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low FDTS reaction concentration of 0.21 wt%, modification by the fluoroalkyl
functionality is expected to occur with lower extents of crosslinking and multi-layer
stacking. These have so-far been referred to as the fluoroalkyl modified SiO2 (FM-SiO3)
nanoparticles.
3.2. Oil immersion resistance

The coatings embedded with FD-SiO2 nanoparticles exhibited excellent
liquid repellency performance to various low-surface tension-liquids and
resistance to oil immersion. Drops of soybean oil, paraffin, cyclohexane,
hexadecane and ethanol-water solutions on FD-SiO> coated glass slides
preserved near spherical drops with high CAs of >150° and low SAs of < 10°
(Fig. 3a and c).
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Fig. 3. Oil immersion resistance of the superamphiphobic coatings. (a) The contact angles and

3 days
sion. Tmmersion

sliding angles of liquids with various surface tension on the coating embedded with FD-SiO». (b)
The variation in the contact angle and sliding angle of soybean oil on different coatings after
prolonged immersion in mixed oils; the inset shows drop profiles after different days of immersion
of FD-Si0O; coating. The mixed oil was composed of soybean oil and n-decane (3:1, v/v, y = 27.4
mN/m). (c¢) Photographs of different low surface tension liquids and varying concentrations of
ethanol-water on superamphiphobic coatings. (d) Photographs of the superamphiphobic coating
embedded with FD-SiO, after being removed from the mixed artificial oil after 60 days of
immersion at ambient temperature, without traces of oil remnants. (e¢) Different coatings being
removed from mixed oils after 3 days of immersion. The F-SiO; coating was prepared based on the

treatment of fluoroalkyl silane in our previous work [15]; Candle soot coating was prepared based
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on the template deposition and fluoro-functionalization methods in previous literature [37]; PTFE

coating was prepared via with a spray-casted commercial PTFE emulsion.

To investigate resistance to oil immersion, the superamphiphobic coating embedded
with FD-Si0; nanoparticles was immersed in mixed artificial oils composed of soybean
oil and n-decane (3:1, v/v, y = 27.4 mN/m), simulating an actual kitchen environment.
The mixed oils were evacuated in a vacuum oven to remove any dissolved gases before
use. After 60 days of immersion, the coating maintained excellent oil repellency with
CAs of >150° with soybean oil (Fig. 3b). Further comparative tests on state-of-the-art
superamphiphobic coatings have also been benchmarked. Fig. 3b compares the results
of the immersion test on a 1) superamphiphobic coating (F-SiO> coating) developed in
our previous work [15] and 2) the superamphiphobic candle soot coating [37],
respectively. Both display excellent oil repellency in the pristine state. However, under-
oil immersion stability is really poor for the latter, with a rise in sliding angles beyond
30° after barely 2 days (48 hours) of immersion. Therefore, under-oil immersion
stability should not be automatically attributed to the achievement of
superamphiphobicity.

The appearance of coatings after being removed from the mixed oils are
included in Fig. 3d and S9. After withdrawing the FM-SiO; coating from the
mixed oils after 34 days of immersion, complete wetting films of oils were
observed on surface of the FM-SiO; coating. In contrast, FD-SiO> preserved a
completely clean appearance, even after 60 days of immersion at ambient
temperature (Video S2), and the surface could maintain super repellency after 52
days of immersion even without the primer (Fig. S10). Optical photographs of
various immersion-tested coatings are presented in Fig. 3e. After immersion for
60 days, the surface of the FD-SiO2 coating was completely clean. On alternative
coatings, and only after 3 days of immersion, many visible oil droplets were
visible on the surfaces of previously developed F-SiO, coating [15] and the
superamphiphobic candle soot coating [37]. Supplementary SEM images before
and after immersion of these coatings are included in Fig. S11. With respect to a
Teflon coating, a typical commercial hydrophobic coating, the mixed oils wetted
the surface completely due to its comparative oleophilicity. If applied in
applications requiring oil immersion, unwanted oil-fouling will occur. It is worth
noting that the viscosity of the mixed oils by the end of the experiment exceeded
2000 cP, due to the natural polymerization of vegetable oils that occurs
dynamically over time (Fig. S12). This dynamic increase in viscosity poses
complex challenges in preventing oil penetration [38,39]. To verify stability at
higher temperatures, the FD-SiO> coated substrate was immersed in the mixed
oils and placed in an oven at 80 °C. The final viscosity reached > 1572 cp. After
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50 days of immersion, the surface was withdrawn, without observable wetting or
damage (Fig. S13).

So far, the FD-SiO2 coating demonstrates fairly moderate mechanical
stability, maintaining its superamphiphobicity after hand grinding (Force of 5 N,
rubbing velocity of 6 cm/s) and friction tester tests (Load of 100 g) for 50 cycles,
per Fig. S14. When applied for applications requiring under-oil immersion, such
components are rarely mechanically contacted/abraded after installation. Thus,
this level of mechanical stability is sufficient for accidental contact during initial
installation and subsequent maintenance within the lifespan of the product.

3.3. Real-world tests on kitchen components

In range hoods, the impellers typically operate in air with saturated oil fumes
at high rotational speeds. To evaluate oil immersion and contact resistance under
harsher, accelerated dynamic conditions, the impellers with and without the
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Fig. 4. The oil immersion resistance of impellers and grease traps with and without the
superamphiphobic coating (FD-SiO;). (a) Photograph of the custom-built device used in the
dynamic immersion-shear test. (b) Photographs of the uncoated and superamphiphobic impellers
after being removed from the oil bath. (¢) The dynamic test on oil immersion of the original and
superamphiphobic impellers performed in a heated oil bath (at 80 °C). (d) Photographs of the
uncoated and superamphiphobic grease traps after regular kitchen operation and oil immersion for
two weeks.

superamphiphobic coating composed of FD-SiO2 were half-immersed into an oil
bath and rotated at a speed of 150 r/min at 80 °C, as shown in Fig. 4a. To obtain
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a quantitative analysis on this property, the increase in the weight of different
impellers was presented to evaluate dynamic oil/fumes contact and immersion
resistance. After performing this dynamic flow test for 120 min, as shown in Fig.
4c, the unfunctionalized impeller revealed an increase in weight of 55.6 wt%,
while only 19.4 wt% was gained on the superamphiphobic impeller, suggesting
almost 65% improvement on oil/fumes contact/immersion resistance of the
superamphiphobic impeller. In addition, CAs and SAs of the coated and uncoated
impellers have been measured to confirm the stability of the
superamphiphobicity. After the dynamic rotational oil-immersion test, the
superamphiphobic impeller maintained favorable oil repellency with high CAs
and low SAs (Fig. S15). Alternatively, lipophilicity of original impeller has
become conspicuous with oils adhering as a continuous film, showcasing much
poorer oil-immersion based anti-fouling resistance. No sliding angles can be
measured.

Per Fig 4b, visible oil films adhered to the surface of the original impeller
after being removed from the oil bath due to the high viscosity of mixed oils. In
contrast, the superamphiphobic impeller coated by FD-SiO. nanoparticles
demonstrated much improved oil repellency (Video S3) and superior resistance
to oil immersion and shear flow even under this harsher, accelerated degradation
test (Video S4). Imaging of the impeller did, however, reveal a few remnant oil
droplets on a few blades. Nonetheless, this still indicates considerable oil
immersion resistance even under 1) accelerated testing, 2) flow shear within
viscous oils and 3) heated environments. In a secondary test, grease traps with
and without superamphiphobic coatings were installed in a range hood under
normal cooking schedules (3 times per day for 2 hours) for assessing oil drip
collection and immersion resistance within a two-week test. As depicted in Fig.
4d, it was easy to pour and remove oils from the superamphiphobic grease trap
while much oily residue remained in the uncoated control.

3.4. Computation for mechanism analysis

In order to describe the improved immersion resistance of these surfaces,
we evaluated the wetting pressure and impalement resistance with the use of
these surfaces. We first assume a distribution of nanopores on the
superamphiphobic coatings. The 3D conformation of nanoparticle-based
agglomerates, radius R, can be schematized with height (H) and space (S), as
shown in Fig. S16. It is known that an adequate H, coupled to a small S (high
H/S ratio), the Cassie-Baxter state is achieved [40]. In this case, H must be
adequate since wetting is prevented.

Under certain conditions, the Cassie state may become unstable, and liquid
can penetrate the space in between particles. This impalement transition into the



Chem. Eng. J. 2021, 420, 127606. DOL: https://doi.org/10.1016/j.cej.2020.127606

so-called Wenzel state can be observed if the pressure difference between liquid
and vapor phases exceeds a certain threshold value. This value is known as the
impalement pressure. The impalement pressure (P;) is the maximum pressure
allowed by the geometrical constraints of the pattern before the Cassie state
collapses and wetting enters the Wenzel state. Therefore, the anti-wetting
pressure is represented by the impalement pressure limit (P;, Equation (1))
generated by surface textures. We have observed high density packing of FD-
SiO2 particles (S = 2R) on the optimal superamphiphobic surface from both top-
and side-views (Fig. S15). From the SEM images, the mean and modal spacing
is 111 + 10 nm and 66 + 10 nm. Owing to the dense packing, the basic Laplace

pressure (P; = %?y) based impalement pressure equation no longer holds due to

1) inaccurate geometrical projection by the liquid-air interface and 2) distorted
three phase contact line. A modified formula, developed by Butt. et. al., from
observations of closely packed pillars, was thus implemented to describe the
impalement pressure for such closely packed geometries [41].

PI _ 2nyR sin a sin(fg—a) (1)

A-mR?%sin%a

sin = 5. [ o2 con el @
a. is the angle describing the position of the contact line on the particle surface.
6, is advancing contact angle (79°) of the oil on an equivalently functionalized
flat surface.

In practice, oils were drip-collected into the grease trap, emulating
impacting/impinging drops with velocity V. Therefore, the wetting pressure
consists of dynamic impacting pressure [42,43] (Pp, Equation (3)), immersion-
induced hydrostatic pressure (P, Equation (4)) and, potentially oil hammer
pressure [43] (Py, Equation (5)). Dynamic impacting pressure, P, describesthe
spreading stage of impinging drops while oil hammer pressure, P, was
introduced to describe the state of initial contact. Notably, the sole balance of P,
(10 kPa) with P, (0.81 MPa), although acceptable within an order of magnitude
estimate, was however unable to describe how impalement occurred for FD-SiOx.
This limitation has been reported for the use of rigid substrates, where other
contributions such as hammer pressure has been proposed [43-47]. We found that
the consideration of P, helps improve the explanations behind our observations,
where surface impalement first occurs during drop impingement [43]. However,
the complete formation of the partial wetting state (satellite droplets) is likely
attributed to contact line pinning during drop removal [48,49].

pV?2 3)

1
2

PD:
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Ps = pgh (4)
Py = 0.2pCV (5)
where p and V are the density (920 kg/m?) and standard impinging velocity (~
1m/s) of the oils. C is the velocity of sound in oil (~ 1324 m/s). During general
usage and operation (for dripping oil drops in a kitchen environment), the Py,
Ps and Py inthis system were calculated to be ~0.46 kPa, ~0.46 kPa and ~0.24
MPa, respectively. The calculated P, was, as described, ~0.81 MPa using the
modal geometrical spacing of 66 £ 10 nm. Alternatively, the use of the mean
geometrical spacing of 111 = 10 nm results in ~0.26 MPa. Statistically, the modal
spacing is more likely to experience contact during drop impingement. These
limits are still greater than either P, or Py under use. Hence, this could explain
why neither impinging oil drops nor prolonged immersion (under testing
conditions) were able to induce severe penetration into the superamphiphobic
surfaces.

To verify this impalement pressure limit, surfaces were impacted with oil
drops from increasing heights (0.1 to 1.1 m) until impalement (Fig. S17). This
resulted in increasing impinging velocity (1.41 m/s to 4.69 m/s) and
correspondingly higher impact pressure. The densely packed chemical- and
physical- structure of FD-SiO2 was only penetrated at a final experimental Pp
of 10 kPaand P, of 1.14 MPa, depicted by increasing sliding angles and visible
remnant satellite droplets (Fig. S13). Alternatively, FM-SiO was penetrated at a
much lower experimental P, of 0.84 MPa, indicating the improved robustness
of FD-SiOa2. At this junction, we emphasize the drawbacks behind using Equation
(2) and (5) as quantitative proof for this system. The use of breakthrough Py
with FD-SiO: falls only within 29% and 77% of our theoretical estimates for P,
(modal, 66 nm) and P, (mean, 111 nm) respectively (Fig. S13).

Despite the experimental and theoretical descriptions provided to justify the
robust Cassie state of these superamphiphobic surfaces, limited depth penetration
may still be inevitable. We know, from previous work, that gradual contact line
motion occurs as a function of time under immersion [50]. This progression in
the Z-axis (z) follows a power-law dependency on time (t).

dz
dt

(6)

a tP , p < 0

In their work [50], Papadopoulos et. al. concluded that alkanes with longer
chain length result in a lower exponent p and slower velocity of penetration. In
our system, the mixed oils are composed of soybean oil (C-18) and n-decane (C-
10): the former possesses relatively long chains (C-18). This could have in part,
contributed to the relatively low value of exponent p, thus giving rise to low
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penetration velocity. In combination with other potential factors such as oil
degradation/polymerization and viscosity increments, the penetration appears to
be insignificant in influencing the functionality of the coating over extended
immersion time (tested to more than an order of magnitude in time [50]).
4. Conclusions

In summary, we present a method which outlines long-term oil immersion
stability using facile spray-on superamphiphobic coatings. The results are
attributed to the use of densely functionalized SiO. nanoparticles which are
densely packed in both the sub-nanoscopic (grafting density) and nanoscopic
(particle-packing) scale. These coatings show superior liquid repellency for low-
surface-tension liquids such as soybean oil, paraffin, cyclohexane, hexadecane,
n-decane and water-ethanol mixtures, demonstrating high CAs (>150°) and low
SAs (<10°). More intriguingly, they showcase superior long-term oil immersion
resistance. They resisted oil infiltration even after immersion in mixed synthetic
and vegetable oils for more than 50 days at both ambient (25°C) and elevated
temperatures (80°C). Demonstration of scale was performed using coated
ventilation impellers from range hoods, which exhibited excellent oil immersion
resistance even under accelerated testing using harsh dynamic flow conditions.
A marked improvement of up to 65% was achieved compared to the uncoated
controls. The remarkable properties of this coating hold great promise for a wide
range of potential applications such as anti-fouling surfaces for kitchenware and
anti-drag surfaces for oil transportation.
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