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Lubricant-Infused Nanoparticulate Coatings Assembled by

Layer-by-Layer Deposition

Steffi Sunny, Nicolas Vogel,*

Omniphobic coatings are designed to repel a wide range of liquids without
leaving stains on the surface. A practical coating should exhibit stable repel-
lency, show no interference with color or transparency of the underlying
substrate and, ideally, be deposited in a simple process on arbitrarily shaped
surfaces. We use layer-by-layer (LbL) deposition of negatively charged silica
nanoparticles and positively charged polyelectrolytes to create nanoscale sur-
face structures that are further surface-functionalized with fluorinated silanes
and infiltrated with fluorinated oil, forming a smooth, highly repellent coating
on surfaces of different materials and shapes. We show that four or more

LbL cycles introduce sufficient surface roughness to effectively immobilize
the lubricant into the nanoporous coating and provide a stable liquid inter-
face that repels water, low-surface-tension liquids and complex fluids. The
absence of hierarchical structures and the small size of the silica nanoparti-
cles enables complete transparency of the coating, with light transmittance
exceeding that of normal glass. The coating is mechanically robust, maintains
its repellency after exposure to continuous flow for several days and prevents
adsorption of streptavidin as a model protein. The LbL process is conceptu-
ally simple, of low cost, environmentally benign, scalable, automatable and
therefore may present an efficient synthetic route to non-fouling materials.

1. Introduction

A self-cleaning coating that repels various contaminating lig-
uids without staining the substrate will impact a wide range
of technological and consumer applications, including surface
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coatings on windows, lenses or solar
cells, repellent or protective clothing,
non-fouling marine vessels or biomedical
devices, and anti-icing or drag-reducing
surfaces. An ideal coating should ensure
stable repellency, should be transparent
in order not to affect color or transparency
of the underlying substrate and should be
able to be deposited in a simple process on
materials regardless of their size, shape, or
composition. The key difficulty in creating
such omniphobic coatings is to overcome
the strong tendency of low-surface-tension
organic liquids to wet surfaces"?l and the
adsorption of organic contaminants (espe-
cially proteins, cells or bacteria) that can
compromise the repellent properties.’>=!

Traditional superhydrophobic surface
designs are inspired by the lotus leafl® and
rely on the creation of air-infused micro/
nanostructured surfaces to minimize the
contact points between the liquid to be
repelled and the substrate.”-1% The best
of them outperform the lotus leaves due
to sophisticated hierarchical structura-
tion, designed to repel low-surface-tension liquids,21] enable
repellency under water!' or control the movement of water
droplets.'>1¥ However, these structures often rely on complex
re-entrant geometries to achieve repellency, which can require
involved preparation protocols.

An experimentally simple layer-by-layer assembly method
of polyelectrolyte and nanoparticle layers to create superhydro-
phobic coatings was previously presented as a possible solu-
tion to avoid complex fabrication.'>"!”] Originating from the
technique established by Decher et al.'81° these assemblies
can be made with ease and applied to surfaces of various mate-
rials, sizes, and shapes, making them useful for many applica-
tions.l29-28 While the simplicity of the method offers a solution
to the practical limitations of more complex designs of surface
topography, the fundamental issues associated with lotus leaf-
mimicking materials remain. The composite solid/air interface
in the superhydrophobic, lotus leaf inspired design is meta-
stable. The air layer can escape the structures upon damage,
application of low-surface-tension liquids, under pressure or at
elevated temperature, leading to failure of the coating.

An alternative approach for creating repellent coatings is
lubricant-infused micro/nanostructured surfaces that derive
their performance from a stable liquid film formed at the inter-
face.®2°3U In lubricant-infused materials, the functionalized,
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structured solid immobilizes a fluid lubricant layer on the sub-
strate, producing a thermodynamically stable solid/lubricant
interface when roughness, surface chemistry and lubricant are
properly matched.?% This immobilized lubricant layer effec-
tively prevents any test liquid from being in contact with the
underlying solid substrate and consequently, reduces pinning.
As a result, the test liquid is easily shed from the surface. The
elimination of direct contact between the liquid and the solid
substrate also prevents adhesion of liquid-borne contaminants
including bacterial®233 and drastically lowers the adhesion of
ice.3*3¢ The liquid nature of the lubricant introduces further
benefits, such as self-healing properties,’3*3’] pressure and
temperature stability,?®3] enhanced condensation*” and heat
transfer,*!] and dynamic control of the wettability.?”)

This fast developing area has led to different approaches of
introducing roughness features on various substrates. Lubricant-
infused slippery surfaces can be simply formed using porous
membranes*®37] where thermodynamically stable lubricant
films enable excellent repellency. However, difficulties associ-
ated with the attachment of such porous membranes to various
types of substrates limit their practical applications. Similarly,
micrometer-scale topography can be introduced via photolithog-
raphy but this technique limits the ability to cover curved sur-
faces.3%4% Electrochemical deposition,** and porous polymer
films!***2 also achieve thermodynamically stable lubricant films;
however, the coating is substrate-dependent and generally lacks
transparency. Sol-gel approaches*3#4 allow transparency of
the coating but usually lack mechanical stability. A closed-cell
nanoscale architecture prepared from colloidal templating has
been shown to be mechanically robust but is limited in scal-
ability and cannot be applied to more complex substrates, for
example the inside of tubes or pipes.[**] While all of these recent
innovations have tremendously increased scope and applicability
of lubricant-infused coatings, the need remains to establish an
experimentally simple and versatile coating method.

Since the underlying solid structure simply serves to facilitate
wetting of the lubricant into the surfaces features (i.e., creating
a Wenzel statel*®l for the lubricant) instead of preventing the
wetting of the liquid to be repelled (i.e., creating a metastable
Cassie Baxter statel*’)), one can employ virtually any method to
create surface roughness. LbL assemblies, characterized by ease
of applicability to various surfaces of arbitrary shapes, scalability
and the possibility of automation are a promising starting point
when seeking a simple yet powerful coating method. Recently,
Zacharia et al. recognized the potential of this method to create
lubricant-infused, repellent surfaces.*8! They used LbL to pre-
pare a hierarchical coating consisting of a micrometer-sized
porous polyelectrolyte multilayer architecture decorated with
silica nanoparticles. As expected, the process allows applica-
tion of the repellent coating on arbitrarily shaped surfaces with
high homogeneity. However, their protocol, involving hierar-
chical structuration increases the total thickness of the coating
and therefore impedes transparency. Furthermore, it has been
shown that plain polyelectrolyte multilayer films are mechani-
cally feeble and require additional modifications (i.e., chemical
crosslinking) to acquire wear resistance.*’]

To overcome these issues, we adopt an experimentally
simple LbL deposition of silica nanoparticles!™7*% and
expand it to create a lubricant-infused nanoscale coating with
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high transparency and good mechanical robustness. Positively
charged polyelectrolytes and negatively charged silica nanoparti-
cles are assembled onto a given substrate, sintered at high tem-
perature, surface modified by silane chemistry, and infused with
a lubricant matching the functionalized layer in chemical com-
position. The small size of the silica nanoparticles results in a
nanoscale film that supports effective liquid repellency without
any further structural hierarchy. This prevents unwanted scat-
tering of light at larger roughness features and leads to com-
plete transparency of the coating. Yet, it can create a sufficiently
rough interface to stably entrap the lubricant to form a smooth
liquid overlayer that repels a second immiscible liquid. Pre-
viously, we have found that the absence of hierarchy indeed
increases the performance of lubricant-infused coatings.*’!
The sintering of the colloidal layers at elevated temperatures
further creates a more robust interconnected network of parti-
cles,P! which significantly reduces the coating’s susceptibility
to mechanical damage. This method allows us to combine a
multitude of desirable properties including liquid repellency,
transparency, mechanical stability, and antifouling properties
with the appealing characteristics of the LbL coating approach,
such as process automation, scalability, and application to glass
surfaces of various shapes. Different substrate materials can
be coated as well, given that they can be treated with oxygen
plasma to activate the surface.

2. Results and Discussion

2.1. Coating Process

Figure 1 schematically shows the fabrication of the surface
coating. In brief, negative charges are created on the substrate
by plasma treatment, UV-ozone or immersion in base piranha
solution. The substrate is subsequently immersed into a solution
of positively charged polyelectrolyte (poly diallyldimethyl ammo-
nium chloride, PDADMAC), rinsed and immersed into a solution
of negatively charged Ludox silica nanoparticles.'>7>% Electro-
static attraction leads to the formation of a fuzzy, disordered film
of polymer and nanoparticles.'®!°l The alternate deposition of
PDADMAC and silica particles is repeated multiple times, as
desired. The assembled hybrid film is calcined or plasma-treated
to remove the polymer and to activate the silica nanoparticle sur-
faces, leaving a disordered, porous silica nanoparticle assembly
on the substrate, the surface of which is subsequently silanized
with 1H,1H,2H,2H-(tetrahydrotridecafluorooctyl)-trichlorosi-
lane to produce a fluorinated surface. A fluorinated lubricant
oil (DuPont Krytox 100), matching the surface chemistry of the
coating, is then infiltrated into the porous structure to create a
thermodynamically stable, immobilized lubricant layer that
prevents a second, immiscible liquid from contacting and pin-
ning on the underlying solid, thus creating a slippery, lubricant-
infused porous surface (SLIPS).¥

As the process takes advantage of adsorption from aqueous
solutions, there is no inherent limit with respect to the area
that can be coated. We demonstrate scalability on a laboratory
scale by applying the coating process on 17 x 17 cm? glass
panels (Figure SI1 and Movie 1). For ease of comparison, we
use Krytox 100 as fluorinated lubricant for all experiments in
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Figure 1. Schematic illustration of the layer-by-layer process to form nanoscale slippery, lubricant-infused porous coatings (LbL SLIPS). Negative
charges are introduced to the substrate (i) and subsequent layers of positively charged polyelectrolyte (ii) and negative charged silica nanoparticles
(iii) are adsorbed to form a hybrid thin film (iv) that can be calcined to produce a porous silica coating (v). After covalently functionalizing the surface
with fluorinated silanes (vi), a fluorinated lubricant is wicked into the coating (vii), rendering the surface non-adhesive and allowing for a secondary

immiscible liquid to slide off the substrate with ease (viii).

this article except the flow experiments, which were performed
using the more viscous Krytox 103. The choice of lubricants is
versatile and, depending on the specific application, lubricants
with desired properties can be chosen. For increased long-term
stability and applications at elevated temperature, more vis-
cous fluorinated oils with extremely low vapor pressure can be
used, 393 while oils from natural sources such as olive oil can
be selected to ensure non-toxicity.*’!

SEM images of the silica nanoparticle coating on glass sub-
strates prepared with different deposition cycles, taken after calci-
nation at 500 °C, are shown in Figure 2a. An increase in particle
number and film density with increasing deposition cycles is
visible. Quartz Crystal Microbalance (QCM) measurements, per-
formed on a silica-coated crystal to ensure similar surface chem-
istry, further showed evidence of a constant, step-wise addition
of silica nanoparticles with each deposition cycle starting after
the third cycle (Figure 2b,c and Figure SI 2). This allows for an
adjustment of the total roughness and thickness of the coating.

The optical properties of the coating after lubrication were
investigated by UV-Vis-NIR transmittance measurements.

All lubricated substrates showed an increase in light
transmittance throughout the visible spectrum compared to a
reference glass slide (Figure 3). With increasing number of
layers, the transmittance of light increased. It has previously
been shown that LbL nanoparticle coatings can display supe-
rior anti-reflective properties by creating a refractive index
gradient along the interface.'>%3 Here, we confirm that the
absence of any hierarchical design allows us to create highly
transparent surfaces with liquid repellency properties as we
will show below.

2.2. Wetting Properties

The wetting properties of the coatings with varying numbers
of deposited layers were quantified by dynamic contact angle
and sliding angle measurements using water and octane as test
liquids on LbL-modified glass slides (Figure 4). With increasing
coating thickness, the static water contact angle after fluorosi-
lanization steadily increased and leveled at 120° for four or
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Figure 2. Characterization of the LbL-deposited silica nanoparticle coatings. a) SEM images after different deposition cycles on a glass substrate,
taken after calcination to remove the polymer layers. All scale bars are 500 nm. b) Increase in deposited mass for each consecutive LbL adsorption
cycle (red line), calculated using Sauerbrey's equationl®? from the frequency drop measured by Quartz Crystal Microbalance (QCM) on a silica-coated
crystal (black line). c) Number of silica nanoparticles deposited onto the substrate during each adsorption cycle (gray) and as cumulative during the
complete process (black) calculated from the QCM data. A near-linear increase in deposited particles with increasing coating cycles was observed.
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Figure 3. UV-Vis—NIR transmittance spectra of samples lubricated after
calcination and fluorosilanization of the silica nanoparticle coating (LbL
SLIPS) with increasing numbers of deposited layers show an increase in
light transmittance for all coatings as compared to a normal glass slide
(assigned as 0 layers in the legend).

more deposition cycles, indicating complete coverage of the
surface with silica nanoparticles (Figure SI3). In contrast to
reported silica particle-based coatings,'>'®>4 the dry coatings
do not possess superhydrophobic properties due to the small
size of the silica nanoparticles and the absence of hierarchical
superstructures. As a consequence, a droplet of water placed
on a LbL-coated substrate without addition of lubricant experi-
ences significant pinning. This translates to high contact angle
hysteresis and removal of a droplet only after tilting the surface
to very high angles (Figure 4a,c, light gray columns). Similarly,
an octane droplet is pinned and shows significant contact angle
hysteresis. Due to its lower surface tension, it starts moving at
approximately 35° (Figure 4b,d, light gray columns). However,
it leaves a wetted trail behind.

The addition of the lubricant has a significant effect on the
wetting properties. If the lubricant has high affinity to the
functionalized surface, it is held in place by the surface nano-
structures and forms a stable, conformal overlayer. The test
liquid will not be able to penetrate the lubricant layer and will,
therefore, experience contact with the fluid lubricant layer only.
The molecular smoothness of this liquid/liquid interface elimi-
nates pinning, leading to a minimal contact angle hysteresis
and ease of movement of the added droplet without leaving
stains on the surface.% Figure 4 compares contact angle hys-
teresis (a,b) and sliding angle measurements (c,d) of water and
octane for LbL-coated substrates before and after addition of
lubricant as a function of the number of deposited silica nano-
particle layers. For coatings with one or two deposition cycles,
the liquid droplets show substantial contact angle hysteresis
and high sliding angles, indicating pinning of the liquid at the
solid surface.

This result suggests that the ability of the lubricant layer
to remain immobilized within the porous network is highly
dependent on the number of deposited nanoparticle layers
present on the surface. This behavior correlates well with
the SEM and QCM data (Figure 2) that show uneven, patchy
coating structure and non-uniform silica particle accumulation
during the first deposition cycles. However, with increasing
number of deposited coatings, the surface roughness increases,
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Figure 4. Liquid repellency properties of LbL-silica coatings on glass
substrates with and without infiltration with lubricant. a,b) Contact angle
(CA) hysteresis of water (a) and octane (b) for LbL silica nanoparticle
coatings in dry, fluorosilanized and lubricant-infused states as a function
of the number of deposited layers. c,d) Sliding angles of 20 pl droplets of
water (c) and octane (d) in dry and lubricated states for coatings with up
to nine deposited layers. The lubricated samples drastically outperform
both uncoated (0 layers) and dry coated substrates and feature small
contact angle hysteresis and sliding angles for both liquids. All angles
were averaged over 5 individual measurements. e,f) Time-lapse images of
a water (e) and octane (f) droplet show sliding under an angle of 2° on a
lubricated substrate with five deposited silica nanoparticle layers without
getting pinned to the substrate. Scale bars are Tmm.

leading to a more stable solid/lubricant interface as chemical
affinity and capillary forces are increased. Coatings with four
or more deposited layers showed low contact angle hysteresis
and sliding angles for both water and octane, indicating the
formation of a stable lubricant layer that is not displaced by
the applied liquid. The presence of this stable lubricant layer
is demonstrated in Figure 4e,f, which shows the removal of a
droplet of water and octane from a lubricated substrate coated
with five layers of silica nanoparticles tilted at an angle of 2°.
Furthermore, the surfaces retained their repellency properties
after application of shear forces induced by spinning at high
rotational speeds (Figure SI4,5).

2.3. Coatings on Objects with Different Shapes

The solution-based assembly method also enables the coating
to be applied to the interior surfaces of arbitrarily shaped
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Figure 5. LbL SLIPS coatings repel different complex fluids on arbi-
trarily shaped glass surfaces. a) Time-lapsed images taken from Movie 2
showing the sliding of honey in the inside of a glass vial coated with LbL
SLIPS (lower row). In contrast, honey strongly sticks to an uncoated glass
vial (upper row). b) Time-lapsed images taken from Movie 3 showing the
absence of pinning and staining of crude oil in the inside of a LbL SLIPS-
coated glass tube (lower row); while an untreated sample is stained by
the crude oil (upper row).

objects. As examples, Figure 5 shows time-lapsed images
taken from Movie 2 and 3 that demonstrate the efficient
repellency of honey from the inside of a LbL SLIPS-coated
glass vial (Figure 5a, lower row) and of crude oil from the
inside of a glass tube (Figure 5b, lower row), visualized by
clear sliding of the fluid without adhering to the surface.
Honey and crude oil were chosen as examples of chal-
lenging sticky and contaminating complex fluids that
cannot be removed from uncoated surfaces (Figure 5a,b,
upper rows).

2.4. Stability of the Coating

The repellency performance of lubricant-
infused coatings can be compromised in
two ways. First, the underlying solid surface
topography can be damaged mechanically,
leading to de-wetting of the lubricant and the
creation of pinning points.*’! Second, lubri-
cant can be drained from or sheared off the
surface, exposing solid parts of the surface
which then act as pinning points and com-
promise repellency.*?!

The mechanical properties of the under-
lying, solid nanoparticulate coating were
qualitatively examined using a tape peel test.
Coatings with nine silica nanoparticle layers
were assembled on a silicon wafer substrate
and annealed at different temperatures. An
adhesive tape (Scotch Magic Tape) was used
as a probe to test for the adhesion of the
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coating to the substrate. 15 repetitions of tape attachment and
peel off were performed to guarantee sufficient repetitions to
strip off the complete coating. Figure 6a shows SEM images
of the samples after the peel test. Coatings that were annealed
to 500 °C were not removed by the adhesive tape, indicating
mechanical robustness which can be attributed to an increased
sintering of the particles’ contact areas.”! As expected, the wet-
ting properties (measured by water contact angle hysteresis after
an additional cleaning step of the substrates to remove traces
of adhesive remaining on the substrate) showed retained repel-
lency performance on samples with intact nanoparticle coatings
(Figure 6b). Samples that were mechanically damaged showed
higher contact angle hysteresis, indicative of pinning of the test
liquid caused by dewetting of the lubricant.

To investigate the stability of the lubricant film, LbL-coated,
lubricant-infused glass tubes were subjected to a continuous
flow of water in a closed circulation system. After a set time
of water circulation, the flow was stopped, the water was
drained and the performance of the coating was evaluated.
Sliding angles of individual water droplets (70 pL) were meas-
ured. Figure 7a shows the resulting water sliding angles after
continuous water flow at 10 ml/min for up to 5 days. A refer-
ence, fluorosilanized sample without a nanoparticulate coating
(“coating 0”) and a tube coated with a single layer of silica
nanoparticles (“coating 1”) showed high water sliding angles
indicating that the lubricant layer was drained off the substrate,
in agreement with the measurements performed on flat sur-
faces shown in Figure 4. Samples with 5 and 9 nanoparticle
layers, showed much lower sliding angles of around 5°, indica-
tive of an intact lubricant layer covering the surface structures.

The flow rate was then increased from 10 ml/min to
100 ml/min and the samples subjected to continuous flow for
24h (Figure 7b). With increased flow rate, the repellency proper-
ties of the coating with 5 nanoparticle layers started to become
compromised, as can be seen from an increase in sliding angle
to 20°. The tube coated with 9 nanoparticle layers retained its
low water sliding angles at all tested flow velocities. We therefore
conclude that the lubricant layer in LbL coated substrates can be
retained even under exposure to long-term flow conditions.

23 100 300 500 700 900
Calcination temp. / °C

Figure 6. Mechanical properties of the layer-by-layer assembled coatings. Nine layers of a nano-
particle coating were assembled on a silicon wafer substrate, annealed at different tempera-
tures, subjected to a tape peel test (15 repetitions of peeling with Scotch Magic Tape), imaged
by electron microscopy to investigate the damage (a) and infused with a lubricant to test the
repellency performance by means of water contact angle hysteresis measurements (b). From a
calcination temperature of 500 °C, the coatings remained on the substrate without any visible
damage and showed retained repellency properties.

Adv. Funct. Mater. 2014, 24, 6658-6667
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Figure 7. Performance of lubricant-infused LbL coatings under flow. Glass tubes coated with
different numbers of nanoparticle layers and infused with a fluorinated lubricant (Krytox 103)
were subjected to a continuous flow of water with a flow rate of 10 ml/min for different times
(a) and with different flow rates for 24 h (b). After the flow was stopped, the water was drained
and the sliding angles of individual droplets of water (70 pl) recorded to investigate if the
coating retained its repellency properties. Coatings with 9 deposited silica nanoparticle layers

retained water repellency for all tested times and flow rates.

Lubricant-infused coatings strongly decrease the adhesion
of liquid-borne contaminants.’%*! Most crucially, it has been
shown that the repellent characteristics extend to biologically
relevant materials, including proteins,*’! bacterial®*33 and
marine species.*”l The reduced adhesion requires an intact
lubricant layer to prevent direct contact of the contaminant with
the solid surface. To test for unwanted adsorption, we condi-
tioned samples similar to those described above with water flow
(10 ml/min) for 24 h and stained the tubes with a commercially
available, water-soluble blue dye (Dharma Pigment 60 Blue
Dye) and fluorescently labeled streptavidin proteins (incuba-
tion time was 10 min) (Figure 8). Quantitative information was
extracted by image analysis (Figure SI6, Table SI2, Figure SI7,
Table SI4). Figure 8a shows that both the hydrophilic glass con-
trol, the fluorosilanized glass control without any silica nano-
particles (“SiO,-13F”) and, to a lesser extent, the sample with
one deposited silica nanoparticle cycle were stained by the dye,
while the samples coated with more silica nanoparticles (5 and
9 layers) showed no visible adhered dye. The adsorption of pro-
teins was visible under UV-light illumination (Figure 8b) and
showed strong adsorption on fluorosilanized samples with no
or one LbL layer. Since proteins are known to adhere well to
hydrophobic surfaces,®! we attribute the observed protein adhe-
sion to a loss of the liquid lubricant overlayer. Samples with 5
and 9 nanoparticle layers showed little protein adsorption.

2.5. Application on Different Materials

The LbL deposition process can be applied to various substrate
materials given that two requirements are met: First, charges
need to be introduced to the material's surface to enable the dep-
osition process. This can be achieved by a variety of methods,
including treating the substrates with oxygen plasma, UV-
ozone, acid or base piranha or a corona discharger. While base
piranha provided a simple method to coat both interior and exte-
rior surfaces on glass with LbL-deposited nanoparticulate films,
we found that oxygen plasma treatment for short times (1 min,

Adv. Funct. Mater. 2014, 24, 6658—6667
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piranha-mediated surface activation. For dif-
ferent substrate materials, especially polymer
substrates, calcination is not possible. We
therefore revised the process and used
oxygen plasma to combust the polycation
surface layers and oxidize the silica nanopar-
ticle surfaces. This revised process limits the
applicability to surfaces that can be efficiently
treated with plasma. Shielded or highly
curved substrates, for example the inside of a tube, cannot be
efficiently coated using this process. We compared the stability
of the lubricant layer under shear forces for both methods and
found no differences in lubricant layer thicknesses and repel-
lency performance between calcined and oxygen plasma-treated
samples (Figure SI4, 5).

As examples of the LbL SLIPS formation on metal or polymer
surfaces, we investigated the coating process on aluminum and

100+
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Area coverage / %
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Si02-OH Si02-13F|1 LBL 5 LBL 9 LBL 0-
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Figure 8. Adhesion and staining of LbL coated, lubricant-infused tubes.
Tubes coated with different numbers of nanoparticle layers were sub-
jected to water flow (10 ml/min) for 24 h and then stained with a water-
soluble, commercial blue dye (Dharma Pigment 60 Blue Dye) (a) and
fluorescently labelled streptavidin proteins (b). Tubes coated with 5 and 9
nanoparticle layers showed negligible staining and a significant decrease
in protein adsorption.
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poly(methylmethacrylate) (PMMA) substrates, respectively. The
consecutive build-up of nanoparticle layers on aluminum was
visible in SEM images (Figure SI8), while the increase in static
water contact angles with increasing number of nanoparticle
layers (Figure SI9) indicates a successful functionalization with
(1H,1H,2H,2H-tetrahydrotridecafluorooctyl)-trichlorosilane.
The wetting properties of the LbL-coated aluminum and PMMA
films were investigated before and after infusion of lubricant by
means of contact angle hysteresis measurements using octane
as a test liquid (Figure 9a,c).

Similar to the coatings on glass substrates, LbL-SLIPS on
aluminum and PMMA substrates showed a significantly lower
contact angle hysteresis than dry, fluorosilanized coatings. Sub-
strates coated with three or more layers showed octane contact
angle hysteresis well below 5°, indicating a stable lubricant
layer covering the substrate. In contrast to untreated and dry,
fluorosilanized coatings, an octane droplet moving along the
SLIPS substrates did not leave any residue on either aluminum
or PMMA surfaces (Figure 9b,d, Figure SI10a). The coating
process can also be applied to curved surfaces as long as the
surface is accessible to oxygen plasma. As a proof-of-principle,
we show the application of repellent coatings on an Eppendorf
tube and a polypropylene jar (Movie 4,5, Figure 9e).

Further examples of successfully coated surfaces include
stainless steel, poly propylene (PP) and polysulfone (PSu)
(Figure SI10Db). Table 1 quantifies the wetting behavior of all
tested substrates by comparing the sliding angles of water and
octane for untreated reference samples; dry, fluorosilanized
layer-by-layer silica nanoparticle coatings (7 deposition cycles),
and the same coatings after addition of lubricant (dynamic
contact angles and contact angle hysteresis data are shown in
Table SI5 and Table SI6). All untreated reference samples failed
to repel water as the droplets remained pinned even after tilting
the substrate to 90°, and were wetted and stained by octane.
The introduction of the dry, fluorosilanized LbL surface coating
changed the wetting properties consistently for all samples and
showed high contact angle hysteresis and sliding angles for
both liquids. The presence of octane stains on the surfaces indi-
cated the failure of the dry coating in repelling the liquid. All
functionalized, lubricated samples showed small sliding angles
and absence of staining for both water and octane.

3. Conclusions

We have developed a simple process to introduce a lubricant-
infused, repellent coating to a variety of surface materials and
shapes. The surface structure consists of a nanoscale colloidal
film prepared by a cycled adsorption of positively charged poly-
electrolytes and negatively charged silica nanoparticles. After
fluorosilanization of the silica nanoparticles, a fluorinated
lubricant is infiltrated into the porous coating and firmly held
in place by matching surface chemistry and surface roughness.
The strong affinity of the lubricant to the substrate ensures the
stability of the lubricating film and creates a barrier that pre-
vents a second liquid from being exposed to the underlying
solid. With the absence of pinning points, the applied liquids
slide off the substrate with ease.

We performed a detailed analysis of the structural, wet-
ting, optical and mechanical properties of such LbL SLIPS and

© 2014 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 9. LbL SLIPS coatings on different materials. a) Contact angle hys-
teresis of octane as a function of the number of LbL cycles on an aluminum
substrate with and without addition of lubricant. b) Wetting properties
of a dyed octane droplet moving along a surface of untreated (top row)
and LbL SLIPS-coated aluminum with five deposited silica nanoparticle
layers (lower row) under a tilt angle of 20°. In contrast to the untreated
sample, no staining is observed for the coated surface. c) Contact angle
hysteresis of octane as a function of the number of LbL cycles on a PMMA
substrate with and without addition of lubricant. d) Wetting properties of
an uncoated and LbL SLIPS-modified PMMA surface with five deposited
silica nanoparticle layers. Similar to glass and aluminum surfaces, a dyed
octane droplet leaves no stains on the LbL SLIPS-coated polymer surface,
while staining the untreated PMMA. The tilt angle was 20°. e) Example of
a LbL SLIPS coating on curved polymer surfaces: The images show the
absence of staining of crude oil in a LbL SLIPS-coated polypropylene jar.

demonstrated the range of their functional advantages: (1) with
the increasing number of deposited silica nanoparticle layers,
the coating demonstrates successful repellency of aqueous,
organic and complex liquids, including biological fluids; (2)
it can be formed on arbitrarily shaped glass surfaces; (3) the
coating protocol can be modified to apply to different material
classes, including metal and polymeric surfaces; (4) the small
size of the silica nanoparticles applied in the process does
not interfere with light of visible wavelengths and, thus, gives
rise to transparency of the coating, a prerequisite for potential
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Table 1. Sliding angles averaged over five individual measurements, of octane and water droplets on different substrates coated with LbL silica

nanoparticles (seven deposited layers).

Substrate Material Water sliding angle/°

Octane sliding angle/°

Untreated Dry coating Lubricated coating Untreated Dry coating* Lubricated coating™*
Glass 56+38 66+ 5 22+05 16%3 313 1.6+0.5
Aluminum pinned 63+4 22+04 wetted 51+13 20+0.7
Stainless Steel pinned 85+5 1.4+0.5 wetted 49+7 1.4£0.5
PMMA pinned pinned 2.0+0.7 wetted 46+5 1.6+0.5
Poly propylene pinned pinned 12404 wetted 48+ 6 1.4+0.7
Poly sulfone pinned pinned 24+05 wetted 44+5 20+0.7

*octane droplet left stains on the surface after sliding; **no contamination of the surface after sliding.

application in stain-resistant optical materials including lenses,
solar panels and non-fouling biomedical devices such as endo-
scopes; (5) the coatings retained their repellent properties after
exposure to flow; (6) upon annealing at high temperatures, the
coating produces a mechanically robust layer due to the sin-
tering of silica particles; (7) the deposition process is simple, of
low cost, based on aqueous solutions and thus environmentally
benign, scalable and automatable. The presented method thus
combines all the remarkable properties of previously reported
lubricant-infused coatings with improved simplicity and ver-
satility of accessible substrate materials, shapes and sizes. We
expect this process to be commensurate with industrial coating
procedures and to impact the general design of highly repel-
lent, self-cleaning, non-fouling, and transparent surfaces.

4. Experimental Section

Materials: Sulfuric acid, hydrogen peroxide (33% in water), ammonia
(25% in water), poly(diallyldimethylammonium) chloride (20% in water),
Ludox TM40 silica nanoparticles (diameter: 20 nm), (1H,1H,2H,2H-
tetrahydrotridecafluorooctyl)-trichlorosilane ~ (13F),  poly  methyl
methacrylate and Toluene were purchased from Sigma Aldrich and used
without further purification. MilliQ (Millipore, Billerica, MA, USA) water
was used for all experiments. Flat 5 cm x 3 cm x 0.1 cm Aluminum,
Stainless steel and polymer substrates were purchased from McMaster.
Borosilicate glass pipettes (VWR) were cut in 10 cm lengths as substrates
used in all flow experiments. The DuPont Krytox PFPE GPL 100
lubricant was purchased from Miller-Stephenson (Density 1870 kg/m?
at 0 °C; kinematic viscosity 0.12 cm?/s, evaporation rate 0.59%/dayP.
Honey was purchased from Market Basket. The crude oil used was a
naphthenic crude oil (Hoops) from Texas, USA (North America) with
a medium-heavy density of 0.869 g/ml (31.4*API) at 15.56 °C and
1.00% sulfur (sour with more than 0.50% sulfur) and a TAN of 0.92 mg
KOH/g. Optical transmission of glass substrates and their SLIPS-coated
counterparts were measured at room temperature using an Agilent 8453
UV-Vis spectrometer with air as the background. All SEM images were
taken using a Zeiss FESEM Ultra Plus.

Deposition of Colloidal Particles onto Substrates: Glass substrates
were immersed into base piranha (5:1:1 water to hydrogen peroxide
solution to ammonia solution) at 80 °C for 0.5 h to remove any organic
residues. All metal and polymer substrates were oxygen plasma treated
for 1 min to create surface charges. After this cleaning treatment, the
substrates were rinsed in DI water. The layer-by-layer deposition was
performed by immersion of the substrates in a 0.1 wt% solution of
poly(diallyldimethylammonium) chloride (PDADMAC) for 10 min,
followed by rinsing in DI water for 1 min and subsequent immersion
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into a solution of 0.1 wt% Ludox silica colloids for 10 min and rinsing for
1 min in water. This cycle was repeated to deposit multilayers.

Removal of Polymer Layer: The organic material was removed by
combustion at 500 °C (ramped from room temperature to 500 °C for 4 h,
2 h at 500 °C, ramped from 500 °C back to room temperature in 4 h) in
the case of glass substrates. All other samples were treated with oxygen
plasma (Model femto, Plasma Diener, Germany) for Tmin with 10sccm
oxygen gas flow and 100 W power to partially degrade the polyelectrolyte
and activate the silica surface.

Fluorosilanization: Fluorosilanization was carried out by vapor-
phase deposition of (1H,1H,2H,2H-tetrahydrotridecafluorooctyl)-
trichlorosilane for 24 h at reduced pressure and room temperature.
Prior to silanization, the substrates were cleaned in base piranha (glass
substrates) or plasma-treated with oxygen plasma as described above
for metal or polymer substrates.

Lubrication: 10 pl cm™2 substrate of DuPont Krytox 100 was added to
the substrate until uniform coverage was achieved by tilting. To achieve
a homogeneous lubricant layer thickness for all different samples and
experiments and thus allow proper comparison, all samples were placed
vertically for 10 min in order to thin out the lubricant film by gravity-
assisted drainage.

Quartz Crystal Microbalance Measurements: Measurements were
performed on an E4 Auto QCM-D from Q-sense (Sweden) using silica-
coated quartz crystal. Prior to the layer-by-layer deposition and data
collection, the crystal was cleaned of organic residue using base piranha
(5:1:1 water to hydrogen peroxide solution to ammonia solution)
for 1 min at 75 °C and then UV-Ozone treated for 10 min. Each layer
deposition was performed for 7 min at 100 uL/min flow of alternating
PDADMA and 20 nm silica colloid solution with a 2 min H,O rinse in
between each deposition at 300 uL/min. The concentration of both
solutions was similar to bulk deposition experiments (0.1 wt.%)

Contact Angle Measurements: Dynamic contact angles were measured
using a goniometer (CAM 101, KSV Instruments) at ambient condition
by slowly increasing and decreasing the volume of the droplet to induce
movement of the contact line, then analyzing the images to find the best
fitting contact angles. All measurements were repeated at least five times
on different areas of the substrates and averaged. Sliding angles were
determined using a 10 pl droplet of liquid on a customized tilting stage
with a precision of approximately 0.5°. All measurements were averaged
over at least five droplets. To be counted as “sliding”, a droplet needed
to slide over the full substrate without getting pinned at any point.

Flow Experiments: All flow experiments were conducted using the
Masterflex L/S Peristaltic Pump (Cole-Parmer). The glass tubes coated
with the desired layer number were infused with 200 pL of DuPont Krytox
103 and left vertically tilted for 10 min to drain excess lubricant. They
were subsequently connected to silicone tubing and conditioned with
water for 20 min at 10 ml/min with water flowing out of the glass tubes
and collecting in a waste container. After the conditioning step, a closed
loop of the silicone tube and the glass tube was created before beginning
water circulation. Care was taken to avoid air bubbles. After specific
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time points at the desired flow rate, the flow was stopped and the
water drained from the tube. Then, sliding angles were measured using
individual 70 pL droplets of water on a tilting stage. All measurements
were averaged over at least five droplets. All experiments were performed
in triplicate. For the staining experiments, a water soluble blue dye
(Dharma Pigment 60 Blue Dye, Dharma Trading Co.) was mixed with
water in a 1:4 ratio. The glass tube samples subjected to 24 h of water
flow at 10 ml/min were held at an approximately 45° tilt while 1T mL of
the prepared solution was added drop wise into each tube and rotated
to ensure exposure to the entire surface of the tube. Then, the tube was
tilted vertically to drain excess dye solution. Data quantification was
performed with Image] as specified in the Supporting Information.

Protein Adhesion: After 24 h of DI water flow at 10 ml/min, 1 mL of
Alexa Fluor 350 conjugated streptavidin (Life Technologies) solution at
a concentration of 0.06 mg/ml was flowed in the glass tubes for 10 min.
The samples were subsequently illuminated with UV light at an excitation
wavelength of 350 nm to indicate areas of protein adhesion to the tube
surface. Images were taken upon UV excitation and further quantified
using ImageJ as specified in the Supporting Information.

Tape Peel Test: 9 bilayers of PDADMA and silica spheres were
assembled onto a silicon wafer as described above. The samples were
sintered at 100 °C, 300 °C, 500 °C, 700 °C, and 1100 °C (ramped at
2 °C min”' from room temperature to the specified temperature, 2 h
at the specified temperature, and then ramped down at 2 °C/min to
room temperature). Adhesive tape (Scotch Magic Tape) was applied
and removed from the samples fifteen times and then imaged using
scanning electron microscopy to determine the degree of silica removal
from the substrate. Before imaging in the SEM, the samples were
subjected to piranha to remove adhesive residues on the substrate.

Supporting Information

Additional movies, experimental details, lubricant film thickness and
stability under shear, LbL coatings on different materials are shown in
Supporting Information. Supporting Information is available from the
Wiley Online Library or from the author.
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