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Abstract

Liquid-repellent surfaces provide useful functionality for many coating applications.
However, maintaining the stability of such liquid repellency over a long time remains an
unresolved challenge. Moreover, despite remarkable progress, conventional methods for
fabricating these surfaces require multiple steps and are only suitable for lab-scale fabrication.
This thesis focuses on fabricating anti-fouling nanocomposite surfaces that maintain their
liquid repellency under challenging conditions. Specifically, we fabricate these nanocomposite
surfaces by inducing the infiltration of polymers into the interstices of surface-grown ZnO
nanowires. Two capillary-based techniques are developed: 1) leaching-enabled capillary rise
infiltration of uncross-linked and mobile oligomer chains from a poly(dimethylsiloxane)
(PDMS) elastomer and 2) wicking of silicone oil into the space between ZnO nanowires. Our
methods enable a cost-effective and large-scale fabrication of ZnO nanowires-based liquid-
repellent surfaces. By changing the infiltrated species (PDMS or silicone oil), two types of
liquid repellency- superhydrophobic or slippery - can be achieved. Our liquid-repellent
surfaces present several useful features: self-cleaning, anti-icing, solvent and chemical
resistance, high transparency, self-healing, and anti-biofouling properties. The key findings of
this thesis are: 1) a straightforward and scalable approach for fabricating liquid-repellent
nanocomposite surfaces that precisely retain the original morphology of ZnO nanowires; 2)
retaining lubricant within the nanostructures, which is a key for producing stable slippery liquid
infused surfaces. The approaches developed in this study are straightforward, efficient, and
potentially scalable. The fundamental understanding from this work can enable others to design
long-lasting liquid-repellent surfaces. In addition, we also describe the applicability of these
ZnO nanowires-based liquid-repellent surfaces to preventing bacterial biofilm formation, in
which we have found some encouraging preliminary results. Furthermore, we show the ability
to grow ZnO nanowires on commercial membranes (glass fiber and stainless-steel mesh) to

extend the applicability of our findings for separation applications.






Résumé

Les surfaces hydrofuges offrent des fonctionnalités utiles pour diverses applications de
revétements. Cependant, le maintien de la stabilité d'une telle répulsion des liquides sur une
longue période reste un défi non résolu. De plus, malgré des progrés remarquables, les
méthodes conventionnelles de fabrication de ces surfaces nécessitent plusieurs étapes et ne
conviennent qu'a une fabrication a I'échelle du laboratoire. Cette thése se concentre sur la
fabrication de surfaces nanocomposites anti-fouling qui maintiennent leur stabilité dans des
conditions difficiles. Plus précisément, nous avons préparés des surfaces nanocomposites via
I'infiltration de polymeéres dans les interstices entre des nanofils de ZnO que nous avons fait
croitre a la surface de nos échantillons. Deux techniques utilisant la capillarité ont été
développées : 1) infiltration par remontée capillaire activée par lixiviation de chaines
d'oligomeéres mobiles et non réticulées a partir d'un élastomere poly(diméthylsiloxane) (PDMS)
et 2) infiltration capillaire d'huile de silicone dans I'espace entre les nanofils de ZnO. Les
méthodes dévelloppées au cours de cette these permettent d’envisager une fabrication a grande
échelle et rentable de surfaces hydrofuges a base de nanofils de ZnO. Suivant les espéeces
infiltrées (PDMS ou huile de silicone), deux types de répulsion des liquides peuvent étre
obtenus : superhydrophobe ou glissant sur un liquide infusé (SLIPS). Nos surfaces hydrofuges
présentent plusieurs caractéristiques utiles : autonettoyage, antigivrage, résistance aux solvants
et aux produits chimiques, haute transparence, propriétés d'auto-cicatrisation et anti-biofouling.
Les principaux résultats de cette these sont : 1) une approche simple et compatible avec une
production & grande échelle pour la fabrication de surfaces nanocomposites hydrofuges qui
conservent précisément la morphologie originale des nanofils de ZnO ; 2) retenir le lubrifiant
dans les nanostructures glissantes ce qui est une clé pour produire des surfaces stables de ce
type. Les approches développées dans cette thése sont simples, efficaces et potentiellement
utilisables a grande échelle. La compréhension fondamentale des mécanismes de non-
mouillabilité mise en avant dans ce travail peut permettre a d'autres de concevoir des surfaces
hydrofuges durables. En outre, nous décrivons également l'applicabilité de ces surfaces
hydrofuges a base de nanofils de ZnO a la prévention de la formation de biofilms bactériens,
en nous appuyant sur des résultats préliminaires encourageants. De plus, nous montrons la
capacité de faire croitre des nanofils de ZnO sur des membranes commerciales (fibre de verre
ou mailles en acier inoxydable) pour étendre I'applicabilité de nos matériaux au domaine de la

séparation de fluides.
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Figure 1. 11: (a) The first fabrication of SLIPS by drop-casting. (b) Common methods for
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Figure 1. 13: Notable applications of SLIPS. (a) Anti-icing properties. (b) Anti-bacterial
properties. (c) Anti-marine fouling. (d) Anti-blood fouling. (e) Detection platform for surface-
enhanced RAMaN SCAEEIING.......cuiiie ettt sre e te s sre e e e 36
Figure 1. 14: (a) A water droplet on a superhydrophobic surface in the Cassie state. (b) After
the Cassie state transited into the Wenzel State. ..........ccccooeiiiiiiiiininiciee e, 37
Figure 1. 15: (a) Photograph of a springtail showing liquid repellency and resistance to high-
pressure raindrops. SEM images show a springtail cuticle’s hierarchical primary (b) and
secondary granules (c). Liquid suspension on surface structures of three different topologies.
(d) Simple structures require Y oung > 90° to stop the water. (e) Re-entrant structures allow
8Young < 90° to stop oil or solvents. They would fail if 8Young ~ 0°. (f) Doubly re-entrant
structures allow 8Young ~ 0° to stop any liquids, (g) Schematics of the wetting dynamics
through the overhang-decorated tapered BUMPS. ........ccoiiiiieii i 39
Figure 1. 16: Schematic illustration of a liquid droplet sitting on a soft solid surface, leading
to the formation of wetting ridges. The Zoom-in part shows the wetting ridge at the triple line.
The green line represents the growth of a wetting ridge caused by the deformation of the vertical
component from the soft SOlid SUITACE. ...........cceiieiicicc e, 41
Figure 1. 17: Effect of spreading coefficient on the configuration of the wetting ridge. (a) a
water droplet with a meniscus wetting ridge, and (b) a water droplet with a lubricant wrapping
layer. The growth of the wetting ridge through an interfacial force balance between the liquid
droplet, the lubricant layer, and the @ir. ..........cccoooeiieii i 42
Figure 1. 18: The schematic illustration demonstrates a wetting ridge profile on SLIPS caused
by a water droplet with its aCCOMPAaNYING CUNVALUIES. ..........oiiivireiieieieie e 45
Figure 1. 19: Computational prediction of possible configurations of a wetting ridge
surrounding a liquid droplet on SLIPS under different lubricant numbers. ...........c.ccccoeeene. 46
Figure 1. 20: (a) Study of wetting ridge growth on SLIPS under static and dynamic conditions
over time using goniometer technique. (b) Vlost vs distance for droplets moving with different

capillary numbers on a lubricant layer of silicone oil with hi =4 pm. (c) Vridge vs Vlost for
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experiments on silicone oil with various capillary numbers. The sole fitting parameter o= 0.52.

Figure 1. 21: Droplet mobility on SLIPS is affected by the wettability of lubricant through a
change in the dominance between viscous dissipation and contact line pinning at the wetting
F1AQE-AroPlet INTEITACE. ... .ccuiiiee e sre e enes 49
Figure 1. 22: (a) Schematic illustration for fabricating a rough SLIPS. (b) Morphology of rough
SLIPSs during the optimization via a spinning process. (c) Schematic illustration of a water
droplet placed on the surface of rough SLIPS where the substrate's root is filled with water
from the droplet. (d) The moving of the water droplet on the rough SLIPS at a tilted angle. (e)
SEM images of well-ordered nanoporous anodic alumina plates with different porosity and (f)
their associated sliding behavior upon lubrication. (g) Schematic illustration of a stable
lubricant-infused configuration. (h) Schematic of the AFM meniscus force measurement for
determining the thickness and mapping the distribution of the lubricant layer. (i) 3D
reconstruction of a SLIPS from the AFM meniscus force measurements. ............ccoceevereenne 51
Figure 1. 23: (a) SEM image of the nanostructured surface showing closely spaced nanoflorets.
(b) AFM image for observing the surface topography. (c) Cumulative and hour-by-hour
lubricant loss as a function of time. (d) Schematic and SEM images of the capillary balancing
structure for suppressing frosting-induced lubricant depletion. (e) Effective lubricant retention
of the capillary balancing structure compared with the microstructure under harsh frosting
(070 1o 11 0] TSRS 53
Figure 1. 24: Schematic demonstration of the current research and emerging anti-fouling
coatings, showing the potential of repellent nanocomposite coatings by synergizing the
advantages from polymeric and inorganic Materials. ...........ccocoviiiriiiiieienes e, 54
Figure 1. 25: (a) Schematic illustration of CaRI of polymer into a nanoparticles film. (b) SEM
images showing shifts of polymer thickness upon infiltration. (c) Initial cracks in a nanoparticle
film are healed after CaRlI. (d) The dynamic of polymer infiltration in CaRI follows the Lucas—
Washburn equation. (e) Refractive index profiles at different stages in the unsaturated CaRl
process. The schematic on the right illustrates the Same. ..........ccccevviieviierc e 57
Figure 1. 26: Morphology of ZnO NWs observed by (a) top-view and (b) cross-section SEM
images. Scale bars are 1 um and 2 um for (a) and (b), respectively. .........cccooveviiiiiiiininnnnn, 59
Figure 1. 27: Anti-fouling applications of ZnO NW-based coatings. (a) Schematic illustration
of a liquid droplet repelled by the surface of ZnO NWs. (b) A ZnO NW-based hierarchical
coating shows repellency against several liquids. (c) top-view and (d) cross-section SEM

images of a hierarchical structure for stable underwater superhydrophobicity. (e) Reflection
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phenomenon of the superhydrophobic surface underwater and (f) its mechanism illustration.
Optical image showing marine algae fouling coverage on (g) control and (h) superhydrophobic
ZnO NWs surfaces after 20 days of algae fouling. (i) Rapid bacterial killing behavior on ZnO
INWV SUITACES. ..ttt sttt ettt ettt et e st et e e e st e sbeebeeneesbeebeeneesneenteeneeanen 60

Figure 2. 1: Diversity in the morphology of ZnO NWs prepared by the CBD method. SEM
images of ZnO NWs. (a) Vertical NWs, (b) branded NWs, (c) NWs trees, (d) and (e) a NWs
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Figure 2. 2: The morphology of random ZnO NWs by SEM images. These ZnO NWs are
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Figure 2. 3: Effect of precursors concentration and growth time on ZnO NWs in the CBD
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Figure 2. 4: The effect of seed layer deposition number on the verticality of ZnO NWs. SEM
images of ZnO NWs grown by the CBD method for 2h on a silicon wafer substrate with (a)
one, (b) two, and (c) three seed layer dePOSItIONS. .........ccueiierierieiiere e 70
Figure 2. 5: Schematic illustration of the cross-linking process of Sylgard 184 PDMS......... 70
Figure 2. 6: A basic goniometer setup for observing a water droplet placed on a surface. ....72

Figure 2. 7: The oxygen plasma instrument setup for cleaning the surface of the sample.....73

Figure 3. 1: Schematic illustration of uncross-linked and mobile oligomers in a PDMS
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Figure 3. 2: Schematic illustration of the extraction of uncross-linked oligomers from a PDMS
elastomer at PDMS-water (left side) and PDMS-water-air interfaces (right side).................. 79
Figure 3. 3: The change in droplet dynamic due to the presence of uncross-linked oligomers.
(a) Two-speed regimes (I and 1) of a water droplet on a tilted PDMS elastomer. Snapshots are
captured every 1.28 s. (b) Distance vs. time diagram: d is the distance traveled by the water
droplet, and t is time. (c) Distance vs. surface tension diagram: (y0 — y) is the change between
the surface tension of pure water and the observed surface tension of the droplet that has
traveled @ QISTANCE . ......ooeiiieice ettt nneas 80
Figure 3. 4: Pattern transfer by taking advantage of the leaching ability of the uncross-linked
and mobile oligomers from a PDMS stamp. (a) A schematic illustration of the pattern transfer

process shows the diffusion of uncross-linked and mobile oligomers from the PDMS network
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to the contact areas between the PDMS stamp and the substrate. (b) Surface profiles of the
patterned locations on the substrate after the pattern transfer via AFM images............c......... 81
Figure 3. 5: Patterning nanoparticle films using the leaching of uncross-linked oligomers from
a PDMS stamp into the pore structure of the nanoparticle film. ..., 82
Figure 3. 6: Schematic illustration showing the LeCaRlI process for fabricating nanocomposite

films with vertically aligned ZnO NWs. For clarity, schematic illustrations are not drawn to
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Figure 3. 7: Optical microscope of ZnO NWs, PDMS-ZnO NWs-10s, and PDMS-ZnO NWs-
150 PC-24N 1. 85

Figure 3. 8: (a, b, ¢) Top-view, (d, e, f) cross-section SEM images, and (g, h, i) EDS mapping
profiles of ZnO NWs, NCF-10s@RT, and NCF-24h@150 °C, respectively. Green and violet

dots represent the presence of Si and Zn, respectively. ..., 86
Figure 3. 9: EDS profile of ZnO NWs and nanocomposite films...........cccccooeiiiiiiieincen, 87
Figure 3. 10: Raman spectra of glass, ZnO NWs, PDMS film, NCF-10s@RT, and NCF-
24h@150 °C (a) in the range of 50-3700 cm™ and (b) in the range of 50-750 cm™. .............. 88

Figure 3. 11: (a) Schematic illustration showing the inverted LeCaRI process to fabricate
nanocomposite films with vertically aligned ZnO NWs. For clarity, schematic illustrations are
not drawn to scale. (b) and (c) Top-view SEM images at different magnifications, and (d) side-
view SEM images of NCF-10s@RT produced via inverted LeCaRl...........c.ccocviriniiiennnnn, 89
Figure 3. 12: (a) Transmittance spectra of glass side, PDMS film, ZnO NWs, and PDMS-
infiltrated ZnO NWSs, (b) corresponding digital photos of the samples showing their
transparency, (c) enlarged transmittance spectra of glass side, NCF-10s@RT, NCF-1h@150
°C, and NCF-24h@150 °C, and (d) digital photograph images of NCFs under light illumination
showing the suppression of reflection compared to the glass slide. ..........ccooovevviieiiieiiiinnnnn, 90
Figure 3. 13: (a) Static water contact angles on ZnO NWs, PDMS film, and ZnO/PDMS
LeCaRI NCFs and (b) time-lapse photos showing the wetting properties of the ZnO NWs,
PDMS film, and PDMS/ZnO NW NCFs under dynamic contact with a water droplet. A water
droplet is brought in contact with the surface of the sample and then pressed onto the surface.
Subsequently, the droplet is retracted from the surface. i-v steps represent the initial state (not
in contact), initial contact upon approach, pressed contact, right before detachment during
retraction, and full retraction, reSPeCtiVElY. ........cccovee e 91
Figure 3. 14: (i-iv) Sequential photographs showing the removal of soil from the surface of (a)
ZnO NWs, (b) PDMS-coated glass, and (c) PDMS/ZnO NW NCF-10s@RT by water droplets

with Orange G. Red circles represent shapes and behavior of droplets when they are in contact
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with the surface of the sample, whereas white circles show the cleaned surface area after
L0 U= (0T 0] o] (=] TSRS 92
Figure 3. 15: (a) Ice accumulation on the surface of ZnO NWs, PDMS film, NCF-10s@RT,
and NCF-24h@150 °C at —15 + 1 °C environment with the delayed freezing time recorded by
observing the non-transparency of the water droplets (b) Freezing time of ZnO NWs, PDMS
film on glass, NCF-10s@RT, and NCF-24h@150 °C at -15 °C. .....ccovevvivevieieciese e, 94
Figure 3. 16: WCA of samples before and after exposure to a series of organic solvents by
sequentially exposing to ethanol, acetone, isopropyl alcohol, n-hexane, and toluene and water
LR I OSSR 96
Figure 3. 17: Effect of UV irradiation on the static water contact angle on PDMS/ZnO NW
LSS 97
Figure 3. 18: Thermally induced healing of the PDMS/ZnO NW NCFs after repeated oxygen

PIASMA trEALMENT. ... .ot et ettt e et e st e e besneesreenreenes 98

Figure 4. 1: (a-c) Top-view and (d-f) cross-section SEM images of the ZnO NW arrays with
three types Of OFIENTALION. .......c.oiiiiiccce e 105
Figure 4. 2: (a) Definition of the orientation angle of NWs. Statistical analysis of the orientation
angle of ZnO NW arrays, including (b) vertical NW array and (c) tilted NW array. At least 250
NWs are analyzed. The error bar is calculated based on the standard deviation................... 106
Figure 4. 3: Schematic illustration of the capillary rise infiltration (CaRl) lubrication of ZnO
NW arrays with silicone oil. For clarity, objectives are not drawn to scale. ......................... 107
Figure 4. 4: Wicking rate of silicone oil in the structure of ZnO NW arrays with three types of
(0] T 1 v LA o] SRS SS SRR 108
Figure 4. 5: SEM images of vertical NW array (a), tilted NW array (b), and random NW array
(c) upon lubrication of SHHCONE Oll..........ccuviiiiiie e 109
Figure 4. 6: (a) A schematic illustration of a water droplet on a lubricant-infused surface,
showing a wetting ridge and definition of apparent contact angle. (b) Static water contact angle
on ZnO NW arrays before and after silicone oil infusion via spin coating and CaRl. .......... 110
Figure 4. 7: (a) Micrographs of water droplets on the surface of ZnO NW arrays after
infiltration of silicone oil via spin coating. b) Micrographs of water droplets on the surface of

ZnO NW arrays after infusion of silicone oil by CaRI. The volume of water droplets is 10 pL.
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Figure 4. 8: Comparative analysis of z/h ratio of a water droplet on lubricant-infused surfaces
using spin-coating and CaRl. h represents the height of the water droplet after sitting on the
lubricant-infused surface, and z represents the height of the wetting ridge.............cccceovnee. 113
Figure 4. 9: Digital photographs of trails left by sliding water droplets on silicone oil-infused
(a) vertical NW array, (b) tilted NW array, and (c) random NW array samples. The diameter of
the water droplets is approXimately 4 MM, .........cccvoie e e 114
Figure 4. 10: Water droplet impact test, which shows the number of water droplets that shed
from lubricated surfaces after one cycle (green-blank), two cycles (purple with right-to-left
lines pattern), and three cycles (red with left-to-right lines pattern)...........ccccccoevevvivcinennenn, 115
Figure 4. 11: The sliding velocity of water droplets on the 7°-inclined surface before and after
applying a high-speed spinning test. The stability of the infused ZnO NW arrays against
centrifugal force-induced failure is performed using a spin coater, rotating at a spin speed of
4500 FPM FOF 180 S..uveeieeciie ittt ettt e et e s sae et e ra et e e e e raereenes 116
Figure 4. 12: Stability of the surfaces against acidic medium (pH of 3.8) and vigorous stirring
(rotating speed of 1000 rpm). (a) Random ZnO NW: (i) upon immersion, (ii) after 30 min of
exposure, (iii) and (iv) microscope image of the surface before and after immersion. (b) SLIPS
based on random ZnO NW infiltrated with silicone oil: (i) upon immersion, (ii) after 30 min of

exposure, (iii) and (iv) microscope image of the surface before and after immersion. ......... 117

Figure 5. 1: Typical stages of biofilm formation. (a) Planktonic bacteria. (b) Attachment of
bacteria on a surface. (c) Formation of protective exopolymeric substances (EPS). (d) Quorum
sensing and releasing microorganisms. (e) Returning to a planktonic state. ......................... 120
Figure 5. 2: Surface modifications for preventing bacterial adhesion. .............cc.ccooveeveiennnn. 121
Figure 5. 3: Experimental setup of a rolling drop experiment to study the attachment of
bacteria. Photo credit: Dr. SIgOIENE LECUYEN. .......cceeiiieieiie et 123
Figure 5. 4: Schematic illustration of microtiter dish biofilm formation assay. ................... 124
Figure 5. 5: Experimental setup for the dynamic observation of bacterial adhesion under flow,
showing a testing surface with an integrated channel and the observation system on an optical
Ao (0TS ot o] o< PP URSTR 124
Figure 5. 6: Bacterial adhesion with rolling droplets. (a-c) Photographs of glass, random ZnO
NWs, and silicone oil-infiltrated ZnO NW surfaces, respectively, after 12h of exposure to
rolling bacterial droplets with CV staining. The highlighted areas represent the areas of contact

with bacterial droplets. (d) and (e) show optical microscope images of glass and silicone oil-
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infiltrated ZnO NW surfaces, respectively. Red arrows point to individual bacteria that can be
seen on the NW surface. Photo credit: Dr. Sigolene LECUYEr. .........cccocvevevieieece i 126
Figure 5. 7: Observation of the formation of bacterial biofilms developed on the surface of the
glass (a), ZnO NWs (b), and the silicone oil-infiltrated ZnO NW sample (c) after 46h by optical
microscope. Bacteria are constitutively fluorescent and modified to express GFP. Red circles
indicate bacterial MICrOCOIONIES. ........ccoiiiiiiiiiicee e 127
Figure 5. 8: A photograph shows a floating bacterial biofilm on the surface of the silicone oil-
infiltrated ZnO NW sample, which can be removed easily. ...........cccccooeiiiiiiiiniiiccee, 128
Figure 5. 9: Dynamic adhesion of bacteria on the surfaces. (a) Surface coverage by bacteria
over time and (b) Log-Linear representation of the surface coverage. (c) Optical image of the
silicone oil-infiltrated ZnO NWs surface after 30 min and 60 min, showing the transition in
surface coverage. Bacteria are labeled in green. ... 130
Figure 5. 10: Surface removal of the silicone oil-infiltrated ZnO NW samples under the flow
cell experiments. (a) Surface with patterns before the removal. (b) The beginning of the surface
removal. (c) The patterns on the surface are entirely removed. (d) Attachment and colonization
of bacteria to the remoVEed SUMTACE. ..........cooiiiiiiieee s 131
Figure 5. 11: Morphology of samples via SEM images. (a) Initial morphology of SSMs. (b)
morphology of SSMs after seed layer deposition. (c) and (d) morphology of SSMs after ZnO
NWs growth with different magnifications. ...........ccccooeiiiiiiiiiee e, 136
Figure 5. 12: SEM images showing the successful fabrication of long and random ZnO NWs

on SSMs with different growth times (3h, 6h, 16h, and 24h respectively from top to bottom).

................................................................................................................................................ 137
Figure 5. 13: SEM images showing the successful fabrication of hierarchically structured
membranes SSMs with both standard and long, random ZnO NWS. .........ccccoceviiiiiiiiininennn. 138

Figure 5. 14: Morphology of samples via SEM images. (a) Initial morphology of GFMs and
(b) morphology of GFMs after seed layer depoSition...........ccccovivevieieiie i 140
Figure 5. 15: SEM images showing the successful fabrication of long, random ZnO NWs on
GFMs (pore size of 2.7 pm). Growth time: 16h. ........ccoooiiiiiiiiiiieee e 141
Figure 5. 16: SEM images showing the successful fabrication of long, random ZnO NWs on
GFMs (pore size of 0.7 um). Growth time: 16h. One image is colored for better distinction,

where glass fibers are shown in brown and ZnO NWs are shown in green. .........c.ccocveeneen. 142
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1.1 General context

Repellent surfaces, which can prevent fouling by liquids, solids, and other biological species,
represent an important class of advanced technologies in human society.[1-5] Two notable
natural examples are self-cleaning superhydrophobic leaves and slippery surfaces on pitcher

plants.

As societal demands have grown, the applications of repellent surfaces have advanced
considerably from earlier benefits that were placed on protection from the natural environment.
Surfaces that can control solid, liquid, or vapor accumulation hold great potential. Since the

first synthesis of superhydrophobic surfaces in 1996,[6] the world has observed a remarkable
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deployment of repellent surfaces, which have represented a key player in tackling pressing
challenges, such as environmental disasters,[7, 8] sustainable energy,[2, 9] medical safety,[10,
11] and water production and utilization.[12-14] For instance, superhydrophobic surfaces are
being studied to maintain the cleanness of the photovoltaic panel surfaces from dirt,[15, 16]
reducing the formation of ice on airplanes,[3] prevent bacterial biofilms on medical implant
coatings (Figure 1.1).[17, 18] Notably, this topic won a spot in the Top Ten Emerging
Technologies in Chemistry in 2021 by the International Union of Pure and Applied Chemistry
(IUPAC) for its contribution to the well-being of society and the sustainability of Planet
Earth.[19] Thus, with the rapid and continuous developments of scientific discoveries and
technological advances, repellent surfaces promise to open new opportunities in addressing

current fouling problems and beyond.

Multi-liquid repellency  Anti-microbial surfaces

Water 2 Oil
(& “

) ‘Blood

Marine fouling
release

Efficient condensation

Transparent
anti-fogging surfaces

Figure 1. 1: Diverse applications of anti-fouling surfaces that control different states of matter
accumulations.

The figure is adapted from Ref [20].

There are several strategies for producing repellent surfaces. Although not universal, the
main groups of repellent surfaces include air-trapped and lubricant-infused surfaces.[21]
Details on the fundamental mechanisms and properties of these repellent surfaces will be
provided in the next section. Realizing repellent surfaces typically requires a combination of
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topographical features and low surface energy chemistry. The critical factors to repellency are
a trapped air layer in the case of nano/microstructured superhydrophobic or superoleophobic
surfaces or an infused lubricant layer in the case of slippery lubricant-infused porous surfaces.
However, the Cassie state (described below and the Wenzel state) is only metastable.[22, 23]
It can easily collapse under external influences, leading to a Cassie-to-Wenzel transition on
nano/microstructured superhydrophobic or superoleophobic surfaces.[24, 25] Also, the surface
textures are usually fragile, and the frequent use of perfluorinated compounds to reach low
surface energy causes significant concerns about health and environmental impact.[26]
Meanwhile, the lubricant layer depletes over time, leading to the degradation and failure of
slippery lubricant-infused porous surfaces.[27, 28] Ensuring the long-term robustness of such

repellent surfaces remains challenging.

Nanocomposite coatings have promised to enhance the stability of repellent surfaces.[29,
30] However, a key drawback associated with nanocomposite films is their mechanical
vulnerabilities and highly sophisticated fabrications. The development of repellent
nanocomposite films from a low-cost, multifunctional nanomaterial with high mechanical
robustness and potential for large-scale manufacturing holds enormous promise. Zinc oxide
nanowires (ZnO NWs) are an exciting class of nanostructured materials that could promote
repellency stability because of their unique morphology. However, it remains challenging to
retain the original morphology of NWs during nanocomposite fabrication. To overcome the
processing challenges of conventional methods, a new approach to fabricating nanocomposite
films in a scalable fashion has been developed by taking advantage of the capillarity-based
phenomena, uniquely representing it as a practical approach for fabricating anti-fouling
nanocomposite films with ZnO NWs.[31-35]

In the following sections, we will describe the fundamental concepts of repellent
surfaces, highlighting notable works throughout the development of the field. Key challenges
to the stability of the repellent surfaces will be identified. Emerging solutions by creating anti-
fouling nanocomposite films with ZnO NWs will also be described. The introduction section

will end by stating the goals and the outline of the thesis.
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1.2 Repellent surfaces

1.2.1 The development of repellent surfaces

In 1805, Thomas Young was the first to explain the behaviors of a water droplet on an
assumed ideally smooth and chemically homogenous solid surface at an equilibrium state.[36]
His pioneering study described the fundamental concepts of solid-liquid interactions, including
wetting and non-wetting phenomena. The wetting property of a solid surface is characterized
by the contact angle of a liquid droplet on the solid surface, depending on the interfacial tension
between the solid-vapor, solid-liquid, and liquid-vapor interfaces at the three-phase contact line
(Figure 1.2).[36-38]
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Figure 1. 2 : Schematic illustration showing Young’s contact angle of a liquid droplet on an ideally
smooth and chemically homogenous solid surface at the equilibrium state.

The figure is adapted from Ref [3].

The equilibrium contact angle (6y,ung) for a liquid droplet on a flat, chemically

homogeneous, and rigid surface, is presented by Young equation (Eqn. 1.1) as follows:

Ysv — Vst
cos(Oyoung) = ———— (1.1)
Yiv

where ygy, ¥s1, and y, are the interfacial tensions at the solid-vapor, solid-liquid, and liquid-
vapor interfaces, respectively. Accordingly, a surface can be classified as superhydrophilic,
hydrophilic, hydrophobic, or superhydrophobic when it has a water contact angle of ~0°, <90°,
90°-150°, or >150° respectively.[37, 38] Likewise, a surface can be classified as
superoleophilic, oleophilic, oleophobic, or superoleophobic by determining its oil contact

angle.[39] As the surface tension of oils is typically lower than that of water, a surface with oil
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repellency will also exhibit water repellency.[37, 39] The contact angle value of a droplet on a
solid surface also describes the adhesion and mobility of the liquid droplet to the solid
surface.[37]

However, most solid surfaces present a certain level of roughness, which Young did not
consider. The effect of surface roughness is critical in understanding the pinning of a liquid
droplet on a solid surface. Wenzel and Cassie—Baxter developed models that account for the
effect of surface roughness on the contact angle of the liquid on the surface. In the Wenzel
state, the liquid droplet fills up the surface texture, creating a “fully wetted” interface (Figure
1.3a).[40] The apparent contact angle (6*) in this state can be described through the Wenzel
equation (Eqgn. 1.2) as follows:

cos(0*) = rcos(Byoung) (1.2)
where r is the roughness factor, showing the ratio of the actual surface area to the projected

surface area of the solid surface.

Since the Young and Wenzel equations are derived using semi-empirical assumptions,
the contact angle obtained from these two equations does not present a unique value on an
actual surface. The contact angle generally varies within their receding and advancing contact
angle values. The difference between the receding and advancing contact angles is called
contact angle hysteresis.[41] Surface roughness can magnify the wetting properties of both

hydrophilic and hydrophobic surfaces.

Unlike the assumption in Young and Wenzel’s equations about a homogenous solid
surface, Cassie’s equation considers a chemically heterogeneous surface. In the Cassie—Baxter
state, the liquid droplet does not fill in the textured repellent surface but rests on an air-solid
composite interface (Figure 1.3b).[42] The 0%, in this case, can be described through the
Cassie—Baxter equation (Eqgn. 1.3) as follows:

cos(6*) = -1+ Qs[cos(eyOung) + 1] (1.3)

where @ is the solid area fraction of the substrate interacting with the liquid droplet.
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(@)  Wenzel state (b) Cassie-Baxter state

Figure 1. 3: Schematic illustration of (a) Wenzel state and (b) Cassie—Baxter state for describing the
apparent contact angle of a liquid droplet on a rough surface.

The figure is adapted from Ref [3].

These concepts primarily established the essential requirements for creating repellent
surfaces. Another critical factor in the development of repellent surfaces is the discovery of
hydrophobic polymers. Polydimethylsiloxane (PDMS) and polytetrafluoroethylene (PTFE or
Teflon) are two notable polymers in developing repellent surfaces.[3] PTFE and PDMS were
synthesized in 1938 and 1940, respectively.[43] Many superhydrophobic surfaces have been
fabricated, taking advantage of the low surface tension of these hydrophobic polymers. Also,
the innovations of electron microscopies have unveiled the structure of naturally repellent
surfaces, consequently uncovering the underlying mechanisms of those naturally repellent
surfaces. One of the most important findings was the study of Barthlott and Neinhuis in 1997,
explaining the superhydrophobicity mechanism of lotus leaves by observing their

microstructure via a scanning electron microscope.[44]

In 2007, a new type of repellent surface was introduced to improve the stability of
superhydrophobic surfaces and address the high demand for resisting low surface tension
liquids, known as superomniphobic surfaces.[45] Typically, surfaces with contact angles >90°
or >150° with liquid droplets of oils, solvents, alcohols, acids, and bases, are categorized as
omniphobic or superomniphobic, respectively.[46] One of the most important structures of this
type of repellent surface is the re-entrant or double re-entrant structure because of its highly
stable superoleophobicity.[45, 47, 48] Despite the remarkable enhancement of stability
demonstrated by these re-entrant or double re-entrant structures, the spaces between the surface
features are potentially susceptible to failure under harsh conditions. To address this problem,

a new class of repellent surface, slippery liquid-infused porous surfaces (SLIPS), was

26



introduced in 2011.[49] SLIPS comprises a porous scaffold and a lubricant layer stabilized
within and above the surface of the porous scaffold. The remarkable liquid repellency of SLIPS
originates from the lubricant layer above the porous scaffold. This infused lubricant with low
surface energy fills the air pockets in the space of the porous scaffold, providing a mobile liquid
surface with no contact line pinning and excellent pressure stability. In summary, a timeline of
the developments of repellent surfaces is shown in Figure 1.4. The following sections will

thoroughly describe further details on these repellent surfaces.
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Figure 1. 4: Timeline of significant developments of repellency surfaces. The timeline highlights
notable advances, including theoretical concepts, the discovery of hydrophobic polymers, and the
development of superhydrophobic surfaces (SHSs), superomniphobic surfaces, and slippery liquid-
infused porous surfaces (SLIPS).

The figure is adapted from Ref [3].

1.2.2 State-of-the-art repellent surfaces

Proposed strategies for fabricating repellent surfaces can be divided into three main
approaches (Figure 1.5). The first approach involves the fabrication of hydrophobic micro- or
nanostructures to trap an air layer, minimizing the contact area between the liquid and the solid
surface, including superhydrophobic and superomniphobic surfaces (Figure 1.5a).[50, 51] In
the second approach, a liquid-like monolayer is covalently attached to the solid surface to form
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a surface known as slippery omniphobic covalently attached liquid (Figure 1.5b).[52-54] The
third approach involves lubricating porous structures with a suitable lubricant to produce a
mobile and slippery surface (Figure 1.5¢).[3, 49, 55] An illustration based on the contact angle
hysteresis versus the apparent contact angle of the three state-of-the-art liquid-repellent
surfaces is shown in Figure 1.5d. This section will provide additional details regarding the

design and application of each type of the three state-of-the-art repellent surfaces.
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Figure 1. 5: Schematic illustration of three main approaches in designing repellent surfaces. (a) Air-
infused structures. (b) Surfaces grafted with polymer brushes. (c) Lubricant-infused porous surfaces.
(d) The contact angle hysteresis versus the apparent contact angle for three different state-of-the-art
liquid-repellent surfaces.

The figure is adapted from Refs [20, 21].

1.2.2.1 Superhydrophobic and Superoleophobic Surfaces

A surface is classified as superhydrophobic if it presents a water contact angle
>150°.[38] Designing superhydrophobic surfaces depend on two key components, including
the roughness and chemistry of the surface.[6, 56-58] Interestingly, these fundamental
understandings were only known after discovering the self-cleaning mechanism of lotus leaves
(Figure 1.6a).[44, 59] Lotus leaves leverage the self-cleaning properties to remove dust on
their surface when exposed to water (Figure 1.6b,c). This property comes from a hierarchical
structure with micro and nanoscale features (Figure 1.6d). The leaf comprises a convex cell
papilla at the microscale (Figure 1.6e), while epicuticular wax crystals are observed at the
nanoscale (Figure 1.6f). Later, researchers explored many other living creatures to learn and
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mimic their superhydrophobicity. We refer readers to some dedicated reviews for a detailed

description of these naturally repellent surfaces.[59-69]

e)

Figure 1. 6: Images of superhydrophobic lotus leaves with self-cleaning properties at different
magnifications.

The figure is adapted from Ref [44].

In 2011, to address the need for repelling low surface tension liquids, a new and scalable
approach was introduced for fabricating robust repellent surfaces by taking advantage of the
self-assembly of micro and nano SiOz beads (Figure 1.7).[70] In this approach, candle soot
templated SiO2 nano-shells were deposited on a glass substrate (Figure 1.7a,b). After
fluorination, the as-obtained coating demonstrated an outstanding repellency against both
water and organic solvents (Figure 1.7¢). Having such a chain-like structure, the coating can
potentially retain its repellency if the structure is presented. This approach has been extended
to fabricating several hierarchical structures of other materials, such as TiO. and PTFE
beads.[7, 71, 72] Even though the strength of this type of repellent surface is greater than
silicon-based superhydrophobic surfaces, these surfaces remain vulnerable to extreme working
environments, such as strong mechanical abrasion, high hydrostatic pressure, and marine
biofouling.[73-75]
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Figure 1. 7: (a) Photograph describing the candle soot coating preparation. (b) High-resolution
scanning electron microscope (SEM) image of the soot deposit with a single particle chain made up of
almost spherical carbon beads. (¢) Schematic illustration of a liquid droplet rested on the super
repellent coating.

The figure is adapted from Ref [70].

Superhydrophobic surfaces have exhibited tremendous benefits in many applications,
including self-cleaning,[64, 76] anti-icing,[77-79] anti-bacterial,[80-82] drag reduction,[83-
85] enhanced heat transfer,[86-88] water harvesting surfaces,[89-91] and many more. These
valuable properties come from the thin air layer trapped by the micro-/nano structures.
Furthermore, superhydrophobic surfaces have been commercialized, such as NeverWet®.
Some notable achievements of these repellent surfaces are highlighted in Figure 1.8. Several
boiling and condensing-based applications suffer substantial energy loss during liquid-vapor
phase change processes. When the heat flux grows to reach the critical heat flux, the rate of
droplets nucleation also raises and causes droplets to coalesce, consequently forming a
continuous liquid film on the surface of the device, particularly on surfaces with high surface
tensions (Figure 1.8a).[86] The formation of such a liquid film is not desired because of its
high resistance to heat transfer.[86] In contrast, if the surface is covered with a low-energy non-
wetting material, the vapor forms discrete liquid droplets, known as dropwise condensation
(Figure 1.8b ).[92, 93] The progressive removal of these condensing droplets by gravity
facilitates refreshing the surface for re-nucleation. Dropwise condensation has been shown to

enhance 5-7 times heat transfer performance compared to the filmwise mode.[94-96]

Another critical application is water/oil separation (Figure 1.8c-f). Oil-water mixtures
can come from several sources, such as petroleum mining, textile, and leather processing.
Because of the complexity, cost, and energy needs associated with conventional separation

approaches, membrane-based approaches for oil-water separation have shown great potential
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for addressing the oil pollution problem.[97-100] Membranes with engineered surface
wettability, such as hydrophobic-oleophilic membranes, can let lower surface tension oils go
through while blocking water (Figure 1.8c).[45] However, this type of membrane is unsuitable
for the gravity-driven oil-water separation process because the water phase typically contacts
the membrane surface first due to its higher density. Also, hydrophobic membranes are prone
to fouling by the oil phase or surfactants.[101-103] Membranes that are simultaneously
hydrophilic and oleophobic can overcome these limitations (Figure 1.8d,e).[97, 104-107] The
developed membranes separated a wide range of oil-water mixtures with >99.9% separation
efficiency.[97] The hygro-responsive membranes could be coupled with hydrophobic and
oleophilic membranes to accelerate continuous oil-water emulsion separation (Figure 1.8f).
Given the currently pressing state of the environment, this research direction holds great
potential.

Notably, advancing from the conventional surfaces, by coupling with the state-of-the-art
3D printing techniques, a wide range of 3D bulk superhydrophobic objects have been created
(Figure 1.89).[108] Such advances may further expand the application of superhydrophobic
surfaces to new fields, such as cell arrays/aggregations construction and blood-repellent
medical devices. Despite the huge potential of the superhydrophobic and superoleophobic

surfaces, stability, production cost, and scalability remain significant challenges.
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Figure 1. 8: Applications of superhydrophobic and superoleophobic surfaces. a) Filmwise
condensation on a hydrophilic Cu tube. (b) Dropwise condensation on a superhydrophobic Cu tube.
The inset displays a superhydrophobic CuO nanostructured surface that improves dropwise
condensation. (c) A steel mesh coated with fibers containing fluorodecyl POSS used for oil-water
separation. Octane droplets (red) go through the membrane, while water droplets (blue) bead up on
the surface. (d and e) Droplets of water (dyed blue) and oil (dyed red) on stainless-steel mesh (top) and
polyester fabric (bottom). (f) A photograph showing the continuous separation of a water-in-
hexadecane emulsion using a wettability-engineered membrane. (g) 3D superhydrophobic objects
printed, showing the design flexibility.

The figure is adapted from Refs [45, 97, 108, 109].

1.2.2.2 Liquid-like repellent surfaces

Smooth surfaces are fundamentally disadvantage of liquid repellency because of a
maximum contact angle of ca. 130°, a high contact angle hysteresis, and liquid pinning. [110,
111] Interestingly, an innovative method has been proposed for improving repellency on
smooth surfaces by grafting long and flexible polymer chains to the smooth surface.[112, 113]

Such an approach is commonly called a “liquid-like” surface, indicating a polymer chain
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attached to a surface and presenting liquid characteristics.[52, 114-116] A typical grafting
process to a surface is shown in Figure 1.9a. The polymer chains in polymer brushes arrange
themselves in a soft polymeric layer. The high mobility of the PDMS chains on the obtained
surface enables an excellent repellency to water, olive oil, and hexadecane (Figure 1.9b).[117]
Surface grafting with PDMS has shown promise, particularly in liquid repellency and anti-
icing.[52, 113, 117] In addition, such an approach can be coupled with photocatalytic materials
to achieve repellency and photocatalytic activities simultaneously.[118] Thus, this surface type
could be promising for anti-fouling applications such as anti-icing and marine fouling.
However, there are several drawbacks to how readily grafting chemistry can be employed to
all the existing substrates, the behavior of the liquid-like layer, and further details on stability

remain to be studied.
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Figure 1. 9: (a) Schematics of the PDMS brush grafting to silicon substrates via hydrolysis and
polycondensation. (b) Photographs showing the sliding of 15 uL droplets of water, olive oil, and
hexadecane on the obtained PDMS brush substrates, tilted angle of 3°.

The figure is adapted from Ref [117].

1.2.2.3 Slippery Liquid-infused Porous Surfaces

To overcome the poor pressure stability on air-infused surfaces, a new repellent surface
was created by altering the air cushion with a lubricant layer, slippery liquid-infused porous

surfaces (SLIPS).[49] This lubricant layer plays a primary role in inhibiting the attachment of
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foreign immiscible liquids, which has shown incredible effectiveness in preventing surface
fouling.[18, 21, 49]

The two critical components for creating SLIPS include a porous solid underlying
scaffold and an infiltrating lubricant combined to produce a mobile and repellent liquid
overlayer.[49] The solid scaffold can be smooth or rough, but requisitely matches the chemistry
of the infiltrating lubricant.[3] The lubricant is blocked within the solid scaffold by van der
Waals and capillary forces.[49] Typically, SLIPS designs are governed by thermodynamic
criteria.[49, 119] The interfacial energy at different wetting states is shown in Figure 1.10.
The solid must be wetted by the infiltrating lubricant (Liquid B) rather than the foreign liquid
(Liquid A). This criterion ensures that Liquid A remains on top of Liquid B. In Figure 1.10,
liquid A on the substrate (Ea), liquid B on the substrate (E2), and liquid B on the substrate with
liquid A (E1). When Ea is greater than E1 and E», the substrate is more favorable to be wetted
by liquid B.[49] Later, spreading parameter and disjoining pressure were added to ensure the
design criteria of SLIPS further.[119, 120]
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Figure 1. 10: Schematic drawings illustrating the interfacial energy at different wetting statuses.

The figure is adapted from Ref [49].

The first SLIPS was fabricated by drop-casting of perfluorinated lubricants to the surface
of Teflon nanofibrous membranes to create SLIPS (Figure 1.11a).[49] Since then, several
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approaches have been adopted for infiltrating lubricants. The infiltration of lubricants can be
performed using typical methods such as immersion, spin coating, spray coating, or dip coating
(Figure 1.11b).[120] However, these approaches likely present challenges in precisely
controlling the thickness of the infiltrating lubricant. With the tremendous expansion in
fabrication techniques, several types of SLIPS have been fabricated (Figure 1.12). Based on
the structure of the solid scaffold, there are three classes of SLIPS: 1- dimensional, 2-

dimensional, and 3- dimensional.[3]
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Figure 1. 11: (a) The first fabrication of SLIPS by drop-casting. (b) Common methods for making
SLIPS.

The figure is adapted from Refs [49, 120].
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Figure 1. 12: Diversity in SLIPS structures.

The figure is adapted from Ref [3].
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SLIPS offer useful functions for various key applications, including self-cleaning,[121,
122] anti-icing,[123-125] anti-fouling,[55, 126-130] corrosion-resistant,[131, 132] food
packaging,[133, 134] wave guiding,[135] separations,[136] heat transfer enhancing,[137-140]
drag-reducing,[141-143] and water harvesting coatings.[13, 144-147] Some notable
applications of SLIPS are shown in Figure 1.13. One of the transformative properties of SLIPS
is the anti-icing ability. SLIPS have demonstrated a remarkable reduction in ice adhesion
strength, from ~100 kPa (superhydrophobic surfaces) to ~10 kPa (liquid-infused gel),[148]
even down to 2 Pa (magnetic fluids) (Figure 1.13a).[149] In addition, SLIPS have
demonstrated superior anti-bacterial properties, interestingly surpassing superhydrophobic
surfaces over extended exposure to bacteria (Figure 1.13b).[55] SLIPS also significantly repels
repelling mussel adhesion (Figure 1.13c).[126] Furthermore, SLIPS have been demonstrated
to repel various biological fluids, leading to many biomedical applications (Figure 1.13d), such
as tubing and catheters,[18] endoscopies,[150] dental care.[151] Recently, SLIPS have also
shown their potential as a detection platform for surface-enhanced Raman scattering as droplets
would shrink and eventually evaporate into a tiny dot without contact line pinning. This
behavior markedly increases the concentration of the targeting chemicals, consequently
identified through the surface-enhanced Raman scattering (Figure 1.13e).[152]

a. Anti- |cmg and Frostmg b. Anti-biofouling (bacteria)

e. Ultra-sensitive Detection
Au nanoparticles Analyte

7~ =
Figure 1. 13: Notable appllcatlons of SLIPS. (a) Anti- -icing propertles (b) Anti-bacterial properties.
(c) Anti-marine fouling. (d) Anti-blood fouling. (e) Detection platform for surface-enhanced Raman
scattering.

The figure is adapted from Refs [11, 55, 123, 126, 152].
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1.2.3 Challenges of the state-of-the-art repellent surfaces

This section discusses the pressing challenges of the current repellent surfaces,
including the Cassie-to-Wenzel wetting transition on air-infused surfaces and the lubricant
depletion on SLIPS.

1.2.3.1 Metastable state of the Cassie state

Section 1.2.2.1 described several applications of superhydrophobic surfaces. These
applications come from an air pocket trapped by the micro- or nanostructured surfaces. This
air layer induces the Cassie state, minimizing the contact area between the surface and the
water droplet (Figure 1.14a).[24, 42, 153] However, superhydrophobicity based on the Cassie
state is fragile and can be damaged easily under harsh conditions, such as high pressures,
droplet impact, surface vibration, and prolonged immersion time.[154-156] The Cassie state is
metastable, transiting to a more stable Wenzel state after receiving sufficiently external energy,
such as vibration, evaporation, impact, and electric field (Figure 1.14b).[157-159]
Theoretically, the droplet in the Cassie state presents higher surface energy than in the Wenzel
state.[160] Consequently, a transition from the Cassie state to the Wenzel state is typically
observed. In contrast, the opposite transition takes place only under scarce situations since it is
an experimentally irreversible process because of considerable energetic barriers to the reverse
transition, although it is possible in a simulation study.[24] The Cassie-Wenzel wetting
transition indicates the failure of surface repellency. Typically, this wetting transition or
superhydrophobicity failure can be observed via the disappearance of the plastron phenomenon
on the surface when immersed underwater. This wetting transition remains the biggest

challenge for repellent surfaces that use air pockets as the protective layer.

(b)

Figure 1. 14: (a) A water droplet on a superhydrophobic surface in the Cassie state. (b) After the
Cassie state transited into the Wenzel state.

This figure is adapted from Ref [24].
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To enhance the stability of the air-cushion layer, a new type of structure has been
developed, which is called re-entrant structures. The re-entrant structures have demonstrated
the most effective design for creating robust superhydrophobic surfaces among numerous
explored surface structures.[45, 46, 161, 162] With such a re-entrant structure, liquid fronts are
locally trapped to generate upward-supporting capillary force, amplifying the breakthrough
pressure and maintaining a Cassie state (Figure 1.15).[20, 161, 162] Such re-entrant structures
mimic the surface structure of springtails (Figure 1.15a-c). Also, the robustness of the re-
entrant structure can be significantly improved using the doubly re-entrant[48, 163, 164] and
triply re-entrant structures,[165] which present the repellency against very low surface tension
liquids (Figure 1.15d-f). Notably, surface chemistry modification is unnecessary for the double
re-entrant and triply re-entrant structures to achieve superoleophobicity. Recently, advancing
from these re-entrant structures, a state-of-the-art springtail cuticle-inspired surface has been
developed, having multilayered, doubly re-entrant posts with increasing diameter from top to
bottom (Figure 1.15g).[166] Such a new type of structure possesses both a high contact angle
and a superior breakthrough pressure gradient. However, springtail-inspired repellent surfaces
are fabricated through the silicon etching method, which is costly and challenging for scalable

manufacturing.
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Figure 1. 15: (a) Photograph of a springtail showing liquid repellency and resistance to high-pressure
raindrops. SEM images show a springtail cuticle’s hierarchical primary (b) and secondary granules
(c). Liquid suspension on surface structures of three different topologies. (d) Simple structures require
Byoung > 90° to stop the water. (e) Re-entrant structures allow 6y ,,,,4 < 90° to stop oil or solvents.
They would fail if 8y y,4 ~ 0°. (f) Doubly re-entrant structures allow 6y 4,,,4 ~ 0° to stop any liquids,
(9) Schematics of the wetting dynamics through the overhang-decorated tapered bumps.

This figure is adapted from Refs [48, 166, 167].

1.2.3.2 Lubricant depletion

Different from air-infused surfaces, the remarkable liquid repellency of SLIPS originates
from the lubricant layer above the porous scaffold.[21, 168] The infused lubricant with low
surface energy fills the voids of the porous scaffold, providing a mobile surface with no contact
line pinning and excellent pressure stability.[49] Also, the surface properties of the lubricant
layer are highly tunable because of the vast choice of lubricants that are available with a wide
range of properties (viscosity, solubility, and surface tension).[169] However, the lubricant
layer depletes over time, leading to the degradation and failure of SLIPS. For example, the
ability to induce dropwise condensation of low surface tension fluids makes SLIPS a unique
solution for enhancing the heat transfer efficiency in various industrial processes, such as
refineries, biomass combustion, and natural gas manufacture;[170, 171] the depletion of
lubricant from such a SLIPS surface, however, decreases heat transfer by 80%, severely
impeding the condensation of toluene.[172] Another notable property of SLIPS is their
excellent anti-fouling ability that originates from the fluid-like feature of the lubricant layer,
effectively inhibiting the adhesion of biological species (e.g., individual bacteria, bacterial
biofilm, and mussel).[55, 126, 127] Such an anti-fouling property, however, can be lost due to
lubricant depletion under various conditions. For example, silicone oil-infused porous
polydimethylsiloxane substrates with a lubricant thickness of ~26 pm have been shown to
experience complete lubricant loss under flow in 7 days (shear stress of 0.007 Pa), increasing
the contact angle hysteresis substantially and degrading the repellency of these SLIPS.[173]
Furthermore, the lubricant from the wetting ridge has been shown to contaminate and alter the
surface tension of the contacting water droplets,[174, 175] potentially contaminating collected

water in fog harvesting applications.

Lubricant can deplete through several mechanisms. Mechanisms that cause lubricant
depletion include evaporation of lubricant,[176, 177] physical force (shear force/frost/gravity)-
induced lubricant loss,[124, 178-181] and moving liquid droplet-induced loss.[27, 28, 172,
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182, 183] Several lubricant depletion paths can be prevented by changing the structure and
composition of SLIPS. For example, the problem of lubricant evaporation can be overcome by
using non-volatile liquids as lubricants.[184, 185] Perfluorinated lubricants and colloidal
nanoparticles, for example, have been shown to form self-suspended nanoparticle fluids that
could significantly reduce evaporative lubricant loss at 50 °C for three months.[186] The frost-
induced lubricant depletion has been suppressed by making the pore of the infused surface
smaller than the pore size of frost dendrites, thereby offering a much stronger capillary force
for retaining the lubricant during frosting and icing processes.[124]

Lubricant depletion resulting from the movement of liquid droplets on the infused surface
remains a significant problem in maintaining the liquid repellency of SLIPS. The physical
origin of this lubricant depletion path comes from the formation of a wetting ridge or a cloaking
layer surrounding the moving liquid droplet.[27] The formation of the wetting ridge directly
contributes to lubricant depletion. Lubricant taken along with moving droplets leads to
progressive loss of lubricant from the infused surface, and an additional shear flow could
rapidly accelerate the lubricant depletion.[187] The formation of a wetting ridge on SLIPS is
arguably unavoidable and limits the long-term durability and applicability of this type of

repellent surface.

Despite the enormous progress in the development and application of SLIPS since the
first report at the beginning of the 2010s, lubricant depletion over time has been largely
overlooked. Most of the existing literature on SLIPS describes its fabrication methods and
applications.[3, 18, 20, 188-193] Only a very small number of studies have reported on the
suppression of wetting ridges despite its critical role in lubricant depletion.[120, 168, 169] The
main focus of these reports, however, is the choice of porous scaffold and lubricant types or
strategies to replenish lubricant upon depletion. Thus, understanding the physics of lubricant
depletion through the formation of a wetting ridge is essential to developing strategies to
overcome the current limitations of SLIPS. Suppression of wetting ridge formation holds great
potential for producing stable SLIPS. Here, we describe the fundamental physics and
phenomena behind the formation of wetting ridges and highlight the recent findings on the
suppression of wetting ridge-induced lubricant depletion in SLIPS. Such understanding will
aid in the design of stable SLIPS that can be used in a wide array of applications.
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The principle of wetting ridge formation

The formation of wetting ridges was initially recognized in the wetting phenomena on soft
solids, long before the invention of SLIPS.[194, 195] It has been shown that when a wetting
droplet meets a soft surface such as gels, creams, foams, and polymers, there is a local
deformation of the soft surface, leading to the formation of wetting ridges, as shown in Figure
1.16.[195-200] Interfacial forces primarily govern the formation of wetting ridges among the
involved phases. Accordingly, a droplet placed on a lubricant-infused surface forms a complex
4-phase system that comprises the porous surface, the lubricant layer, the liquid droplet, and
the surrounding vapor. A wetting ridge is a meniscus of lubricant drawn up around the liquid
droplet through capillarity.[27, 201] Each interface has an associated characteristic interfacial
tension, originating from the difference between the cohesive forces of molecules from two
different phases.[27, 37, 168] The wetting ridge forms a region with negative Laplace pressure
because of its negative curvature, which draws more lubricant into it until the pressure in the

lubricant layer is identical to the pressure within the wetting ridge.[27, 202, 203]

VapOI' We\’fting ridge Droplet
Soft solid—

, Wetting ridge

Figure 1. 16: Schematic illustration of a liquid droplet sitting on a soft solid surface, leading to
the formation of wetting ridges. The Zoom-in part shows the wetting ridge at the triple line. The
green line represents the growth of a wetting ridge caused by the deformation of the vertical
component from the soft solid surface.
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The static equilibrium shape of a wetting ridge

A wetting ridge can exist in two configurations depending on the spreading coefficient
(S) of the lubricant on the surface of the droplet. The spreading coefficient can be calculated
using Eq. (1.3):[119]

Stp =Yov — VoL — Vv (1.3)
where y is the interfacial tension between the two phases, and the subscripts D, V, and L stand

for droplet, vapor, and lubricant, respectively.

When S;, < 0, the wetting ridge presents a meniscus surrounding the droplet, as shown
in Figure 1.17a. In contrast, the wetting ridge can cloak the droplet as a wrapping layer when
S.p > 0, as shown in Figure 1.17b.[119, 120, 169] These proposed situations capture the
formation of the wetting ridge under the assumption that the wetting ridge forms on a smooth,
homogenous lubricant layer and neglects the critical role of the porous surface in the formation
of the wetting ridge. Indeed, the porous surfaces with different pore sizes have been shown to
affect the height of the wetting ridge by confining lubricant within their pore structures through
capillarity. Thus, a more comprehensive theoretical understanding of wetting ridge on SLIPS

with the introduction of the porous surface will be needed.

a S;p <0 b S;p >0

Figure 1. 17: Effect of spreading coefficient on the configuration of the wetting ridge. (a) a water droplet
with a meniscus wetting ridge, and (b) a water droplet with a lubricant wrapping layer. The growth of the
wetting ridge through an interfacial force balance between the liquid droplet, the lubricant layer, and the
air.

This figure is adapted from Ref [27].
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At equilibrium, the pressure inside and outside the wetting ridge is the same as the
meniscus; the Laplace pressure is equivalent at all meniscus positions.[204, 205] By applying
the Young-Laplace equation across the interfaces, the pressure in the droplet (Pp) can be
determined.[27, 37] When S, , < 0 (Figure 1.18a), the pressure in the droplet can be calculated
through the pressure difference of the droplet-vapor interface, as described by Eqgs. (1.4) and
(1.5):

2 14
APDV:PD_PV: yDV ( )

2 15
Py = Py + 22 (15)

When S;, > 0 (Figure 1.18Db), the droplet is covered by a wrapping layer of lubricant. Thus,
the pressure differences between the wrapping layer and the vapor and between the wrapping
layer and the droplet should be considered, as described in Egs. (1.6) — (1.7):

2y
APy =P, — Py = RLV (1.6)
2ypL 17
APDL=PD_PL= R ()
2
p, = P, + YL (L8)
R
2 +
P, =P, + (VLVR YbL) (1.9

where P,, P, and P, are the atmospheric pressure, the pressure of the lubricant layer, and the
droplet pressure, respectively. R is the radius of the droplet. Because the thickness of the
lubricant wrapping layer is negligible, R is used as the radius of the droplet in the calculation

for both cases with and without the wrapping layer of lubricant.

Generally, the pressure in the wetting ridge can be determined from the Laplace pressure
across the meniscus interfaces through Eq. (1.10).[27, 200, 204]

1 1
APAB=PA_PB=VAB(R_‘|'_R ) (1.10)
1 2
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where AP, presents the pressure difference across the interface of phase A and phase B. y,5
is the interfacial tension between the two phases. R1 presents the radius of the curvature from
the wetting ridge, and R: is the radius of the curvature formed by the droplet (air bubble or

liquid).

The pressure in the wetting ridge can be calculated either through the wetting ridge-vapor
interface or the wetting ridge-droplet interface. Accordingly, R1 can be presented as ., When
the wetting ridge-vapor interface is considered and r;,, when the wetting ridge-droplet
interface is used (Figure 1.18). For a water droplet sitting on SLIPS, the radius of the curvature
formed by the water droplet (R>) is equal to the base radius of the droplet (a). Depending on
which interface (wetting ridge-vapor or wetting ridge-droplet) is considered, a can be positive
or negative. A positive value of a implies the curvature is concaved-in relative to phase A.
Thus, when the wetting ridge-vapor interface is considered, a represents a convex curvature
and has a negative value. In contrast, when the wetting ridge-droplet interface is considered, a
represents a concave curvature and has a positive value. By using appropriate parameters in
Eq. (1.10), the pressure in the wetting ridge can be calculated through the Laplace pressure
across either the wetting ridge-vapor interface or the wetting ridge-droplet interface as
presented in Eq. (1.11):

1 1
Pridge =Py — VLV(r_t_ E)
ex
1.11
, ( 1 ) 1) (1.11)
= -v —_ —
D LD Tint R

where r,,; and r;,,; is the external and internal radii of the wetting ridge, respectively. y,, and
v.p 1S the interfacial tension between the lubricant-vapor phases and lubricant-droplet phases,

respectively. a represents the base radius of the droplet.
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Figure 1. 18: The schematic illustration demonstrates a wetting ridge profile on SLIPS caused by a
water droplet with its accompanying curvatures.
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In addition to the effect of the interfacial tensions, the initial thickness of the lubricant
layer can also affect the configuration of the wetting ridge. For example, recent computational
studies have shown that a wetting ridge surrounding a droplet can transform into a lubricant
layer wrapping the droplet when the thickness of the lubricant layer is comparable to the size
of the droplet, as shown in Figure 1.19.[206, 207] Such a transformation is shown to affect the

sliding velocity of the droplet.
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Figure 1. 19: Computational prediction of possible configurations of a wetting ridge surrounding a
liquid droplet on SLIPS under different lubricant numbers.

This figure is adapted from Ref [206].

Wetting ridge around a moving droplet

The volume of a wetting ridge can considerably increase around a moving droplet
compared to a static droplet (Figure 1.20a) because such a moving droplet can draw more
lubricant into its wetting ridge due to capillarity, which will be discussed more in detail
later.[27] Such a wetting ridge moves along with the droplet and leads to the loss of lubricant
from the porous surface when the droplet slides off the surface.[201] This section will highlight
the effect of droplet movement on lubricant depletion.
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The changes in the lubricant height beneath and behind a moving droplet with velocity
on SLIPS have been shown to follow the entrainment of liquid film during a dip-coating
process as described by the Landau—Levich—Derjaguin model.[27, 208, 209] Indeed, it has been
explicitly shown that the volume of a wetting ridge (Vy;q4¢), as determined by Eq. (1.12), is

equivalent to the volume of lubricant being depleted (V;s:):

Viidge = Q2T Sy, (1.12)
where a is a geometric factor to account for the shape of the ridge, and it can change because
the wetting ridge grows and depend on capillary number (Ca), which accounts for the ratio of
the drag force to the surface tension force; a generally stays at about 0.5 because the wetting

ridge can be estimated as a triangle.

Through reflection interference contrast microscopy and white-light interferometry
measurements, the thickness profile of the lubricant trail behind the moving droplet can be
determined. From these thickness profiles, the amount of lost lubricant (V;,,;) can be calculated
by Eq. (1.13).

L

Viese(L) = f 2(a + Wroy)ARdL + V, (1.13)
0

where Ah presents the change in the thickness of the lubricant layer, L is the distance traveled
by the droplet, w represents the geometric factor showing the expanded width of the wetting
ridge, and V, = a2mRrg,., represents the volume of the wetting ridge when the droplet

initially meets the surface.

The loss of lubricant due to a droplet moving with different Ca is shown in Figure 1.20b.
The droplets with higher capillary numbers deplete much less lubricant than slower-moving
droplets on less viscous lubricants, and V;,,; plateaus to a maximum value at high velocities
for the highest Ca. Other studies also showed that slowly moving droplets induce a more
significant loss of lubricant because they can draw more lubricant into their wetting ridge.[27,

206] Importantly, the volume of the wetting ridge V.44, follows that of Vs, (Figure 1.20c).
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Figure 1. 20: (a) Study of wetting ridge growth on SLIPS under static and dynamic conditions over time
using goniometer technique. (b) V;,¢: Vs distance for droplets moving with different capillary numbers on
a lubricant layer of silicone oil with h; = 4 um. (C) Vrijgge VS Viose fOr experiments on silicone oil with

various capillary numbers. The sole fitting parameter a. = 0.52.

Adapted from Ref [27].

There are two competing dissipation mechanisms for moving droplets on SLIPS: droplet
and wetting ridge-dominated dissipation.[210] These two dissipation regimes can be explained
through the interaction between contact line pinning and viscous friction in terms of wetting
ridge size, consequently affecting the dynamic of moving droplets on SLIPS.[201] The droplet-
dominated dissipation regime involves a droplet with high viscosity. In this regime, viscous
dissipation mainly remains inside the droplet. Accordingly, the velocity of the droplet increases
as the viscosity of the droplet is lowered until it plateaus. The wetting ridge-dominated regime
involves a droplet with viscosity below a critical value under which the velocity of the droplet
remains unchanged. In this regime, viscous dissipation in the wetting ridge becomes
predominant compared to dissipation in the droplet. Thus, the velocity of the droplet is
dependent on the viscosity of the lubricant. This wetting ridge-dominated dissipation regime is
of great interest in SLIPS studies because water has lower viscosity than typical lubricants used
for SLIPS fabrication.

In addition, the wettability of the lubricant can affect the mobility of a droplet on SLIPS,
which has been shown through the interplay between viscous friction and contact line pinning
at the wetting ridge-droplet interface.[201] Specifically, there are two regimes (for lower 6,,,
(<90°) and higher 6,,,, (>90°)) affecting the dynamic of droplets on SLIPS. For larger 6,

(i.e., close to 110°), it has been shown that liquid droplets with smaller wetting angles (i.e.,

close to 30°) on the lubricant move faster than those with larger wetting angles (i.e., close to
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60°) on the lubricant. In contrast, for lower 6,,, (i.e., close to 45°) droplets with smaller
wetting angles move slower than those with larger wetting angles. It is hypothesized that such
inversion originates from a change in the importance of viscous dissipation and contact line
pinning at the wetting ridge-droplet interface. In particular, it has been shown that, for a large
Bapp, cONtact line pinning dictates droplet movements, and droplets with pronounce wetting
ridges move faster. In contrast, for a small 8,,,,, viscous friction in the wetting ridge dominates.
Viscous dissipation depends strongly on the shape of the wetting ridge; moving droplets with

tiny wetting ridge thus move faster. These discussions are illustrated in Figure 1.21.

Mobility 1s affected
by meniscus shape

Mobility is
affected by
contact line
pinning

Figure 1. 21: Droplet mobility on SLIPS is affected by the wettability of lubricant through a change in the
dominance between viscous dissipation and contact line pinning at the wetting ridge-droplet interface.

This figure is adapted from Ref [201].

Strategies to suppress wetting ridges

The growth of wetting ridges directly leads to lubricant depletion and degradation of
surface functionality of lubricant-infused surfaces. Although wetting ridges seem unavoidable,
recent studies show potential strategies to suppress their growth, enhancing the stability and
durability of SLIPS. Typically, the fundamental principle is to fabricate rough and porous
SLIPS where the lubricant is held within the porous structure by capillary forces or is stabilized
at the surface of a rough topography without any excessive lubricant. We highlight these recent

notable developments in this section, which could inspire future discoveries.
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Having a thick and smooth lubricant layer is unnecessary because any lubricant not held
by capillary forces is prone to deplete rapidly. Thus, a nanoscale thin lubricant layer stabilized
around a rough topography by capillarity forces is the most stable configuration, showing
excellent water harvesting and anti-biofouling properties. Notably, slippery Wenzel surfaces
have been developed by optimizing the thickness of the lubricant on infused-hierarchical nano-
and microscale textures to make a highly slippery rough surface (Figure 1.22a).[211]
Optimization of the spin coating process is used to achieve the desired lubricant layer (Figure
1.22b). The interaction of a water droplet and the slippery Wenzel state is different from a
typical SLIPS, in which the water droplet does not rest on a smooth lubricant layer and is
surrounded by wetting ridges (Figure 1.22c). Despite such a cavity filling behavior, liquid
droplets can still slide on the lubricated surface (Figure 1.22d), which shows great potential in
water harvesting applications. Similarly, a rough SLIPS based on silicone oil and well-ordered
nanoporous anodic alumina plates have been prepared, showing that the sliding behavior of a
water droplet on the lubricated surface is sensitive to the porosity (i.e., pore diameters and
interpore spaces) of the geometry texture of the nanoporous anodic alumina plates (Figure
1.22¢).[212] In particular, the sliding angle of a water droplet on these lubricated surfaces

linearly increases with decreasing porosity of the substrate texture (Figure 1.22f).

Atomic force microscopy (AFM) meniscus force measurement studies have shown that
SLIPS surfaces with roughness are very stable against lubricant depletion.[213, 214] Such a
stable topography of a rough SLIPS is illustrated in Figure 1.22g. AFM meniscus force
measurements enable mapping lubricant thickness with nanoscale resolution directly. The
working principle of this technique is illustrated in Figure 1.22h. Briefly, the surface is mapped
using force—distance curves to obtain the thickness of the lubricant layer. When the tip contacts
the top of the lubricant layer, a meniscus forms and pulls the tip downward because of
capillarity. When the tip makes hard contact with the solid surface, the tip deflects in the
opposite direction. The distance between these two points indicates the thickness of the
lubricant layer. One advantage of mapping the lubricant layer is the ability to reconstruct the
three-dimensional structure of the lubricant-infused surface (Figure 1.22i). Overall, prior
studies emphasize the importance of having a rough lubricant layer that conforms around the
surface structures. This understanding is a key to preventing wetting ridge-induced lubricant
depletion because such a macroscopically rough, slippery surface can reduce the interaction

between the liquid droplet and the lubricant layer. Spin coating-based fabrication techniques,
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however, pose a challenge to scalable production of SLIPS due to the restriction in the sample

size and time-consuming optimization necessary for the desired lubricant layer.
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Figure 1. 22: (a) Schematic illustration for fabricating a rough SLIPS. (b) Morphology of rough SLIPSs
during the optimization via a spinning process. (c) Schematic illustration of a water droplet placed on the
surface of rough SLIPS where the substrate's root is filled with water from the droplet. (d) The moving of
the water droplet on the rough SLIPS at a tilted angle. (¢) SEM images of well-ordered nanoporous anodic
alumina plates with different porosity and (f) their associated sliding behavior upon lubrication. (g)
Schematic illustration of a stable lubricant-infused configuration. (h) Schematic of the AFM meniscus force
measurement for determining the thickness and mapping the distribution of the lubricant layer. (i) 3D
reconstruction of a SLIPS from the AFM meniscus force measurements.

This figure is adapted from Refs [211] [212] [213] [214].
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The application of nanostructures as a porous template effectively prevents lubricant
depletion because of the strong capillarity that retains the lubricant in place within the
nanopores.[122, 215-219] For example, nanoscale roughness has been shown to be the key to
retaining the lubricant film via capillary forces during water condensation processes.[182] The
morphology of a nanostructure that provides high capillary force is shown in Figure 1.23a.
Such a nanostructure provides a porous scaffold having a height equivalent to the roughness of
the nanostructure, which can be imaged via AFM (Figure 1.23b). To quantitatively study the
rate of lubricant depletion by droplets during the condensation process, falling droplets were
collected over a 10 h long experiment. By measuring the loss of water and lubricant via
thermogravimetric analysis, a considerable decrease in the lubricant layer thickness was
detected over 10 h (Figure 1.23c). Interestingly, the height of the remaining lubricant layer is
equal to that of the nanostructure, indicating that the high capillarity can resist lubricant
depletion. Also, the lubricant layer thickness depletes faster at the beginning of the process (0

— 4 h), which is likely due to a lubricant overlayer that accelerates lubricant depletion.

In another example, the concept of "capillary balancing” has been proposed to address
frost-induced lubricant depletion (Figure 1.23d). Lubricant depletion in SLIPS during frosting
and icing could be avoided by introducing nanoscale fillers with smaller pore sizes than that
between frost dendrites, which provides strong capillarity forces to retain the lubricant during
the freezing of the liquid droplet. Using such an approach, lubricant retention was achieved
under harsh frost growth conditions, whereas the lubricant infused into a surface with

micrometer scale structures underwent freezing and depletion (Figure 1.23e).
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Figure 1. 23: (a) SEM image of the nanostructured surface showing closely spaced nanoflorets. (b)
AFM image for observing the surface topography. (c) Cumulative and hour-by-hour lubricant loss as
a function of time. (d) Schematic and SEM images of the capillary balancing structure for suppressing
frosting-induced lubricant depletion. (e) Effective lubricant retention of the capillary balancing
structure compared with the microstructure under harsh frosting conditions.

This figure is adapted from Refs [124, 182].

1.3 Nanocomposite films via capillary rise infiltration methods

With the remarkable development of nanostructured materials, polymer nanocomposite
films have represented a unique class of materials for advanced applications.[220-224]
Polymer nanocomposite films blend the unique properties of nanostructured materials and the
processability and flexibility of polymers, generating many fascinating opportunities.[225-229]
Polymer nanocomposite films are beneficial for numerous applications, such as electronic
displays,[230] environmental remediation,[231] sensing technologies,[232] tissue
regeneration,[233] protective coatings,[234] membrane separation,[235, 236] solar cells.[237]
Notably, polymer nanocomposite films have also represented applications as self-
cleaning,[238] anti-corrosion,[239] anti-fouling coatings.[240-243] Having synergistic
properties, repellent polymer nanocomposite surfaces are currently the most promising

approach to address contamination and fouling challenges (Figure 1.24).
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These exciting functionalities typically come from nanostructured material fillers.
Previous studies have revealed that increasing the fraction of nanostructured material fillers
(e.g., >50%) could enable the nanocomposite films to exhibit unique or multi functionalities,
promising huge potential for advanced applications.[224, 228, 244-250] However, the
fabrication of nanocomposite films with a high filler fraction using conventional methods
remains challenging. Nanomaterials have a high aggregation tendency during nanocomposite
fabrication because of their high interparticle attraction and large effective surface area, thus
making traditional mixing or compounding processes extremely difficult. Melt-based
approaches usually have a relatively low optimized filler fraction (~10 vol%).[251-254] Layer-
by-layer assembly has been successfully employed to generate nanocomposites with high filler
fractions.[255, 256] However, this approach involves multiple steps and a limited set of water-
soluble species of opposite charge and is thus time-consuming and only appropriate for lab-
scale fabrication. To overcome these barriers, a new approach to fabricating nanocomposite
films with a high filler fraction in a scalable fashion has been developed by taking advantage
of the capillarity-based phenomena.[31-35] This section will briefly describe the working
principles and applications of such an approach in generating nanocomposite films.
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Figure 1. 24: Schematic demonstration of the current research and emerging anti-fouling coatings,
showing the potential of repellent nanocomposite coatings by synergizing the advantages from
polymeric and inorganic materials.

This figure is adapted from Ref [243].
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1.3.1 Capillary action

Nanotechnology is at the core of most advanced technologies,[257] capillarity and
wetting phenomena thus have found new importance due to their dominant effect at the
nanoscale. In principle, capillarity-based phenomena arise from the action of deformable
interfaces between two phases, and the mechanics at the surface of the interface are governed
by surface tension, y (N/m). Surface tension is attributed to unbalanced forces from the
interaction of molecules at the surface and is also expressed as the energy required to create an
additional unit area of the interface. Surface tension values vary from substance to substance
and temperature and pressure. When two dissimilar materials come into contact, the interfacial
tension between them depends on the relative strength of intermolecular interactions between
the constituent atoms/molecules of one substance (cohesion) and their interaction with the
atoms/molecules of the other substance. When a small volume of a liquid is placed on top of a
solid, the liquid may spread out and cover as much of the surface as possible or form a droplet
subtending an angle at the triple-phase contact line.[37] This angle is called the equilibrium
contact angle and measures the wetting of the solid by the liquid. By a minimization of free

energy at equilibrium, the equilibrium contact angle can be estimated as Egn (1.14):

Cosf = VSV Vst (1.14)

Yiv

where y,y is the surface tension at the liquid-air interface, ys, and yg,, are the surface tension
at the solid-air and solid-liquid interfaces, respectively. Contact angle values close to O indicate
complete wetting of the solid by the liquid, and higher contact angles(< 90°) indicate partial
wetting.[37] Thus, the contact angle describes the shape of the interface between a liquid and

solid surrounded by air.

When a capillary tube is kept at the surface of a liquid, the liquid will form a meniscus
inside the tube such that the equilibrium contact angle is obeyed, and the curved interface
generates a Laplace pressure at the meniscus given by Eqn (1.15):
_ 2ycosb

R
This capillary pressure is responsible for the rise of liquids inside capillary tubes if the radius

AP (1.15)

of the tube (R) is small enough such that the Pcqp is higher than the atmospheric pressure.
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1.3.2 Capillary rise infiltration-based nanocomposite fabrication methods
Capillary rise infiltration (CaRl) represents a powerful strategy for creating unique
nanocomposite films with an extremely high fraction of nanostructured fillers that can be easily
adapted for manufacturing at an industrial scale. CaRl-based fabrications have been
demonstrated over a bilayer consisting of a nanoparticles film and a polymer film.[32, 33, 258]
Typically, a polymer film is deposited on a substrate, and then a nanoparticles film is deposited
on the top of the polymer film; however, an inverted bilayer is also possible. Nanoparticle films
are a porous structure, having interconnected nanopores with a typical porosity of ~0.35
regardless of the size of the nanoparticle.[32] To facilitate the polymer infiltration in CaRl, this
bilayer is subjected to a higher temperature than the Tq of the polymer (Figure 1.25a,b). One
of the unique advantages of CaRl is that it can heal structural defects in the nanoparticles film
effectively (Figure 1.25c). The dynamics of polymer infiltration in CaRI have been shown to

follow the Lucas-Washburn equation (Figure 1.25d).

Interestingly, by controlling the original thickness of the polymer film and the heating
time, nanocomposite films with uniform or graded porosity with tunable refractive indices can
be fabricated (Figure 1.25e), showing great potential in generating antireflection coatings.[31]
An additional unique advantage of CaRl is that it can potentially be used for fabricating
nanocomposite films with many materials. Also, besides heating, CaRI process can be induced
by solvents.[33] Although previous studies primarily focused on making nanocomposite films
with a packing of nanoparticles, the extension of such an approach to anisotropic nanomaterials

promises to bring several fascinating opportunities.
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Figure 1. 25: (a) Schematic illustration of CaRlI of polymer into a nanoparticles film. (b) SEM images
showing shifts of polymer thickness upon infiltration. (c) Initial cracks in a nanoparticle film are healed
after CaRl. (d) The dynamic of polymer infiltration in CaRlI follows the Lucas—Washburn equation. (e)
Refractive index profiles at different stages in the unsaturated CaRI process. The schematic on the right
illustrates the same.

This figure is adapted from Refs [31, 32].

1.4 Functional nanocomposite films based on ZnO nanowires

With these previous backgrounds, enhancing the stability of repellent surfaces represents
a unique opportunity for potentially addressing the fouling problem. Nanostructured coatings
have presented great promise in improving the robustness of repellent surfaces. However,
surfaces with nanostructures still exhibit two main drawbacks: mechanical vulnerabilities and
highly sophisticated fabrications. The development of repellent surfaces from a low-cost,
multifunctional, mechanically robust nanomaterial and has potential for large-scale
manufacturing holds enormous promise. Zinc oxide nanowires (ZnO NW) are an exciting class
of nanostructured materials that could promote repellency stability because of their unique
morphology. The outstanding use of ZnO NWs also comes from their ease of synthesizing and
integrating several types of applications. ZnO NWs present several remarkable functionalities
and have been actively explored during the last 20 years. This section briefly highlights the
significant advantages of ZnO NW-based advanced coatings, particularly in anti-fouling

applications.
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1.4.1 Fundamental properties of ZnO nanowires

ZnO is a semiconductor material with a direct and wide bandgap (~3.37 eV) and presents
several exciting properties, which are highly valuable for many advanced technologies.[259-
268] Clearly, ZnO has been a vital component of the current industrial systems, broadly
presented in paints, ceramics, textiles, cosmetics, and medical products.[269, 270] At the
nanoscale, because of its hexagonal-wurtzite crystal structure, ZnO can grow effortlessly in
one-dimensional nano- or microstructures.[260] Having a high surface-to-volume ratio (Figure
1.26), ZnO NWSs show many fascinating opportunities.[265, 271-276] In particular, because of
the quantum confinement, ZnO NWs can efficiently transport electrons and holes within the
structure, which is highly beneficial for energy harvesting and converting applications. [277-
279] Notably, the alignment of ZnO NWSs have shown a vast potential given its superior
mechanical robustness, such as an excellent additive for improving the mechanical properties
of advanced composites.[244, 267, 280] In addition to the mechanical robustness, the
morphology and alignment of ZnO NWs are highly tunable, making them an excellent platform
for fabricating repellent surfaces that require a high surface roughness and capillarity from the
nanostructure are incredibly favorable. Indeed, ZnO NWs have successfully addressed fouling
over several applications, such as self-cleaning,[281] superhydrophobic,[271] air-
purification,[282] solar cells,[277] anti-bacterial,[273, 274, 283] anti-infection on medical
implants.[284, 285] ZnO NWs have been extensively studied. Thus, the properties and
fabrication methods of ZnO NWs are well-studied, optimized, and matured, which provide
significant advantages for research using ZnO NWs can be immediately manufactured in a
scalable fashion and applied in a broad range of situations. Many approaches for fabricating
ZnO NWs include sol-gel,[286] hydrothermal,[287] chemical bath deposition,[288]
solvothermal,[289] MOCVD,[290] and electrochemical deposition approaches.[291] For in-
depth details about the fabrication methods and properties of ZnO NWs, readers are referred to
some dedicated reviews.[262, 270, 291-296]
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Figure 1. 26: Morphology of ZnO NWs observed by (a) top-view and (b) cross-section SEM images.
Scale bars are 1 ym and 2 um for (a) and (b), respectively.

This figure is adapted from Ref [297].

1.4.2 Current ZnO NW-based repellent surfaces

The unigue morphology and fascinating properties of ZnO NWs have driven tremendous
success in anti-fouling applications. For example, having excellent mechanical robustness,
ZnO NWs can resist failure due to mechanical forces, potentially achieving a long-term
repellent surface.[267] The tunable morphology of ZnO NWs also enables great ability to

regulate the adhesion and viability of bacteria and other biological species.[298-303]

Previous studies have shown several notable performances of ZnO NW-based coatings
for preventing fouling (Figure 1.27). A schematic illustration of a liquid droplet that cannot
spread due to the repellency of a ZnO NW-based coating is shown in Figure 1.27a.[304] Such
a phenomenon has been applied to make anti-fouling wearable clothes. A hybrid structure
between ZnO NWs and TisC>Tx MXene has demonstrated an outstanding repellency against
several liquids (Figure 1.27b).[305] Hierarchical structures based on ZnO NWs are also a great
way to enhance the stability of superhydrophobicity underwater because of the unique ability
to capture and retain a stable gas layer of ZnO NWs (Figure 1.27c-e).[306] Even in a much
more challenging condition, ZnO NW-based coatings have shown impressive prevention of
marine algae fouling compared to a surface without ZnO NWs over 22 days (Figure
1.279,h).[307] A recent study has also shown that surfaces with ZnO NWs can rapidly Kill
bacteria through their unique morphology to reduce the risk of infection (Figure 1.27i).[308]
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Figure 1. 27: Anti-fouling applications of ZnO NW-based coatings. (a) Schematic illustration of a
liquid droplet repelled by the surface of ZnO NWs. (b) A ZnO NW-based hierarchical coating shows
repellency against several liquids. (c) top-view and (d) cross-section SEM images of a hierarchical
structure for stable underwater superhydrophobicity. (e) Reflection phenomenon of the
superhydrophobic surface underwater and (f) its mechanism illustration. Optical image showing
marine algae fouling coverage on (g) control and (h) superhydrophobic ZnO NWs surfaces after 20
days of algae fouling. (i) Rapid bacterial killing behavior on ZnO NW surfaces.

The figure is adapted from Refs [304-308].

1. 5 Goals and structure of the thesis

As described in the previous sections, anti-fouling surfaces are key for various coating
applications. However, it remains a major challenge to maintain the stability of such repellency
over time. Also, despite remarkable progress, the conventional methods for making these
surfaces involve multiple steps and are only suitable for lab-scale fabrication. The goal of this
thesis is thus to develop anti-fouling nanocomposite surfaces with high stability under
challenging conditions. To achieve this goal, two new capillarity-based methods are developed
for fabricating two types of repellent surfaces: multifunctional superhydrophobic
nanocomposite coatings and lubricant depletion-resistant slippery lubricant-infused porous
surfaces. Capillarity-based techniques present a tremendous simplification in manufacturing
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anti-fouling nanocomposite films. The approaches developed during this thesis are
straightforward, efficient, and potentially scalable strategies to produce multifunctional
nanocomposite films with a wide range of properties and applications, which also has an
excellent capability for scalable manufacturing. These works are presented in this thesis as

follows:

Chapter 2 describes experimental details on the growth and optimization of ZnO NWs
by a chemical bath deposition method and preparation of polydimethylsiloxane elastomers by
a typical cross-linking reaction. Characterization techniques used to study the properties of the

obtained materials will also be described in this chapter.

Chapter 3 presents a new method for fabricating a nanocomposite film with vertically
aligned ZnO NWs, leveraging leaching-enabled capillary rise infiltration of uncross-linked and
mobile oligomers from a poly(dimethylsiloxane) (PDMS) slab into the space between NWs.
Several essential properties are demonstrated, including superhydrophobicity, self-cleaning,

solvent resistance, anti-icing, high transparency, and anti-reflection properties.

Chapter 4 depicts a robust method for producing stable SLIPS that resist lubricant
depletion by wetting ridge formation. We thought controlling the pore features of NWs could
be an effective way to improve the stability of the infiltrated lubricant. One way to do this
would be to change the orientation of NWSs. The orientation of nanowires strongly affects
lubricant infiltration and the stability of SLIPS properties. The strong lubricant retention ability
provided by the nanoporous structure of the random NWs array suppresses the growth of a
wetting ridge around a water droplet and can even resist lubricant depletion under strong

external forces.

Chapter 5 presents our preliminary studies in some exciting directions to which the
findings from our works could further contribute. For example, some preliminary results on
the effectiveness of our nanocomposite films based on ZnO NW against biofilm formation or
removing established biofilms are shown. The extension of our materials to membrane
substrates for potential separation applications is also discussed with some promising

preliminary results.
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Chapter 2.

Materials preparation and characterization

techniques

Contents
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This chapter provides experimental details on the growth of ZnO nanowire arrays by a

chemical bath deposition method and the preparation of polydimethylsiloxane elastomer via a

cross-linking reaction. Optimization of ZnO nanowire morphology is also discussed.

Subsequently, characterization techniques used to analyze the properties of the obtained

materials are described.
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2.1 Fabrication of ZnO nanowire arrays

2.1.1 Overview of chemical deposition method

Given the extensive application of ZnO nanowires (NWs), many techniques have been
implemented to produce ZnO NWs.[291, 309-315] The chemical bath deposition (CBD)
represents a low-cost and scalable approach because it does not require high temperature or
low vacuum conditions.[292, 316-318] In addition, this approach readily allows excellent
control of the morphology and orientation of ZnO nanomaterials over a wide range of
structures, as shown in Figure 2.1.[295, 297, 319-322]

‘ .‘i
.

Figure 2. 1: Diversity in the morphology of ZnO NWs prepared by the CBD method. SEM images of
ZnO NWs. (a) Vertical NWs, (b) branded NWs, (c) NWs trees, (d) and (e) a NWs forest.

o

This figure is adapted with permission from Ref [323].

In principle, this CBD process takes advantage of the heterogeneous growth of ZnO NWs
on a nucleation surface, submerged in a bath of zinc and hydroxide ions source at a moderate
temperature varied between 60 — 90 °C.[324-328] The growth of ZnO NWs through the CBD
method necessarily entails three main components, which include a zinc ions source and a

hydroxide ions source (e.g., hexamethylenetetramine (HMTA)), and a nucleation surface (e.g.,
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seed layer).[329] One of the unique advantages of the CBD method is its ability to tune the
morphology of NW arrays. In particular, the concentration and pH of the two chemical
precursors (zinc and hydroxide ions) are shown to govern the growth of ZnO NWs.[326, 327,
330-332] For example, it has been extensively shown that besides its role as a pH buffer,
HMTA can be adsorbed by the sidewalls of ZnO NWs, consequently reducing the growth of
those directions.[330, 331]

Importantly, the growth of ZnO NWs is regulated by the surface reactions on the polar
c-planes and the diffusive transport of the zinc and hydroxide ions from the bulk solution to
the nucleation surface. Therefore, it is shown that one of the critical factors for manipulating
the morphology of ZnO NWs is by controlling the nucleation surface.[333-335] Previous
studies have presented several strategies for effectively tuning the ZnO seed layer by changing
the input concentration of ZnO sol solution or the grain size.[325, 335-339] Furthermore, one
of the critical concerns in growing ZnO NWs by the CBD method is to prevent homogeneous
growth of ZnO inside the solution, which leads to NWs with micrometer sizes uncontrolled
morphology.[331, 340] In general, the process is more controllable if homogeneous nucleation
is avoided because the concentration of species (metal ions, dopants, ligands) does not vary a
lot during the deposition. In addition, if much homogeneous nucleation happens in the solution,
the solution gets depleted of the metal ions very quickly, slowing down the growth of the
desired material.

2.1.2 Experimental details

Chemicals and materials

All chemicals and materials used in this thesis are listed in this subsection. The two main
types of substrates used as supports of the ZnO seed layer are microscope glass slides and (100)
silicon wafer substrates. Zinc acetate dehydrate (ZAD, Zn(CH3COO),-2H20, 99.99%), zinc
nitrate hexahydrate (Zn(NO3)2:6H20, >99.00%), monoethanolamine (MEA, C:H-NO,
>99.00%), and hexamethylenetetramine (HMTA, CsH12N4, >99.00%), are purchased from
Sigma Aldrich. Poly(dimethylsiloxane) (PDMS), Sylgard 184, are purchased from Sigma-
Aldrich in the form of a silicone elastomer kit composed of siloxane oligomers base and a
curing agent to be mixed in a 10 (base): 1 (curing agent) ratio by weight. Silicone oil (M, =
550 g mol™) with a viscosity of 20 cSt at 25 °C is also purchased from Sigma Aldrich. The
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surface energy of the silicone oil was 24 mJ m2 at 20 °C. The DI water system at LMGP

provides deionized (DI) water.

Substrate preparation

Glass and silicon wafer substrates are annealed at 500 °C for 3h to remove organic
contaminants and promote the adsorption of hydroxyl groups that will facilitate the deposition
of sol solution. The substrates are cut into 2.5 cm x 2.5 cm slices and thoroughly cleaned with
ethanol. The substrates are then stored in DI water.

Preparation of ZnO sol solution

Our group previously developed a protocol for preparing the ZnO sol solution.[288, 336,
337] Briefly, the sol is made by mixing ZAD and MEA in 1-butanol with an optimized (1:1)
molar ratio. This method forms Zn-oxoacetate particles in the solution through sol-gel
reactions.[341] The obtained sol is then aged under a strong stirring condition for 3h at room
temperature. It has been shown that this obtained sol solution is chemically stable, allowing
reproducible deposition of ZnO seed layers for several weeks, and more prolonged use can be
achieved for lower concentrations. Based on our previous experimental parameters, the

concentration of the sol solution used in this thesis is 0.37 M.

Deposition of ZnO seed layer films

We use the spin coating method for depositing ZnO seed layer films on planar substrates
(glass or silicon wafer). Before depositing the ZnO seed layer, the substrate is vigorously
washed with ethanol. Nitrogen gas is then flowed to dry the surface. Next, a seed layer is
prepared by depositing 300 uL of 0.37 M ZAD sol on the substrate at 3000 rpm for 10 s. In
case of multiple seed layer depositions, the coated substrate is placed in an oven at 300 °C for
10 min, stabilizing the film and promoting the initial crystallization. This substrate is cooled
down before the subsequent layer deposition. After the last deposit with the desired number of
seed layers, the seed layer-coated substrate is then placed in an oven at 540 °C for 1h,

promoting the complete crystallization of the seed layer. The resulting seed layer is stored in a
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plastic container under ambient conditions. The effect of seed layers on the orientation of ZnO

NW arrays will be presented later in this chapter.

The growth of ZnO NWs through the CBD method

Briefly, the seed layer coated substrate is first treated with oxygen plasma (at a vacuum
level of 0.4 torrs, with a power of 12.0 W, for 2 min) to enhance its hydrophilicity and remove
organic contaminants. Subsequently, the seed layer substrate is fixed, coated side facing down
to prevent the deposition of large homogenously grown NWs in the solution, on a Teflon holder
with a 45° tilt angle. Meanwhile, a mixture of 100 mL of zinc nitrate hexahydrate and 100 mL
of hexamethylenetetramine is preheated at 90 °C on a hot plate. The substrate is then immersed
in the bath maintained at 90 °C for a duration varying from 30 min to 5 h, depending on the
desired length. The effect of growth time will be presented later in this chapter. After the
growth, the sample is carefully rinsed with DI water, dried with a nitrogen stream, and then
stored in a plastic container. Note that the above procedure produces vertical or tilted NWs
with an average aspect ratio (ratio between the length and the diameter from 14.5 to 37.8
depending on the number of seed layer depositions).

Growth of random ZnO NWs

The growth of random ZnO NWs is adapted from a previously developed protocol from
our group.[336] Briefly, to prepare random ZnO NW arrays, the seed layer-coated substrate is
treated with oxygen plasma for 2 min and preheated on a hotplate at 135 °C for 15 min before
the CBD step. The growth solution was prepared by mixing 400 pL of zinc nitrate hexahydrate
in 199.2 mL of DI water, and then heating the solution to 90 °C. At 90 °C, 400 pL of
hexamethylenetetramine is added; the mixture is then stirred for 2 min. The preheated seed
layer is then immersed in the growth solution for several hours (between 3 to 24 hours)
depending on the desired length to produce high aspect ratio random NW arrays. Figure 2.2
shows the representative morphology of random ZnO NWs, which grew for 3h. The SEM
images show that when NWs are grown with a high aspect ratio (i.e., the ratio between the

length and diameter), they undergo aggregation to form bundles upon drying.
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Figure 2. 2: The morphology of random ZnO NWs by SEM images. These ZnO NWs are grown for 3h.

2.1.3 Optimization of ZnO NWs

Effect of precursors concentration

As aforementioned, the concentration of the two chemical precursors (zinc nitrate
hexahydrate and hexamethylenetetramine) plays an essential role in the growth of ZnO NWs.
The effects of each of the two chemical precursors during the growth of ZnO NWs by the CBD
method have been extensively reported.[326, 327, 330-332] Therefore, this subsection mainly
describes the procedure for determining the optimal experimental parameters for our system.
The optimal concentration of zinc nitrate hexahydrate and hexamethylenetetramine and growth
time effects are presented. These preliminary experiments were performed with a single seed
layer-coated silicon substrate. We have varied the concentration of zinc nitrate hexahydrate
and hexamethylenetetramine (2, 25, 50 mM) and the growth time (0.5, 2, 5h). Our results
suggest that the concentration of 2 mM does not allow a robust growth of ZnO NWs, showing
no growth of ZnO NWs for a short growth time (0.5h) and a formation of short ZnO NWs with
a tapered structure for a long growth time (5h). At the concentration of 25 mM, a robust growth
of ZnO NWs is obtained even for a short time of growth (0.5h) and a significant growth after
2h. A longer growth time (5h) or an increased concentration (50 mM) does not present a
significant difference, as shown in Figure 2.3. Thus, an optimized concentration of 25 mM and

a growth time of 2h is used for later experiments; otherwise, changes will be specified.
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Figure 2. 3: Effect of precursors concentration and growth time on ZnO NWs in the CBD process.
Scale bars: 1 pm

Effect of seed layer number

A previous study from our group has comprehensively shown how the morphology of
ZnO NW arrays can be precisely tuned by changing the number of seed layer numbers.[337]
In particular, a higher number of seed layer deposition gives rise to a larger grain size of ZnO
on the nucleation surface, consequently promoting the vertical growth of NWs. Accordingly,
we adopt those preliminary results to our experimental system and optimize our protocol for
controlling the orientation of ZnO NWs via controlling the number of seed layer depositions.
Our results show that a higher number of seed layer deposition, indeed, leads to a noticeable
improvement in the verticality of NW’s orientation, as shown in Figure 2.4. Also, the NWs
grew on the substrate with a thicker seed layer due to the higher number of seed layer
deposition, presenting a larger diameter of NW and higher surface coverage, which is in good

agreement with our previous study.
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Figure 2. 4: The effect of seed layer deposition number on the verticality of ZnO NWs. SEM images of ZnO
NWs grown by the CBD method for 2h on a silicon wafer substrate with (a) one, (b) two, and (c) three seed

layer depositions.

2.2 Preparation of poly(dimethylsiloxane) elastomer

This study uses Sylgard 184 as a poly(dimethylsiloxane) (PDMS) source. Sylgard 184
comes as a two-component Kit, a siloxane oligomers base (vinyl-terminated PDMS), and a
curing agent (methylhydrosiloxane-co-dimethylsiloxane). Polymer chains go through a
chemical reaction known as cross-linking or curing, which covalently connects polymer chains
through crosslinkers. This process generates a 3D net-like structure known as a polymer

network. An illustration of this cross-linking process is shown in Figure 2.5.
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Figure 2. 5: Schematic illustration of the cross-linking process of Sylgard 184 PDMS
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Experimentally, before cross-linking, PDMS is a viscous liquid. The two components,
siloxane oligomers base and a curing agent, are mixed according to the manufacturer’s
recommendation with a 10:1 base to curing mass agent ratio. This mixture is then poured into
a glass petri dish. The recommended heating temperature for curing Sylgard 184 PDMS is 80
°C for at least 2h.

2.3 Characterization techniques and properties tests

2.3.1 Scanning electron microscopy

Scanning electron microscopy (SEM) images are taken on a FEI QUANTA 250 to
observe the morphology of the materials. SEM images are captured at an accelerating voltage
of 20 kV for ZnO NW samples and 5 kV for polymer-contained samples, and a working
distance of 10 mm. Energy-dispersive X-ray (EDX) is used to acquire the EDX composition
spectra. Also, SEM images of silicone oil-lubricated samples were captured in a low-vacuum

mode; liquid nitrogen can be used to cool down and stabilize infused samples.

2.3.2 UV-Vis

Optical transmittance is measured in the 350 to 900 nm wavelength range using a

PerkinElmer UV-Vis-Near IR Lambda 950 spectrophotometer.

2.3.3 Raman

Raman scattering spectra are obtained using a Jobin Yvon/Horiba Labram
spectrophotometer equipped with a liquid nitrogen-cooled CCD detector. A He—Ne laser is
used to induce a 632.8 nm excitation line. The excitation laser beam is focused on an area
smaller than 1 um? using a 50x long working distance objective. Raman scattering spectra are
calibrated using a silicon (100) reference sample with a theoretical peak value of 520.7 cm ™ at

room temperature.
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2.3.4 Water contact angle measurement

A macroscopic configuration of a liquid droplet can be readily captured using standard
digital single-lens reflex cameras or portable capturing devices. The camera settings used in
this thesis are AF-P NIKKOR 70-300 mm 1:4.5-6.3 G ED lens on a Nikon D5600. The cross-
section of a typical liquid droplet can be observed using a water contact angle goniometer
(Figure 2.6), which enables direct observation of the contour of the sessile droplet, typically
using a macro zoom lens. This method is frequently used to determine the apparent contact
angle of a sessile droplet on a surface. It is performed by capturing an image of a water droplet
placed on a surface and observing its shape. However, care should be taken in the observation
process to avoid dynamic or scaling effects.[27] Besides, this technique is highly susceptible
to operating conditions, including disruption due to external vibrations, organic vapors, and
dust.[38] The static water contact angle (CA) values are measured using a Kriiss, DSA10-MK2
goniometer connected to a video camera. Five water droplets of 5 ulL volume are dropped on
different areas of the sample surface using a microsyringe, and water contact angle values are
measured. The CA values are calculated and collected using the drop shape analysis software
(DSA4).
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Figure 2. 6: A basic goniometer setup for observing a water droplet placed on a surface.

This figure is adapted with permission from Ref [38].

2.3.5 UV exposure

During this test, the samples are illuminated by three UVA lamps (PLS 11 W Philips),
essentially emitting at a 365 nm wavelength (negligible UVB and UVC emission). The samples
are placed 1 cm under the UV lamps for 3h. The process is conducted at 20 °C and 40% relative

humidity in a humidity chamber.



2.3.6 Oxygen plasma treatment
The plasma treatment experiments are conducted using an oxygen plasma instrument
(Evactron Decontaminator RF Plasma cleaner, XEI Scientific) at 12 W for 5 min. The oxygen

plasma instrument setup is shown in Figure 2.7.
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Figure 2. 7: The oxygen plasma instrument setup for cleaning the surface of the sample.

This chapter provided all experimental details on the growth and optimization of ZnO
NW arrays by a chemical bath deposition method. In principle, this chemical bath deposition
process leverages the heterogeneous growth of ZnO NW arrays on a nucleation surface (e.g.,
glass, silicon wafer), submerged in a bath of zinc and hydroxide ions source at a moderate
temperature of 90 °C. We optimized the zinc nitrate hexahydrate and hexamethylenetetramine
concentrations, and the growth time is at 25 mM and 2h, respectively. Notably, we regulated
the orientation of ZnO NW arrays by controlling the number of ZnO seed layer depositions.
Our results showed that a higher number of seed layer deposition leads to an improvement of
verticality of NW orientation due to a larger grain size of ZnO. All details about the preparation
of infiltrating polymers and lubricants used in this thesis were also described in this chapter.
For example, the preparation of a poly(dimethylsiloxane) (PDMS) elastomer through a cross-
linking process was described. Information about the characterization techniques, such as
SEM, EDS, Raman, and water contact angle measurement and devices for sample preparation
and testing (i.e., UV lamps, oxygen plasma system, thermal copper substrate) were fully

provided. We will use these materials and techniques for our studies in the following chapters.
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Chapter 3.

Multifunctional Composite Films with
Vertically Aligned ZnO Nanowires by

Leaching-enabled Capillary Rise Infiltration

Reproduced from Ref [342] with permission from the Royal Society of Chemistry.
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Nanocomposite films (NCFs), having vertically aligned ZnO nanowires (NWs), exhibit
several beneficial properties owing to the unique morphology of ZnO NWs. One of the critical
challenges in fabricating such a NCF is retaining the original alignment of NWs throughout
NCF fabrication. Conventional methods require multiple steps and are thus time-consuming
and only suitable for lab-scale fabrication, limiting their widespread applicability. This chapter
describes a new method for generating a NCF with vertically aligned ZnO NWs, leveraging
leaching-enabled capillary rise infiltration of uncross-linked and mobile oligomers from a
poly(dimethylsiloxane) (PDMS) slab into the space between NWs. PDMS-infiltrated ZnO NW
NCFs present several essential properties, including superhydrophobicity, self-cleaning,
solvent resistance, anti-icing, high transparency, and anti-reflection properties. The NCF can
also recover its superhydrophobicity after being compromised through plasma treatments or
exposure to intense UV irradiation. Our method represents a straightforward, efficient, and
potentially scalable strategy to create multifunctional NCFs while maintaining precise control
over the original nanoscale structure of vertically aligned ZnO NW arrays for a wide range of
critical applications. The results shown in this chapter were published in the following paper:
H. Tran, B. Venkatesh, Y. Kim, D. Lee, D. Riassetto, Nanoscale 2019, 11, 22099 — 22107.

3.1 Introduction

Nanocomposite films (NCFs), consisting of inorganic nanomaterials and polymers,
represent an important class of functional structures with synergistic properties.[31, 32, 35,
343-349] Unique functionality and emergent properties such as exceptionally high strength and
toughness can be achieved by extremely high loadings of nanoparticles (> 50 vol%) as well as
the inclusion of anisotropic nanomaterials such as high aspect ratio nanowires (NWs) and their
alignment.[31, 244, 344, 346, 350, 351] In particular, vertical alignment of high aspect ratio
NWs provides a powerful approach to fabricating NCFs with a wide range of useful
functionalities owing to its unique morphology.[244, 351-358] Amongst NW materials, zinc

oxide (ZnO) NWs, which can be prepared using a simple method such as chemical bath
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deposition described in Chapter 2, offer a wide range of valuable features such as high strength,
photocatalytic, electronic, optical, and antibacterial properties.[122, 308, 359-361] NCFs
incorporating vertically aligned ZnO NWs have demonstrated useful properties owing to their
morphology.[244, 277, 354, 361-367] For example, Kim et al.[354] designed antireflective
layers consisting of vertically aligned ZnO NWs and a polymeric matrix. A polymer precursor
was cast onto the surface of the ZnO NWs, followed by a curing step. The cured polymer layer
containing ZnO NWs at the outermost surface was then mechanically peeled off the substrate
for applications. More recently, Yeom et al.[244] reported the fabrication of a tooth enamel-
inspired nanocomposite by filling the interstitial space between vertically oriented ZnO NWs
using layer-by-layer (LbL) assembly. By repeating the growth of ZnO NWs and LbL assembly,
light-weight multilayer nanocomposites that exhibit ultra-high stiffness and vibrational
damping were fabricated.

One of the key features that give rise to such useful functionalities to these NCFs is the
vertical alignment of the NWs; it is, however, challenging to retain vertical alignment during
nanocomposite fabrication. Solution-based processes such as mixing/dispersing NWs are not
suitable as the alignment is difficult to achieve without applying an external field such as a
magnetic or electric field.[352, 368-370] Given that several methods can directly produce
vertically aligned NW arrays on solid surfaces, producing NCFs without detaching the
vertically grown NWs from the substrate provides the most straightforward approach to
retaining the vertical alignment of NWs. As described above, polymer casting followed by
curing as well as LbL assembly has been successfully used to produce NCFs based on vertically
aligned arrays of ZnO NWs.[244, 353, 371] However, these processes involve multiple steps,
thus being time-consuming and only suitable for lab-scale production, consequently limiting

their widespread applicability.

This chapter describes the fabrication of multifunctional NCFs with vertically aligned
ZnO NWs via leaching-enabled capillary rise infiltration (LeCaRI) of uncross-linked and
mobile oligomers in an elastomer network. The polymer infiltration-based method overcomes
the challenges of traditional methods of making NCFs. LeCaRI can be performed while
retaining the original morphology of the nanomaterials; thus, by implementing LeCaRl, it is
possible to fabricate NCFs with vertically aligned ZnO NWs in a straightforward manner,
making it a potentially scalable manufacturing method. We show that NCFs with vertically
aligned ZnO NWs fabricated via LeCaRl have multiple useful properties, including

superhydrophobicity, self-cleaning, solvent resistance, anti-icing properties, high transparency,
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and anti-reflection property. Successful fabrication of multifunctional NCFs with vertically
aligned ZnO NWs demonstrates that LeCaRl is a powerful method to produce NCFs with well-
controlled arrangements of functional and anisotropic nanomaterials and can potentially enable
scalable manufacturing of multifunctional NCFs with various types of polymers and

nanomaterials.

3.2 Poly(dimethylsiloxane) elastomer with uncross-linked
oligomers

3.2.1 Leaching of uncross-linked oligomers

PDMS has been used in many applications because of its ease of use and several useful
properties, such as high transparency, excellent mechanical properties, flexibility, and
hydrophobicity.[372, 373] It is readily accessible as a commercial product. PDMS -based
devices are prepared through the cross-linking process, as described in Chapter 2. However,
PDMS -based devices designed using Sylgard 184 exhibit two significant drawbacks despite
their tremendous applicability: leaching uncross-linked oligomers from the network and being
fouled quickly by hydrophobic molecules from the surrounding medium.[374-377] Previous
studies showed that in a PDMS elastomer there are nearly 5% by weight of oligomers stay
uncross-linked and mobile even after an extensive curing process.[174, 374, 378] A schematic
illustration of PDMS oligomers that are not incorporated in the polymer network is shown in
Figure 3.1. These uncross-linked and mobile oligomers are low molecular weight species that
can diffuse to the surface and alter the surface properties of the elastomer.[174, 379-381] Thus,
the leaching of these uncross-linked and mobile oligomers has been identified as one of the
critical challenges in using PDMS elastomers. For instance, they can contaminate the cell
culture medium.[374, 382] The leaching of uncross-linked and mobile oligomers from the
PDMS network was experimentally evidenced by their presence in the solution produced from
a PDMS cell culture device using mass spectrometry.[374] In addition, the extraction of the
uncross-linked oligomers from a PDMS network through capillarity at the water-air interface
was successfully established, as shown in Figure 3.2.[174, 175] Generally, the leaching of
uncross-linked and mobile chains from a PDMS network is considered a problem.
Consequently, several approaches are employed to remove these uncross-linked oligomers,
such as Soxhlet extraction,[379] extensive extractions in organic solvents,[174] and extended

baking in an oven to reach a complete cross-linking.[380]
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Figure 3. 1 : Schematic illustration of uncross-linked and mobile oligomers in a PDMS elastomer.
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Figure 3. 2: Schematic illustration of the extraction of uncross-linked oligomers from a PDMS
elastomer at PDMS-water (left side) and PDMS-water-air interfaces (right side).

This figure is adapted with permission from Ref [175].

However, the leaching of uncross-linked and mobile oligomers has also led to several
remarkable observations. For example, the extraction of uncross-linked oligomers from a
PDMS elastomer at water-air interfaces by capillarity represents a remarkable strategy for
manipulating the dynamics of droplets on the surface of the elastomer.[174] As shown in
Figure 3.3a,b, a water droplet placed on a tilted PDMS elastomer presents two-speed regimes.
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The uncross-linked oligomers at the PDMS elastomer and the water droplet interface have been
identified as the critical attributes for this phenomenon. These migrated uncross-linked
oligomers are shown to contaminate and consequently lower the surface tension of the water
droplet, resulting in the speed transition when a critical amount of migrated oligomers is
accumulated, as shown in Figure 3.3c. Such a speed transition is indeed attributed to the
uncross-linked oligomers. Such a phenomenon is not present when these uncross-linked
oligomers are removed beforehand and reemerges when re-filling the elastomer with silicone
oil. Overall, several useful properties have been achieved by taking advantage of the leaching
of uncross-linked oligomers, including adhesion of a silica microbead at a four-phase contact
ling,[383] osmocapillary phase-separation,[384] drag reduction on a superhydrophobic
surface,[385] shaping of composite structures,[386] and manipulation of droplet
dynamics.[174] These findings thus suggest a huge potential resulting from the leaching of

uncross-linked and mobile oligomers from a PDMS network.
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Figure 3. 3: The change in droplet dynamic due to the presence of uncross-linked oligomers. (a) Two-
speed regimes (I and 1) of a water droplet on a tilted PDMS elastomer. Snapshots are captured every
1.28 s. (b) Distance vs. time diagram: d is the distance traveled by the water droplet, and t is time. (¢)
Distance vs. surface tension diagram: (y, — y) is the change between the surface tension of pure water
and the observed surface tension of the droplet that has traveled a distance d.

This figure is adapted with permission from Refs [174] [175].
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3.2.2 Transfer of uncross-linked oligomers

Notably, the leaching of uncross-linked oligomers represents an innovative approach for
selectively transferring PDMS to other surfaces, which holds great potential for various
applications. For example, by bringing a PDMS micro stamp into close contact with a silicon
surface, the uncross-linked and mobile oligomers from the PDMS network move out to the
contact areas and form a PDMS oligomer layer on the silicon surface, as shown in Figure
3.4a.[387] After contacting the PDMS stamp, the silicon substrate presents uniform arrays of
patterns. The patterns on the surface of the silicon substrate present an identical shape to the
PDMS stamp, as shown in Figure 3.4b. These results thus suggest the potential for purposeful
transfer of uncross-linked and mobile oligomers from a PDMS elastomer to another surface in

a straightforward fashion and with precise control.

uncross-linked
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Figure 3. 4: Pattern transfer by taking advantage of the leaching ability of the uncross-linked and
mobile oligomers from a PDMS stamp. (a) A schematic illustration of the pattern transfer process
shows the diffusion of uncross-linked and mobile oligomers from the PDMS network to the contact
areas between the PDMS stamp and the substrate. (b) Surface profiles of the patterned locations on the
substrate after the pattern transfer via AFM images.

Adapted with minor modifications from Ref [387].
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In NCF fabrication, the ability to induce leaching of these uncross-linked and mobile
oligomers from the elastomer network and their infiltration into interstitial pores between
nanomaterials makes it an ideal platform to produce NCFs. Indeed, a recent report has shown
that mobile oligomeric species can be induced to undergo infiltration into densely packed
nanoparticle films from the PDMS network to produce NCFs with extremely high filler
fractions (> 50 vol%).[388] As shown in Figure 3.5, the uncross-linked and mobile oligomers
from the PDMS network are successfully infiltrated into the porous structure of the
nanoparticle film. Furthermore, a patterned nanocomposite film can be fabricated using a
PDMS stamp with precise control. Thus, the leaching of uncross-linked and mobile oligomers
from a PDMS elastomer has shown a significant advantage in patterning surfaces, creating
polymer-infiltrated nanoparticle films, and accelerating the moving velocity of droplets.
However, the thickness of transferred oligomeric layers is relatively low, generally from a few
nanometers to around 250 nm. Despite its tremendous potential, the application of such
leaching of uncross-linked and mobile oligomers from a PDMS elastomer to systems having
anisotropic features and a much greater thickness, such as ZnO NWs film (> 1 pm), has not

been already reported.
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Figure 3. 5: Patterning nanoparticle films using the leaching of uncross-linked oligomers from a PDMS
stamp into the pore structure of the nanoparticle film.

This figure is adapted with permission from Ref [388].
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3.3 Leaching-enabled capillary rise infiltration with ZnO NWs

3.3.1 Fabrication of nanocomposite films

Our method takes advantage of the growth of vertically aligned ZnO NWs on a solid
substrate and the infiltration of oligomers from an elastomer network. As aforementioned,
leaching uncross-linked and mobile oligomers from an elastomer network are generally
considered a drawback. However, the ability to induce leaching of these uncross-linked and
mobile oligomers from the elastomer network and induce their infiltration into interstitial pores
between nanomaterials makes it an ideal platform for producing NCFs that retain the original
alignment of ZnO NW arrays. The detailed procedures for making ZnO NW arrays and PDMS
elastomers are described in Chapter 2. Briefly, ZnO NWs are prepared by the ZnO-seeded
chemical bath deposition growth,[288, 336, 337] having a diameter, a length, and a horizontal
angle of 73£16 nm, 1.2+0.17 um, and 89+12°, respectively, on glass slides (2.5 cm x 2.5 cm).
Before Leaching-Enabled Capillary Rise Infiltration (LeCaRI), ZnO NW arrays on glass slides
are placed in the oven at 540 °C for 5 min to remove organic contaminants and water vapor,
which exists between adjacent nanowires. Elastomer samples are made as described in
Chapter 2. These PDMS elastomers contain a significant amount of uncross-linked PDMS
oligomer chains for the LeCaRI experiment. The uncross-linked PDMS oligomers can leach
out the PDMS elastomer into the surface and the interstices between ZnO NWs film at room
temperature. However, because the thickness of the ZnO NWs film (1.2 £ 0.17 um) is much
greater than that of the SiO2 nanoparticle films (250 nm) in the previous work,[388] we increase
the processing temperature to accelerate the infiltration, resulting in increasing amounts of
PDMS oligomers transferred from the PDMS elastomer to the ZnO NWs.

The process of fabricating a NCF with vertically aligned ZnO NWs via LeCaRl is
schematically presented in Figure 3.6. ZnO NW arrays are brought into conformal contact with
a slab of PDMS elastomer (2.5 cm x 2.5 cm x 0.25 cm) to induce the transfer of uncross-linked
and mobile oligomers from the elastomer into the crevices of the ZnO NW arrays. To maximize
the number of transferred oligomers, the sample with PDMS elastomer atop ZnO NW arrays
should be placed in an oven maintained at 150 °C. Although the top of the ZnO NW array does
not present a very smooth surface, PDMS can be induced to form conformal contact with the
ZnO NW array due to its compliance and flexibility. Subsequently, the oligomer infiltrated
ZnO NW arrays are heated at a maintained temperature of 80 °C for 1h to cure the unreacted
chains transferred into the interstices of ZnO NW arrays. Note that the sample with 10 s contact
with PDMS elastomer at room temperature is hereafter referred to as NCF-10s@RT, while the
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sample subjected to LeCaRl for a long time at a higher temperature (24h at 150 °C), is hereafter
referred to as NCF-24h@150 °C.

ZnO NWs
annealing
Y —)
Composite
Film

Figure 3. 6: Schematic illustration showing the LeCaRI process for fabricating nanocomposite films
with vertically aligned ZnO NWs. For clarity, schematic illustrations are not drawn to scale.

3.3.2 Morphology of materials

Optical microscope observation

The surface of ZnO NW arrays before and after infiltration is captured using a Leica DM
LM microscope with a modular design connected with a high-quality video camera (Olympus
SC30). Images are taken using a 50x long working distance objective. The photos were taken
and collected by using the Stream Start software. The optical microscope images show that
after infiltrating, the surface of the ZnO NW array becomes more homogenous after infiltration,
likely due to the filling of the crevices between NWs by oligomer chains, as shown in Figure
3.7.
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Figure 3. 7: Optical microscope of ZnO NWs, PDMS-ZnO NWs-10s, and PDMS-ZnO NWs-150 °C-
24h

Scanning electron microscopy

The morphology of the ZnO NW arrays before and after infiltration for different
duration are observed through scanning electron microscopy (SEM), as shown in Figure 3.8.
The SEM images confirm the presence of PDMS oligomers in the ZnO NW array after LeCaRl.
Even after a very short infiltration duration (NCF-10s@RT), the oligomers have partially filled
the interstices and surfaces between NWs, as shown in Figure 3.8b, e. For the sample subjected
to LeCaRl for a long time at a higher temperature (NCF-24h@150 °C), the crevices in the ZnO
NW arrays are almost filled, forming a uniform NCF, as shown in Figure 3.8c, f. EDS profiles
are provided to confirm the presence of PDMS oligomer chains in the crevices of the ZnO NW
arrays, as evidenced by an increase in the amount of silicon in the NCFs after LeCaRl, as shown
in Figure 3.8g-i and Figure 3.9.

Most importantly, ZnO NWs retain their vertical alignment after the LeCaRI process.
Despite the filling of the space between ZnO NWs, the top surface of the NW array is not fully
covered with a visible and smooth layer of PDMS (Figure 3.8f) and thus retains the nanoscale
surface roughness of the ZnO NW array. As we will show later, such surface roughness could
play an important role in determining the wetting properties of these NCFs.
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Figure 3. 8: (a, b, c) Top-view, (d, e, f) cross-section SEM images, and (g, h, i) EDS mapping profiles
of ZnO NWs, NCF-10s@RT, and NCF-24h@150 °C, respectively. Green and violet dots represent the
presence of Si and Zn, respectively.
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Figure 3. 9: EDS profile of ZnO NWs and nanocomposite films.

3.3.3 Characterization by Raman spectroscopy

Raman scattering spectroscopy is used to confirm the presence of PDMS oligomers in
the NCFs. The Raman spectra are taken in the range of 50-3700 cm™. Figure 3.10 shows that
besides the typical Raman peaks for ZnO NWs, there are peaks associated with Si-O-Si
symmetric stretching (488 cm™), Si-CHs symmetric rocking (687 cm™), CHs symmetric
stretching (2907 cm®), and CH3 asymmetric stretching (2965 cm™) of PDMS.[389, 390] The
right side is the spectra taken between 50-750 cm™ for more detailed analysis. This result again
confirms the presence of PDMS oligomer chains in the NCFs upon the LeCaRI transfer

mechanism and the increase of PDMS loading with LeCaRlI duration.
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Figure 3. 10: Raman spectra of glass, ZnO NWs, PDMS film, NCF-10s@RT, and NCF-24h@150 °C
(a) in the range of 50-3700 cm™ and (b) in the range of 50-750 cm™.

3.3.4 Inverse process of infiltration via LeCaRl

To confirm that oligomers infiltrate the interstices between NWs via capillarity, we
conducted an inverted infiltration experiment to eliminate the effect of gravity. The substrate
containing ZnO NW arrays is placed on top of a PDMS elastomer in which the ZnO NW arrays
were brought into conformal contact with the PDMS elastomer for 10 seconds to induce the
transfer of uncross-linked and mobile chains from the elastomer network into the interstices of
the ZnO NW arrays. Finally, the infiltrated ZnO NW arrays were heated to 80 °C for 1h to cure
the unreacted chains transferred into the interstices of ZnO NW arrays. The schematic
illustration and SEM images showing the inverse LeCaRI process to fabricate nanocomposite
films with vertically aligned ZnO NWs via inverse LeCaRlI are shown in Figure 3.11. With
the results obtained with both configurations (normal and inverse) being precisely the same,
we can conclude that the infiltration of PDMS is not induced by gravity but mainly by capillary

effects confirming the LeCaRlI transfer mechanism of PDMS.
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Figure 3. 11: (a) Schematic illustration showing the inverted LeCaRl process to fabricate
nanocomposite films with vertically aligned ZnO NWs. For clarity, schematic illustrations are not drawn
to scale. (b) and (c) Top-view SEM images at different magnifications, and (d) side-view SEM images
of NCF-10s@RT produced via inverted LeCaRI.

3.3.5 Optical properties

One of the disadvantages of using ZnO NW arrays on a solid surface is that they scatter
light and thus make it difficult to use them in applications that require high transparency, such
as coatings on windows and solar cells. With a refractive index of 2.0 for bulk ZnO and a non-
continuous morphology, the significant refraction and scattering of incident light at the
air—-ZnO interface leads to a significant transmittance loss through ZnO NW arrays.[391]
Infiltration of PDMS oligomers into the interstices can significantly reduce light scattering by
reducing the difference in the refractive index between the NW phase and the continuous phase
of the NCF. We test this idea by characterizing the transmittance of the ZnO NW arrays before
and after LeCaRlI via UV-Vis spectroscopy (Figure 3.12). A bare glass slide and a PDMS film
on glass are also characterized as references. Figure 3.12a clearly shows that infiltration of
PDMS oligomers into the ZnO NW arrays significantly enhances the transmission of the NCFs.
The enhancement of the transparency upon LeCaRlI also can be observed on macroscopic
photos of the samples, as shown in Figure 3.12b. Remarkably, the transmission of the NCF-
24h@150 °C sample shows that this sample is more transmissive than a bare glass slide in most

of the visible range, suggesting that the NCF is acting as an anti-reflection coating, as shown
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in Figure 3.12c. We believe such anti-reflection property is due to the graded transition of
refractive index nppms < Nzno across the nanocomposite films.[363, 392] Digital photograph
images of NCFs under light illumination showing the suppression of reflection compared to
the glass side demonstrate the anti-reflection property of the NCFs (Figure 3.12d).
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Figure 3. 12: (a) Transmittance spectra of glass side, PDMS film, ZnO NWs, and PDMS-infiltrated
ZnO NWs, (b) corresponding digital photos of the samples showing their transparency, (c) enlarged
transmittance spectra of glass side, NCF-10s@RT, NCF-1h@150 °C, and NCF-24h@150 °C, and (d)
digital photograph images of NCFs under light illumination showing the suppression of reflection
compared to the glass slide.

3.3.6 Surface wettability

The uncross-linked and mobile oligomers leached from a PDMS elastomer have been
found to drastically change the wettability on the surface of the PDMS elastomer.[174, 175]
We thus envision unique wetting properties derived from these PDMS/ZnO NW NCFs. The

90



surface of ZnO NW arrays is highly hydrophilic, whereas the surface of planar PDMS is
hydrophobic. Upon infiltration of PDMS via LeCaRl, the surface of the ZnO NW arrays
becomes superhydrophobic even after 10 seconds of infiltration at room temperature, as shown
in Figure 3.13a. Regardless of the infiltration time, the surface of the NCFs maintains its
superhydrophobicity over one year of storage in the ambient air. When a droplet of water is
brought into dynamic contact with the NCF surface, the droplet does not stick to the surface

even if it is pressed onto the surface.

In contrast, a water droplet sticks readily to the smooth PDMS film, as shown in Figure
3.13Db. These results strongly suggest that LeCaRI of PDMS oligomers into the ZnO NW arrays
have rendered these surfaces superhydrophobic, likely owing to the combination of surface
roughness of the NW array and the hydrophobicity of PDMS, resulting in the so-called Cassie-
Baxter state.[393] Even after partial infiltration due to a very short contact time (e.g., 10 sec)
at room temperature, the surface of NWs is rendered superhydrophobic thanks to the transfer
of oligomeric PDMS into the interstices between ZnO NWs. We believe even a small amount
of PDMS in the interstices facilitates air trapping, thus making the surface superhydrophobic.
Given the simplicity of the LeCaRIl method, superhydrophobic materials can be quickly
prepared at room temperature without the use of any extra surface modifiers (e.g., fluorine-

containing reagents).
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Figure 3. 13: (a) Static water contact angles on ZnO NWs, PDMS film, and ZnO/PDMS LeCaRI NCFs
and (b) time-lapse photos showing the wetting properties of the ZnO NWs, PDMS film, and PDMS/ZnO
NW NCFs under dynamic contact with a water droplet. A water droplet is brought in contact with the
surface of the sample and then pressed onto the surface. Subsequently, the droplet is retracted from the
surface. i-v steps represent the initial state (not in contact), initial contact upon approach, pressed
contact, right before detachment during retraction, and full retraction, respectively.
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3.4 Multifunctionality of the PDMS-ZnO NW NCF

3.4.1 Self-cleaning

A superhydrophobic surface, exhibiting a water contact angle (WCA) larger than 150°
and easy roll-off of water droplets, makes an excellent self-cleaning surface with a wide range
of applications.[64, 76, 394] Figure 3.14 shows self-cleaning behaviors of ZnO NWs film,
PDMS film, and PDMS/ZnO NW NCF-10s@RT when their surfaces are contaminated by soil
and placed horizontally in a plastic container, then subsequently exposed to droplets of Orange
G solution (concentration of 5x10° M, added to facilitate visual inspection of self-cleaning
behavior) from a syringe that is placed 5 cm above the sample surface. Droplets readily spread
when they are in contact with the highly hydrophilic surface of the ZnO NW arrays (Figure
3.14a), whereas droplets stick to the hydrophobic surface of PDMS (Figure 3.14b). Due to its
superhydrophobic surface, PDMS/ZnO NW NCF-10s@RT exhibits an excellent self-cleaning
behavior by inducing roll-off of water droplets that pick up and remove the contaminants on

the surface shown in Figure 3.14c.

(i) (ii) (iii) (iv)

Figure 3. 14 (i- |v) Sequentlal photographs showmg the removal of soil from the surface of @ ZnO
NWs, (b) PDMS-coated glass, and (c) PDMS/ZnO NW NCF-10s@RT by water droplets with Orange G.
Red circles represent shapes and behavior of droplets when they are in contact with the surface of the
sample, whereas white circles show the cleaned surface area after exposure to droplets.
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3.4.2 Anti-icing

Ice accumulation on the solid surface can pose severe problems in many industrial
applications. For example, ice formation on aircraft and electric transmission lines could cause
significant complications. Moreover, accreted ice on surfaces can significantly decrease heat
transfer efficiency in refrigerators/heat exchangers.[77, 395, 396] It is, thus, highly desirable
to impart an anti-icing property to various solid surfaces. To show the potential of our
nanocomposite films for anti-icing applications, we perform an anti-icing experiment to
determine the time it takes for a water droplet to freeze on different surfaces. The freezing
delay time is the time between the physical contact of a water droplet with a subcooled substrate
and the onset of freezing.[395] The samples are placed on a thermally controlled copper
substrate, and they are cooled down to —15 °C. After 10 min to ensure thermal equilibrium,
water droplets are placed on the sample surface, and the freezing times of water droplets on
different samples are recorded. Initially, the droplets are clear and transparent on the surface of
the samples. However, white ice crystals appear in the droplet with time, which eventually
turns into an opaque ice crystal. Figure 3.15a shows that the PDMS/ZnO NWs NCFs exhibit
a superior anti-icing property than ZnO NWs and PDMS film, significantly delaying the
formation of ice nuclei and reducing the growth rate of ice crystals. As shown in Figure 3.15b,
the freezing times of PDMS/ZnO NWs NCFs are much longer than those of the ZnO NWs and
PDMS film. The results demonstrate the excellent ability of ZnO/PDMS NCFs to suppress ice

formation and accumulation.

This significant increase in the freezing time of NCFs compared to that of ZnO NWs and
PDMS film is likely due to the superhydrophobicity, reducing the contact area between the
water droplet and the surface and therefore dramatically reducing heat transfer between the
NCFs at -15°C and the droplet that is surrounded by air at 20°C.[397, 398] In addition, the
remarkable delayed-icing ability of the NCF-24h@150 °C compared to that of the NCF-
10s@RT, we believe, is due to the different amounts of PDMS oligomers infiltrated into
nanowires via the LeCaRlI process. The infiltrated PDMS layer at the top surface of the NCF-
10s@RT is thinner than the NCF-24h@150 °C, as clearly shown in the SEM images and
especially in the EDS mapping image (Figure 3.9c, f, and i). Considering the thermal transport
path in the ZnO NW arrays, heat transfer occurs through the vertically aligned ZnO NWs from
the Peltier modulus to the substrate to the water droplet at the surface. Thus, the thicker the
infiltrated PDMS layer at the top surface, the bigger the heat transfer resistance to the water

droplet, resulting in enhanced delayed-icing. We believe this is the main reason for the efficient
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delay-icing ability of the NCF-24h@150 °C with complete infiltration compared to that of the
NCF-10s@RT with partial infiltration. Significantly longer freezing times indicate that
ZnO/PDMS NCFs could be highly advantageous in de-icing applications since water droplets
can easily roll off with slight tilt angles or mild vibration before freezing.
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Figure 3. 15: (a) lce accumulation on the surface of ZnO NWs, PDMS film, NCF-10s@RT, and NCF-
24h@150 °C at —15 = 1 °C environment with the delayed freezing time recorded by observing the non-
transparency of the water droplets (b) Freezing time of ZnO NWs, PDMS film on glass, NCF-10s@RT,
and NCF-24h@150 °C at -15 °C.

3.5 Stability of the PDMS-ZnO nanocomposite film

Nanocomposite materials must have high stability against several challenging conditions
for practical applications. PDMS-based materials are highly soluble in nonpolar organic
solvents, consequently leading to swelling of the polymer.[378] Also, polymer nanocomposite
materials with photocatalytic fillers present a potential degradation of the polymer part upon
activating the photocatalytic part by UV light. This section describes the stability of our
PDMS/ZnO NW NCFs under some of the most critical conditions directly related to their
inherent properties and their ability to recover hydrophaobicity after being lost through plasma

treatment.

3.5.1 Solvent resistance
One of the potential concerns for these NCFs is that PDMS oligomers can be removed
when the NCFs are exposed to harsh conditions such as organic solvents. A cumulative series

of experiments have been implemented on the same sample to test the anti-fouling to relatively
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low boiling point organic solvents in sequence with ethanol, acetone, toluene, and water at 37
°C. The sample is immersed in a solvent container for 10 min, and then placed in air for 2 min
to evaporate the solvents. For the case of water, the samples that underwent solvents exposure
were immersed in a water bath in a humidity chamber kept at 37 °C and 40 % relative humidity
for 60 h. After each experiment, the wettability of the samples was evaluated according to the
procedure described in the water contact angle measurement. Figure 3.16 clearly shows that
exposure to these solvents does not significantly change the wetting properties of the
PDMS/ZnO NW NCFs. At the same time, such treatments induce significant changes in the
surface wettability of the reference samples (bare glass slide and ZnO NWs). Upon complete
evaporation of the solvents from the surface, the NCF surface still retains its superhydrophobic
property. This result shows that the microstructure and composition of the NCFs likely do not
experience significant changes even after these NCFs are brought in contact with these
common organic solvents. It further indicates that the NCF could be used in later biological
applications by retaining its superhydrophobicity in an aqueous environment at 37 °C for a

long time.
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Figure 3. 16: WCA of samples before and after exposure to a series of organic solvents by sequentially
exposing to ethanol, acetone, isopropyl alcohol, n-hexane, and toluene and water at 37 °C.

3.5.2 UV light resistance

Another potential concern associated with superhydrophobic materials incorporating
photocatalytic materials such as ZnO NWs is the permanent loss of superhydrophobicity upon
UV irradiation. We, therefore, test the stability of the superhydrophobic NCF against intense
UV irradiation (see detailed irradiation protocol in Chapter 2). As shown in Figure 3.17, the
NCF-24h@150 °C retains its stable water contact angle of 165° after UV irradiation for several
hours. The NCF-10s@RT with an infiltrated smaller amount of PDMS shows a slight decrease
in its water contact angle value with UV irradiation time; however, the initial superhydrophobic
behavior can be recovered by thermal treatment at 80 °C for 1h. The results indicate the high
stability of the PDMS/ZnO NW NCFs and the easy recovery of superhydrophobicity of the
NCF-10s@RT.
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Figure 3. 17: Effect of UV irradiation on the static water contact angle on PDMS/ZnO NW NCFs.

3.5.3 Self-healing after plasma treatment

One of the most common surface treatments to eliminate and remove contaminants is
oxygen plasma. Although this method is very effective in removing contaminants, its
application on a superhydrophobic surface can potentially lead to a permanent loss of
superhydrophobicity. Given the high mobility of PDMS species, we test whether the
superhydrophobicity of PDMS/ZnO NW NCF can be recovered after an oxygen plasma
treatment. As shown in Figure 3.18, the superhydrophobicity of the PDMS/ZnO NW NCFs is
lost after oxygen plasma, and the surface becomes very hydrophilic with a water contact angle
lower than 10°, likely due to the introduction of polar groups. However, the NCF surface
quickly and easily recovers its superhydrophobicity after simple heat treatment at 80 °C for 30
min. Such recovery of superhydrophobicity can be repeated at least 9 times without reducing
the initial water contact angle. According to previous reports on hydrophobicity recovery of
PDMS,[349, 380, 381] this phenomenon is due to the out-diffusion of low molecular weight
molecules of PDMS to the free surface.
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Figure 3. 18: Thermally induced healing of the PDMS/ZnO NW NCFs after repeated oxygen plasma
treatment.

3.6 Conclusion

In conclusion, we report in this chapter a new method to fabricate nanocomposite films
(NCFs) retaining the vertical alignment of ZnO NWs via leaching-enabled capillary rise
infiltration (LeCaRl). PDMS-infiltrated vertically aligned ZnO NWs NCFs exhibit high
transparency, anti-reflection, superhydrophobic, self-cleaning, and anti-icing properties. They
can also retain their superhydrophobicity even after exposure to organic solvents or intense-UV
irradiation and oxygen plasma treatment. Because the growth of ZnO NWs can be performed
via solution-based methods and LeCaRl is a process that requires simple contact of PDMS with
the ZnO NW arrays, we believe this process could potentially be scaled up to enable continuous
fabrication of these versatile NCFs. Moreover, the process can produce NCFs with horizontally

or randomly oriented NWs.

Despite the outstanding repellency of these PDMS/ZnO NW NCFs, their solid surface
is not highly desirable for applications with more challenging conditions. For example, in
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situations where biological species (e.g., bacteria) are present, even if the surface of the
PDMS/ZnO NW NCFs can prevent initial attachments of bacteria, with a permanent interaction
in an extended time, the surface repellency will be lost, leading to surface fouling. Thus, we
have further developed other surface functionalization to prevent such a problem potentially.
These works will be described in Chapter 4.

99



100



Chapter 4.

Lubricant Depletion-Resistant Slippery Liquid-

Infused Porous Surfaces via Capillary Rise

Lubrication of Nanowire Array

Reproduced from Ref. [399] with permission from John Wiley and Sons.
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Despite their promise in many applications, superhydrophobic PDMS/ZnO NW
nanocomposite films have drawbacks that make their widespread applications challenging
under harsh conditions, such as long-term immersion underwater or in contact with biological
species. This is a fundamental limitation of superhydrophobic surfaces because of its repellency
mechanism based on a solid-liquid interface and susceptibility of the air-cushion layer. We
have adopted a new approach to using silicone oil as the infiltrating component to create a
repellent surface with a mobile liquid-liquid interface to overcome these drawbacks. This
method is inspired by the fabrication of slippery lubricant-infused porous surfaces (SLIPS). As
mentioned in Chapter 1, one of the critical challenges in SLIPS is the lubricant depletion
through the growth of a wetting ridge around a droplet of foreign liquid that removes the
infused lubricant from the porous surface when the droplet slides off. Therefore, this chapter
describes a method for producing stable SLIPS that resist lubricant depletion. Importantly, we
will show that the orientation of nanowires strongly affects lubricant infiltration and the
stability of SLIPS properties. The strong lubricant retention ability provided by the nanoporous
structure of the random nanowire array suppresses the growth of a wetting ridge around a water
droplet and can even resist lubricant depletion under a strong centrifugal force. This study
provides a straightforward, robust, and potentially scalable approach for making stable SLIPS
that suppresses lubricant depletion by taking advantage of the unique morphology of the
random nanowire arrays and capillary rise lubrication. The results shown in this chapter were
published in the following paper: H. Tran, Y. Kim, C. Ternon, M. Langlet, D. Riassetto, D.
Lee, Advanced Materials Interfaces 2021, 8, 2002058.

4.1 Introduction

Slippery lubricant-infused porous surfaces (SLIPS) show remarkable repellency against
liquids, making them useful in various applications, from self-cleaning to water harvesting to
anti-icing and anti-fouling.[11, 13, 49, 55, 121, 123, 124, 126, 400] The physical origin of the
liquid repellency of SLIPS comes from a lubricant film within and above the surface of the
porous template.[49, 401] In particular, this infused lubricant with low surface energy fills the
air pockets in the space of the porous scaffold, providing a mobile liquid surface with no contact
line pinning and excellent pressure stability. Additionally, the surface properties of the
lubricant layer are highly tunable owing to the vast choice of lubricant properties (viscosity,

solubility, and surface tension).[120, 169, 188] However, the lubricant layer depletes over time
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because of lubricant evaporation, shear force/frost-induced lubricant loss, and movement of
liquid droplets on the infused surface.[27, 28, 141, 178-182, 214, 218]

The lubricant depletion leads to the degradation and failure of SLIPS performance,
presenting a critical barrier to the widespread adoption of this powerful approach. For example,
the ability to induce dropwise condensation of low surface tension fluids makes SLIPS a unique
solution for enhancing the heat transfer efficiency in various industrial processes, such as
refineries, biomass combustion, and natural gas manufacture.[170, 171] However, the
depletion of the lubricant can decrease heat transfer by 80%, severely impeding the
condensation of toluene.[172] A recent study proposed a new concept called "capillary
balancing" for addressing frost-induced lubricant depletion to overcome lubricant
depletion.[124] They showed that lubricant depletion in SLIPS during frosting and icing could
be avoided by making the pore of the infused surface smaller than that between frost dendrites.
In particular, the nanosize filler offered much stronger capillary forces, thus preventing
lubricant depletion. However, in situations where SLIPS has to contact other liquids such as
water, the formation of wetting ridges emerges as the primary mechanism of lubricant depletion
because of the interaction between a water droplet and the lubricant film.[27] This interaction
induces the rising of a thin lubricant film around the water droplet or even forms a lubricant
film that entirely covers the water droplet.[209] These wetting ridges degrade the performance
of lubricant film over time when the water droplet slides off the surface, resulting in permanent
loss of the lubricant. Furthermore, the lubricant from the wetting ridge has been shown to
contaminate and alter the surface tension of the contacting water droplets.[174, 175] Thus, the
removed lubricant from SLIPS can lead to potential contamination of water in fog harvesting
applications. It is thus critical to minimize or prevent the formation of wetting ridges, leading
to stable SLIPS.

Despite its importance, suppression of wetting ridge on SLIPS has not been extensively
addressed.[169] On the one hand, studies on SLIPS focus either on introducing new
template/lubricant systems or exploring transformative applications.[18, 193, 402-404] On the
other hand, some studies reported the effect of viscosity and thickness of lubricant film on the
SLIPS properties.[183, 405-408] By carefully removing excess lubricant on a rough surface by
rotating the infused surface for a specific time to reach the desired lubricant thickness, stable
SLIPS have been produced.[211, 213, 409] However, current coating approaches fail to
produce such a stable infused configuration without time-consuming optimization steps in

which high shear force, causing the loss of repellency properties, is used.
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Our work describes a robust method for fabricating stable SLIPS via capillary rise
infiltration (CaRl) of silicone oil into interstitial nanovoids of ZnO nanowire arrays. We
hypothesize that the growth of the wetting ridge and the subsequent loss of lubricant from
SLIPS can be suppressed by eliminating extra lubricant outside the pores of the porous surface.
To create such a structure, we infuse and confine silicone oil within the nanostructure of ZnO
nanowire arrays via capillary forces. The silicone oil that resides in the interstitial pores
between randomly aligned high aspect ratio ZnO nanowires can remarkably suppress the
wetting ridge's growth. These structures also show excellent silicone oil retention against
moving water droplets and shear force, leading to highly stable SLIPS. Capillary rise
lubrication enables eliminating excess lubricant without any delicate optimization steps,

making it a potentially scalable manufacturing approach.

4.2 Silicone oil-infused ZnO nanowire arrays via capillary rise

lubrication

Capillarity at the nanoscale is a powerful force that enables the spontaneous transport
of liquid into small pores.[32, 34] Capillary Rise Infiltration (CaRl) has been used recently to
induce the imbibition of high molecular weight species such as polymers and oligomers into
nanoporous media such as nanoparticle packings and assemblies.[31, 388] Here, we induce
infusion and retention of silicone oil in the nanostructure of ZnO nanowire (NW) arrays via
capillarity to produce stable SLIPS. The advantage of ZnO NW arrays is that the morphology
of the porous structure can be varied by changing the orientation of NWs. For example, ZnO
NW arrays can be produced from vertical to random alignments. These different alignments
likely result in interstitial pores of different shapes and sizes. Here, we study how the
orientation of ZnO NWs affects silicone oil infiltration and the stability of infiltrated surfaces

against lubricant depletion.

4.2.1 Morphology of ZnO NW arrays before infiltration

ZnO NW arrays are grown on pre-seeded silicon wafer substrates via a chemical bath
deposition method, as described in Chapter 2. The orientation of NWs is controlled by
changing the seed layer morphology and the heat treatment step before immersion in the growth

solution. We study three ZnO NW arrays with different orientations: vertical, tilted, and
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random geometry. The morphology of the three types of ZnO NW arrays before the infiltration
of silicone oil is observed through scanning electron microscopy (SEM). The top-view SEM
images (Figure 4.1 a-c) indicate the presence of NW arrays with different orientation angles.
Cross-section SEM images (Figure 4.1 d and e) show that the vertical and tilted NW arrays
have orientation angles against the vertical of 3.7° + 3.2° and 19.3° + 9.3°, respectively (Figure
4.2 for statistical details). When NWs are grown with a high aspect ratio (i.e., the ratio between
the length and diameter), they undergo aggregation to form bundles upon drying. We classify
this structure as the random NW array (Figure 4.1f). These three types of ZnO NW arrays will
be hereafter referred to as vertical NW array, tilted NW array, and random NW array,

respectively.

Vertical NW array Tilted NW array Random NW array

Figure 4. 1: (a-c) Top-view and (d-f) cross-section SEM images of the ZnO NW arrays with three
types of orientation.
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Figure 4. 2: (a) Definition of the orientation angle of NWs. Statistical analysis of the orientation angle
of ZnO NW arrays, including (b) vertical NW array and (c) tilted NW array. At least 250 NWs are
analyzed. The error bar is calculated based on the standard deviation.

4.2.2 Silicone oil lubrication via capillary rise infiltration

Preparation of silicone oil-infused ZnO NW arrays via capillary rise infiltration is
described hereafter. Silicon substrates with ZnO NW arrays on the surface are thermally treated
in an oven at 540 °C for 30 min to remove organic residues and water vapor before the wicking
experiment. The substrates with ZnO NWs arrays are cut into 2 cm x 2 cm pieces and are held
vertically in a silicone oil bath, as illustrated in Figure 4.3. We then induce CaRlI of silicone
oil into the interstitial nanogaps of ZnO NW arrays. We hypothesize that this approach will
confine silicone oil within the interstitial voids between NWs and eliminate extra lubricant
surfaces. The ZnO NW arrays could be subjected to a surface modification with C16 before
wicking of silicone oil, which likely reduces the surface energy of ZnO NWs and significantly

improves stability.
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Figure 4. 3: Schematic illustration of the capillary rise infiltration (CaRl) lubrication of ZnO NW arrays
with silicone oil. For clarity, objectives are not drawn to scale.

4.2.3 Wicking dynamics of silicone oil

The wicking dynamics are captured using a digital camera. In our experiments, we denote
the starting time (i.e., t = 0) when the sample surface touches silicone oil and silicone oil starts
to infuse vertically from the initial wicking front position. The three kinds of NW arrays differ
in the rising silicone oil rates (Figure 4.4). The vertical ZnO NW array shows the slowest rate
of silicone oil infiltration requiring 115 min to rise 1.8 cm. In comparison, the tilted ZnO NW
array takes about 45 min to rise to the same height, while for the random ZnO NW array,
composed of long and dense NWs, only about 18 min are needed to rise to the same height. As
the liquid and material are the same between the three samples, we may consider that the
dynamic viscosity, surface tension, and contact angle are constant for all the samples. Based
on these assumptions and the dependence of the wicking rate on the pore size,[410, 411] these
observations suggest that the capillary pressure in the random NW array sample is the largest
among the three types of NW arrays. The random NW array likely presents a nanoscale porous
structure within aggregated NW bundles, possibly explaining the robust wicking of this sample.
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Figure 4. 4: Wicking rate of silicone oil in the structure of ZnO NW arrays with three types of
orientation.

4.2.4 Morphology of infiltrated ZnO NW arrays

The morphology of ZnO NW arrays after CaRI imbibition of silicone oil can be observed
using SEM images. Upon infiltration, the vertical and tilted ZnO NW arrays are densely
covered by a micron size thick-silicone oil layer, as shown in Figure 4.5a,b. Although, the
silicone oil on the surface of the tilted ZnO NW arrays is likely to present a thinner layer.
Interestingly, the random NW array presents a rough lubricated structure where the silicone oil
is confined within the NW bundles upon infiltration. Silicone oil conformally covers NWs
following the morphology of the bundles, likely because the capillary force is considerably
strong at the nanoscale (Figure 4.5c). It thus indicates that the formation of a structured
lubricant layer where the lubricant is held within the structure of the porous template and

presents a similar surface topography of the porous template is indeed plausible.
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Figure 4. 5: SEM images of vertical NW array (a), tilted NW array (b), and random NW array (c) upon
lubrication of silicone oil.

4.3 Wetting properties of the silicone oil-infused ZnO NW array

surfaces

To understand the effect of extra lubricant on the wetting properties (i.e., the lubricant
that is not confined in the interstices between NWSs), we compare NW arrays lubricated by our
capillary rise infiltration (CaRIl) method with those lubricated using a standard top-down
approach, i.e., lubrication by spin-coating of silicone oil directly onto the surface. Briefly,
silicone oil is coated onto the surface of ZnO NW arrays using a spin coater (1000 rpm for 60
s).[14, 211] After the spin-coating step, the surface of ZnO NW arrays is infused and covered
by a smooth silicone oil layer. We will then use these spin coating-lubricated samples as a

reference compared to our CaRlI-lubricated samples.

4.3.1 Water contact angle on silicone oil-infused surfaces

The cross-section of a typical wetting ridge surrounding a liquid droplet is a deformed
triangle (see Figure 1.16 and Figure 4.6a). Such a wetting ridge can be observed using a water

contact angle goniometer (Figure 2.6) which enables direct observation of the contour of the
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sessile droplet, typically using a macro zoom lens. This method is frequently used to determine
the apparent contact angle of a sessile droplet on a SLIPS. It is performed by capturing an
image of a water droplet placed on a SLIPS and observing its shape. However, care should be
taken in the observation process to avoid dynamic or scaling effects because of the dynamic
nature of wetting ridge formation.[27] Besides, this technique is highly susceptible to operating
conditions, including disruption due to external vibrations, organic vapors, and dust.[38] The
illustration of a wetting ridge surrounding a water droplet on a lubricant-infused surface and
the definition of the apparent contact angle is presented in Figure 4.6a. Water droplet contact
angles on ZnO NW arrays spin-coated lubricant are between 80° and 90°. Water contact angles
on the CaRlI-lubricated NW arrays are larger than the corresponding values on spin-coated
samples (Figure 4.6b). The random array has the highest contact angle compared to the two
other kinds of the array for both spin-coating lubrication and CaRlI lubrication.
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Figure 4. 6: (a) A schematic illustration of a water droplet on a lubricant-infused surface, showing a
wetting ridge and definition of apparent contact angle. (b) Static water contact angle on ZnO NW arrays
before and after silicone oil infusion via spin coating and CaRl.

4.3.2 Suppression in the growth of wetting ridges

Water droplets have prominent wetting ridges on all the spin-coated surfaces because
of the rise of the lubricant film around the water droplet (Figure 4.7a, see the inset zoomed
pictures for clarity). The appearance of a wetting ridge suggests that a thin layer of extra

lubricant (i.e., the lubricant that is not confined in the interstitial void between NWSs) exists
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above the height of the NWs. These wetting ridges are identified as the primary source of
lubricant depletion on liquid-infused surfaces.[27, 182, 412] Remarkably, we observe a
transition in the shape of the wetting ridge on CaRlI-lubricated NW arrays as the orientation of
the NWs is changed (see dashed blue insets in Figure 4.7b for clarity). A wetting ridge is
observed around the water droplet on the vertical NW array; however, the wetting ridge's size
is considerably reduced compared to the one observed on spin-coated samples. The formation
of a wetting ridge is considerably suppressed for the tilted NW array and not visible for the
random NW array.

(@) Spin-coating lubrication

Vertical Tilted Random
NW array NW array NW array

(b) CaRl lubrication

Vertical Tilted Random
NW array NW array NW array

Figure 4. 7: (a) Micrographs of water droplets on the surface of ZnO NW arrays after infiltration of
silicone oil via spin coating. b) Micrographs of water droplets on the surface of ZnO NW arrays after
infusion of silicone oil by CaRl. The volume of water droplets is 10 uL.
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For quantitative analysis, we evaluate the CaRlI lubrication method's effectiveness in
suppressing the growth of the wetting ridge as compared to the spin-coating method by
calculating the ratio of lubricant ridge height (z) to the water droplet height (h), see Figure
4.6(a) for the definition and Figure 4.8 for the results. The z/h ratios in NW arrays of spin-
coated lubricant show high values because of a wetting ridge's prominent presence. However,
the z/h ratio is lower for the tilted NW array than that of the vertical NW array and even lower
for the random NW array (Figure 4.8). Using the CaRl lubrication approach, the z/h ratio is
remarkably decreased for the vertical NW array and the tilted NW array compared to those
observed on spin-coated samples. The wetting ridge is no longer visible on the lubricated
random NW array surface, and it is impossible to calculate the z/h ratio. These results are
consistent with the rates of capillary rise (Figure 4.4). Because of the nanoscale porous
structure-induced high capillary pressure posed by tilted and random NW arrays, the infused
lubricant stays trapped in the interstices among the NWs and does not form wetting ridges. As
the morphology of NW varies from vertical to tilted and to random alignments, the pore
structure of the NW array becomes more tortuous for the lubricant to escape. For instance, the
vertical NW array has straight channel-like voids, providing a direct path for lubricant to go
from the bottom surface to the top. In contrast, the random NW array's unique morphology of
NW bundles likely provides a highly tortuous path. Thus the lubricant would have to move
through a longer path to be depleted. Simultaneously, the random array of NWs has smaller
pores, which would provide a stronger capillary force, a thermodynamic factor, that facilitates
the retention of the lubricant. Our CaRIl method thus represents an effective approach to
suppressing the formation of wetting ridges compared to the standard coating approach, which

will be further studied in the following sections.

112



- Vertical NW array

0.20 4 - Tilted NW array
' B Random NW array

Spin-coating CaRl
lubrication lubrication

Figure 4. 8: Comparative analysis of z/h ratio of a water droplet on lubricant-infused surfaces using
spin-coating and CaRl. h represents the height of the water droplet after sitting on the lubricant-infused
surface, and z represents the height of the wetting ridge.

4.4 Stability of SLIPS
4.4.1 Stability against moving water droplets

Moving and shedding water droplets on lubricant-infused surfaces lead to lubricant loss
if the water droplets are surrounded by wetting ridges. Thus, it is critical to make a stable
lubricant-infused surface showing liquid repellency under dynamic (i.e., water-shedding)
conditions. To gain more insights into the wetting ridge's effect on the lubricant depletion, we
perform various experiments to observe NW morphology's impact on lubricant-infused NW
arrays' stability. We first observe the traces left by water droplets sliding on lubricant-infused
ZnO NW arrays. For these trail detection from moving water droplets experiments, the samples
are tilted at an angle of 7°; a water droplet (~20 pL in volume) is dripped from a syringe held
2 cm above the sample surface. The water droplet is dripped from the syringe tip and slides on
the infused surfaces. We observe these moving droplets using a digital camera. A trail is left
by a sliding droplet on the vertical NW array (Figure 4.9a), dragging lubricant, presumably
because of the wetting ridge's presence. The tilted NW array with lubricant also shows a slight
trail left by a moving droplet, as shown in Figure 4.9b. In contrast, no visible track is seen on
the lubricated random NW array surface after a droplet slid down the surface (Figure 4.9c).
This observation agrees with the results shown in Figure 4.8; surfaces that suppress the ridge

formation reduce lubricant loss from the surface.
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Figure 4. 9: Digital photographs of trails left by sliding water droplets on silicone oil-infused (a)
vertical NW array, (b) tilted NW array, and (c) random NW array samples. The diameter of the water
droplets is approximately 4 mm.

4.4.2 Water droplet impact and self-healing

We also studied the lubricant retention using a water droplet impact experiment in which
water drops are dripped onto the surface of each sample (tilt angle of 7°) from a height of 2
cm. Each water droplet is approximately 20 uL in volume, and water droplets are dripped at
roughly one droplet/sec. The number of water droplets striking and sliding off the surface of
lubricant-infused NW arrays is counted until a water droplet stops sliding. Results indicate that
the lubricant-infused random NW array can shed at least 23 water droplets from the same area
(Figure 4.10). In contrast, lubricant-infused vertical and tilted NW arrays lose their liquid

repellency after shedding only 6 and 13 water droplets, respectively.

To study the self-recovery of SLIPS properties, we leave our samples for five minutes in
an ambient condition after they lose their repellency due to repeated droplet impact and re-
perform the water impact test by dropping water droplets in the same area as previously. Just
one or two droplets can slide on the surface of the vertical NW array during the second round
of the water impact experiment. After the second round, this array completely loses its ability
to shed water droplets with just 5 minutes of self-recovery time. The lubricant-infused tilted
array shows some recovery of the SLIPS property: 9 and 2 water droplets shed off in the second
and third rounds of water impact tests, respectively. Notably, the lubricant-infused random NW
array retains its water repellency without reducing the number of water droplets shed after three
cycles (Figure 4.10). Thus, the random NW array can recover its repellency rapidly without
any external intervention after just five minutes. This self-healing effect indicates that silicone
oil can spontaneously move within the NW array to fill depleted regions. Recent work done in
our group has shown that low glass transition oligomers can spread from a filled region to an
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unfilled region of a nanoporous material via surface diffusion.[388] Thus, such a surface

diffusion can be responsible for the observed self-healing behavior in our work.

270 EN 3 cycle
O 50l mmm 2™ cycle
mm 1% cycle

~ Vertical NW array Tilted NW array Random NW array

Figure 4. 10: Water droplet impact test, which shows the number of water droplets that shed from
lubricated surfaces after one cycle (green-blank), two cycles (purple with right-to-left lines pattern),
and three cycles (red with left-to-right lines pattern).

4.4.3 Stability against centrifugal force-induced failure

Loss of lubricant from SLIPS can also be induced by a mechanical force such as shear or
centrifugal.[179] Few robust strategies against mechanical force-driven lubricant depletion
have been presented.[28, 119, 400] We compare the stability of SLIPS properties against
mechanical force-induced lubricant depletion by applying a strong centrifugal force to the
samples by spinning them using a spin coater for 180 s at a speed of 4500 rpm and measuring
the sliding velocity of a water droplet on the 7°-inclined surface before and after spinning
(Figure 4.11). Previous studies have shown that the velocity of a water droplet sliding on
lubricant-infused surfaces is proportional to the thickness of the lubricant film and
conformality.[218] Consistent with this observation, a water droplet on the lubricated vertical
NW array before applying centrifugal force has the fastest sliding velocity among the three
NW arrays. For tilted and random NW arrays, the sliding velocity is slower as they have a
thinner and non-conformal lubricant layer. The difference in lubricant thickness on the
lubricated NW arrays' surface can also be inferred from the difference in the moving trail and

their morphology (Figure 4.9 and Figure 4.5).
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After applying a strong centrifugal force, we observe a considerable decrease in the
sliding speed of a water droplet (~23-fold decrease) on the vertical NW array. Remarkably, the
lubricated random NW array does not show any reduction in the sliding velocity of a water
droplet after it has been subjected to high centrifugal force. In contrast, a small decrease in the
sliding speed is observed for the tilted array. These results suggest that the orientation of NW
arrays indeed plays an important role in the retention of lubricant against a mechanical force,
probably due to the combined effect of nanoscale pores that retain the lubricant thanks to their
strong capillary pressure and tortuous paths that impinge lubricant flow.

14
_ 71 Before application of centrifugal force
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Figure 4. 11: The sliding velocity of water droplets on the 7°-inclined surface before and after applying
a high-speed spinning test. The stability of the infused ZnO NW arrays against centrifugal force-
induced failure is performed using a spin coater, rotating at a spin speed of 4500 rpm for 180 s.

4.4.4 Stability against acidic medium

One of the most detrimental factors that degrade the performance of coatings is prolonged
contact with corrosive liquids.[413-417] Corrosion-resistant surfaces present a substantial
advantage for marine and medical applications that involve challenging conditions. Notably,
the most common origin for the failure of coatings in these applications comes from the lack

of robustness against acidic media.[193, 418]
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Given its remarkable liquid repellency, we study the stability of our obtained surfaces
under an acidic environment. We first subject our surfaces to a liquid medium with a pH of 3.8
lower than a usual pH value produced from a marine and biofilm community;[419] the medium
is vigorously stirred at 1000 rpm. At such a pH value, ZnO is prone to damage quickly due to
the acidity, enabling our evaluation of the role of the coating in protecting the ZnO NWs
surface. We exclusively use the random ZnO NW array sample for these additional tests since
this sample presents the most promising liquid repellency. Results show that the random ZnO
NW array is quickly removed upon immersion into the testing corrosive liquid, as shown in
Figure 4.12a. The loss of the ZnO NW array coating can be observed by comparing the
difference in the surface before and after the test using optical. Random ZnO NW-based SLIPS
sample presents excellent protection against corrosion (Figure 4.12b). Specifically, after the
test, the color of the coating can be seen clearly. Also, optical images show the nanowire
patterns and the presence of silicone oil. This valuable property originates from the lubricant
layer that prevents a permanent interaction between the surrounding corrosive liquid and the

coating.

Figure 4. 12: Stability of the surfaces against acidic medium (pH of 3.8) and vigorous stirring (rotating
speed of 1000 rpm). (a) Random ZnO NW: (i) upon immersion, (ii) after 30 min of exposure, (iii) and (iv)
microscope image of the surface before and after immersion. (b) SLIPS based on random ZnO NW
infiltrated with silicone oil: (i) upon immersion, (ii) after 30 min of exposure, (iii) and (iv) microscope image
of the surface before and after immersion.
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4.5 Conclusion

In conclusion, this chapter has described a robust approach for fabricating lubricant
depletion-resistant slippery liquid-infused porous surfaces by inducing infiltration of silicone
oil into interstitial nanogaps of ZnO nanowire (NW) arrays via capillary rise infiltration. By
controlling the orientation of ZnO NW arrays, we show that random orientation and
aggregation of long NWs are critical in suppressing the appearance of the wetting ridge. Such
morphology likely gives nanoscale pores with significant capillary pressure and a highly
tortuous path, leading to excellent silicone oil retention against moving water droplets and
external forces. Our study provides a robust approach for making stable and self-healing SLIPS
surfaces by circumventing the problem of lubricant depletion. While our work convincingly
showed the importance of providing high capillary pressure to suppress lubricant depletion, the
best performing surface also has a unique morphology compared to typical SLIPS surfaces;
that is, the surface topography after lubricant infusion retains micro-scale roughness. The role
of such roughness has not been extensively studied for SLIPS surfaces and warrants future
investigation. Moreover, the precise shape of the interface and the wetting ridge could be
visualized using X-ray tomography for an in-depth understanding of the properties of the
wetting ridge.

With these encouraging results, we will study the anti-biofouling properties of these
random ZnO NW-based SLIPS to extend their application domain further. Briefly, we will
study the ability to prevent bacterial attachment and remove bacterial biofilms under shear on
these ZnO NW-based SLIPS. These studies will be presented in Chapter 5.
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Chapter 5. Extended Studies
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This chapter presents some preliminary studies on exciting new directions advancing
based on the findings described previously in this thesis. For example, preliminary results will
be shown on the effectiveness of our ZnO NW-based nanocomposite surfaces against
biofouling. The extension of our materials to membrane substrates will also be discussed with

some promising preliminary results.

5.1 Bacterial biofilm prevention

5.1.1 The pressing problem of bacterial biofilm

The attachment and colonization of bacteria to surfaces facilitate the growth of bacterial
biofilms, primarily responsible for several severe problems, such as fouling, infection, and
corrosion.[420-424] Biofilms are organized bacterial communities attached to a surface, where
bacteria produce extracellular polymeric substances.[420, 425] In a typical bacterial biofilm,

bacteria access nutrients through a network of channels,[426] communicate through cell-cell
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interactions,[423] and show a diverse gene expression.[427, 428] This structured organization
and the presence of a polymeric matrix protect bacteria under harsh environmental conditions.
Also, bacteria can disperse from established biofilms to initiate a new cycle of biofilm
formation somewhere else.[429] The typical process of forming biofilms is shown in Figure
5.1.

Figure 5. 1: Typical stages of biofilm formation. (a) Planktonic bacteria. (b) Attachment of bacteria
on a surface. (c) Formation of protective exopolymeric substances (EPS). (d) Quorum sensing and
releasing microorganisms. (e) Returning to a planktonic state.

The figure is adapted with permission from Ref [430].

Bacterial biofilms represent one of the most pressing challenges in medical settings:
attachment and colonization of bacteria to medical devices, orthopedic or dental implants, and
catheters can cause severe infections and complications.[420, 423, 431, 432] In clinical
settings, antibiotic therapy is one of the most conventional approaches for treating bacterial
biofilms.[433-436] However, this treatment has several drawbacks. Antibiotic treatments
suffer from low efficacy, cytotoxicity, side effects, and, most importantly, the emergence of
bacterial drug resistance.[437-439] The structure of bacterial biofilms has been identified as
one of the primary reasons for these challenges, as established bacterial biofilms can resist
many antimicrobial treatments, potentially causing persistent pathogenic risks. It has been

predicted that drug-resistant bacteria could cause ten million deaths globally by 2050.[420,
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429, 440] Treatment of established bacterial biofilm is thus challenging, untraceable, risky,

costly, and often impractical.

Several solutions have been developed to tackle bacterial biofilm development by
reducing the initial attachment of bacteria.[429, 441-449] Recent advances in surface
engineering present enormous potential for preventing the attachment of bacteria, thus reducing
the risk of increasing bacterial-drug resistance (Figure 5.2).[441, 443] These approaches
typically involve chemical or structural treatments. Chemical methods are based on
zwitterionic, mixed-charge, low surface energy coatings, or hydrophilic coatings that
significantly reduce bacterial adhesion.[450-454] Structural approaches are replied to creating
surfaces with micro- or nanoscale features to limit the contact area between the surface and
bacteria or even kill adhering bacteria through mechanical contact-killing mechanisms.[442,
443] Despite promising prevention of bacteria from attaching to surfaces, structural approaches
are ineffective for long-term use since they are vulnerable to damage and liquid
penetration.[455] Also, the mechanism of mechanical contact-killing is still debated, and the
fundamental factor for the killing is unclear.[301] Importantly, bacteria can produce a
conditioning matrix layer of exopolysaccharides that can accumulate on the surface and

facilitate subsequent adhesion even though bacterial adhesion is suppressed initially.[456, 457]

Adhesion-
points

Adhesive Anti-adhesive

Zwitterionic Super Pattern of Hydrogel Microscale
surface hydrophobicity topographies layer pillared arrays

Figure 5. 2: Surface modifications for preventing bacterial adhesion.

This figure is adapted with permission from Ref [441].
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As discussed in Chapter 1, repellent surfaces represent an outstanding solution for
addressing fouling challenges.[458, 459] We have described the anti-fouling ability of our ZnO
NW-based repellent surfaces to dust, ice, corrosion solutions, and organic solvents in Chapters
3 and 4. Given the excellent stability and self-healing ability of our newly proposed SLIPS
(silicone-oil infiltrated random ZnO NW arrays), we will explore the potential anti-biofouling
applications of this surface. Previous works have shown that surfaces with ZnO NWs present
an excellent initial reduction of bacterial adhesion due to their unique structure.[298, 460-462]
The dynamic interface between SLIPS and the liquid environment has demonstrated
remarkable effectiveness in preventing bacterial adhesion.[11, 18, 55, 127, 150, 400, 463, 464]
Thus, we anticipate that our SLIPS coating with silicone-oil infiltrated random ZnO NW arrays
could provide remarkable anti-biofouling properties because of their unique structure where
the morphology of random NWs is retained, and the dynamic lubricant layer is introduced.

5.1.2 Experimental details

Surface preparation

This study mainly focuses on random ZnO NWs as this structure provides the most
promising anti-fouling properties and stability (Chapter 4). The general procedure for
preparing surfaces with ZnO NWs and silicone oil-infiltrated ZnO NWs has been described in
Chapters 2 and 4. The only change is using coverslips (thickness: 0.13 mm) as substrates for

growing ZnO NWs to observe later bacteria with an optical microscope in transmission mode.

Growing a bacterial biofilm

We study the early biofilm formation of the model pathogen Pseudomonas aeruginosa
on NWs-based surfaces.[465] Three different methods are used to evaluate the efficiency of
NW-based surfaces to prevent biofilm formation: rolling-drop experiments, microtiter-dish

formation assays, and flow cell experiments.

For each experiment, a culture of the model biofilm-former Pseudomonas aeruginosa
(strain PAOL) is grown from freezer stock overnight in a rich medium (Luria-Bertani) at 37
°C. In the morning, the culture is diluted with fresh medium at a ratio of 1:100 and grown to
the "mid-exponential” phase, as measured through the optical density of the solution at 600 nm
(ODe0o) between 0.4 and 0.6.
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For rolling-drop experiments, the above solution is diluted in our standard medium
(TB:PBS, 1 volume of tryptone broth, 10g/L, for 2 volumes of PBS without calcium and
magnesium) to ODeoo = 0.01. This diluted suspension is dripped onto the test surfaces, tilted to
~45°, so droplets can easily roll off the surface. The dripping speed is maintained at 1mL/hr
using a syringe pump. The experimental setup is presented in Figure 5.3. The process is
performed overnight, for a total of 12h. The surface is then rinsed with DI water, stained for
15 min using a 0.1 wt% crystal violet (CV) solution, then extensively rinsed with DI water, and
dried before being observed with naked eyes and under a wide-field microscope.

(1 ml/hr)

Figure 5. 3: Experimental setup of a rolling drop experiment to study the attachment of bacteria. Photo
credit: Dr. Sigoléne Lecuyer.

For microtiter dish biofilm formation experiments, the test surfaces are integrated into
sterilized cell culture dishes (diameter of 34 mm). The NW surfaces are previously prepared
on round glass coverslips and then glued to the bottom of the dishes, previously pierced with a
28-mm circular hole. This process allows direct observation of the bacteria in the dishes with
high-resolution microscopy. Then, 2 mL of bacterial solution (obtained as described above,
ODe00=0.01 in TB:PBS or M63 media [465]) are introduced into each dish. The culture dishes
with bacterial solution are then incubated at 37 °C for bacterial growth, ranging from a few
hours to several days (Figure 5.4). After incubation, the solution is removed, and the surface
is gently rinsed with 5 mL DI water two times. This step aims to remove unattached bacterial

cells. The samples are then stained with CV before imaging with the microscope.
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2 mL of bacterial growth solution
Cell culture dish

Test surface

Figure 5. 4: Schematic illustration of microtiter dish biofilm formation assay.

The surface is cleaned and integrated into a lab-made microfluidic device for dynamic
observations. The device is obtained by sealing together a test surface (NWs or silicone oil-
infiltrated NWs on a glass coverslip) and a slab of PMMA bearing two holes for the inlet and
outlet of the flow via double-sided sticky tape (Teraoka, Japan) of a calibrated thickness (170
pm) in which a 2 mm x 5 mm channel was previously cut. Channels are thus 2 mm x 5 mm x
170 pm (w x | x h). This device is heated at 90 °C for 10 min and subjected to a vacuum for 10
min to ensure tight bonding of the components. The device is then rinsed with PBS overnight
to check for leaks and surface stability. After that, the bacterial suspension (ODsoo = 0.01 in
TB:PBS) is injected into the channel, and bacteria are left to attach without flow for 30 min.
The syringe is then replaced by a sterile medium (TB:PBS supplemented with 4 mM glucose).
Unadhered bacteria are flushed out with a medium at 100 pL/min for 5 min, then the flow rate
is set to 7.22 pL/min, and the temperature is maintained at 37 °C. The device and observation

set up on an optical microscope are presented in Figure 5.5.

Test surface Qhannel

Figure 5. 5: Experimental setup for the dynamic observation of bacterial adhesion under flow, showing a
testing surface with an integrated channel and the observation system on an optical microscope.
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5.1.3 Results

Bacterial adhesion with rolling droplets

The experimental details are described above in section 5.1.2 and Figure 5.3. After 12 h
of exposure to droplets of the bacterial solution, surfaces are stained with CV solution to allow
visualization of attached biomass. We have observed very distinct results from different
samples. In particular, control glass substrates show a clear attachment of bacteria at the
location of impact of bacterial droplets (Figure 5.6a). The surface with ZnO NWs also shows
a clear trace of bacterial attachment and biofilm formation, observed through naked eyes. This
attachment can be attributed to its high hydrophilicity, allowing the bacterial droplets to spread
and facilitate bacterial attachment (Figure 5.6b).

Interestingly, the silicone oil-infiltrated ZnO NW SLIPS sample remains clean after the
test (Figure 5.6¢). The surfaces are then observed on a microscope to image the possible
formation of biofilms, and consistent results are obtained. Bacteria densely cover the contact
area on the glass surface, showing the formation of bacterial biofilm (Figure 5.6d). In contrast,
only a few bacteria are seen in the contact area on the silicone oil-infiltrated ZnO NW surface.
Also, these bacteria are observed as individuals, not as clusters or communities (Figure 5.6e).
Thus, they could likely be dead bacteria. These results indicate the excellent ability of our
SLIPS surface to prevent bacterial proliferation, which seems to be due to the suppression of

bacterial adhesion owing to the very low affinity between the media and the surface.
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Silicone oil-infiltrated

Glass Random NWs Random NWs

Figure 5. 6: Bacterial adhesion with rolling droplets. (a-c) Photographs of glass, random ZnO NWs,
and silicone oil-infiltrated ZnO NW surfaces, respectively, after 12h of exposure to rolling bacterial
droplets with CV staining. The highlighted areas represent the areas of contact with bacterial droplets.
(d) and (e) show optical microscope images of glass and silicone oil-infiltrated ZnO NW surfaces,
respectively. Red arrows point to individual bacteria that can be seen on the NW surface. Photo credit:
Dr. Sigolene Lecuyer.

Microtiter dish biofilm formation assay

These experiments use static, batch-growth conditions that could facilitate bacterial
biofilm formation. It has been shown that bacterial biofilms grown in microtiter dishes present
properties similar to established biofilms, for example, antibiotic resistance.[465] Thus, results
from this experiment can provide critical information about the growth of bacterial biofilms on
the surfaces. After 46h of incubation with bacterial solution, the surfaces are rinsed carefully
with DI water and imaged on an optical microscope. On the surface of the glass, most bacteria
attach to the surface by their body, which shows a strong interaction between the bacterial body
and the substrate, indicating the beginning of a bacterial biofilm formation, as shown in Figure
5.7a. The surface with ZnO NWs is also colonized by bacteria and even exhibits bacterial
clusters called microcolonies (Figure 5.7b). These results suggest that the high hydrophilicity
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of these random NWs could facilitate the attachment of bacteria. The surface of the silicone
oil-infiltrated ZnO NW sample presents much better prevention of bacterial attachment after
46h (Figure 5.7c). There are just a few bacteria on this SLIPS sample, and they seem to be
vertically attached to the surface, probably just by their flagella (as we observed them spinning
along the vertical axis during the experiment). The vertical position of bacteria suggests a weak
interaction of the bacterial body with the surface. This result confirms the remarkable role of

the dynamic lubricant layer in preventing bacterial attachment.

We have found that after 46 h a thick layer of bacterial biofilms develops in the culture
dish containing our silicone oil-infiltrated ZnO NW SLIPS sample. However, this biofilm layer
loosely attaches to the sample surface and can be detached easily (e.g., by vibrating, shaking,
or strongly rinsing) to remove the biofilm from the surface (Figure 5.8). We anticipate that this
biofilm likely comes from a self-organized arrangement of bacteria through their coaggregation
in the liquid phase because there is no available area for their attachment. Typically, adherent
bacterial biofilms are very difficult to treat, but our observations show that we can wash away
bacterial biofilms from our SLIPS sample. Such an observation holds great potential in
addressing the challenge of bacterial biofilms prevention by adapting our unique silicone oil-
infiltrated ZnO NWs.

Silicone oil-infiltrated
ZnO NWs

Glass ZnO NWs

(b)

Figure 5. 7: Observation of the formation of bacterial biofilms developed on the surface of the glass (a),
ZnO NWs (b), and the silicone oil-infiltrated ZnO NW sample (c) after 46h by optical microscope. Bacteria
are constitutively fluorescent and modified to express GFP. Red circles indicate bacterial microcolonies.
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Figure 5. 8: A photograph shows a floating bacterial biofilm on the surface of the silicone oil-
infiltrated ZnO NW sample, which can be removed easily.

The anti-fouling properties on these surfaces are also studied under dynamic conditions
(flow velocity of 7.22 pL/min). A constant flow of medium renews nutrients and removes
unattached bacteria so that firmly attached bacteria growing on the surface can be imaged in
situ. In our case, we do time-lapse experiments, taking 1 frame every 30 seconds for several
hours. By quantifying the surface coverage of bacteria on the surfaces (i.e., % of the surface
covered by bacteria) over time, we can evaluate the prevention of bacterial adhesion on the
surfaces (Figure 5.9). The glass surface is covered by bacteria rapidly. The results show that
bacteria cover about 13.5% of the surface of the glass sample after 60 min, which agrees well
with our previous experiments where bacteria easily cover the surface of the glass sample.
Under these dynamic conditions, bacteria also adhere to the surface of ZnO NWs. Bacteria
cover about 1.1% of the random ZnO NWs surface after 60 min, which is much lower than the
glass. This result is surprisingly different from the microtiter dish biofilm formation assay.
Such a suppressed bacterial adhesion on the surface of ZnO NWs could be due to a continuous
fresh liquid film in contact with the highly hydrophilic surface because of the flow condition.
Remarkably, the silicone oil-infiltrated random ZnO NW sample again presents promising
prevention of bacteria adhesion. After 60 min, only about 0.6% of this surface is covered by
bacteria, about 2 times smaller than on the random ZnO NWs surface and 20 times smaller than
on the glass surface (Figure 5.9a). Furthermore, using Fiji for image processing, we observed

that the average size of bacteria on the surface of the silicone oil-infiltrated random NWs
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sample varied in the range of 0.6 — 1.2 um, which is about half compared to the other two
samples (1.5 — 3.5 um). These results support that bacteria stand on the surface of the silicone
oil- infiltrated random NWs sample due to the weaker interaction between bacteria and the
dynamic infiltrated silicone oil layer.

In addition, by plotting the %surface coverage vs. time curves using log-linear
representation, the equivalent growth rate of bacteria on these surfaces can be evaluated.
Accordingly, we have observed that the attachment of bacteria on the surface of the glass
sample presents exponential growth. This is also the case for the random NWs sample, where
the attachment of bacteria increases exponentially (Figure 5.9b). However, the equivalent
growth rate on the surface of the random NWs sample is slower. These results likely suggest
that the division rate of attaching bacteria is indeed slower or that there is a detachment of

bacteria on the surface of the random NWs due to the continuous fresh liquid film.

Interestingly, the silicone oil-infiltrated random NWs surface exhibits no sign of bacterial
attachment for ~ 30 min. As we described previously, bacteria have been found rotating around
the vertical axis on the surface of silicone oil-infiltrated random NWSs, which suggests that
bacteria interact with the surface through the attachment of flagella. Previous work has reported
that this attachment of flagella generally precedes bacterial detachment due to its weak
interaction.[466, 467] After 30 min, the attachment of bacteria on this surface suddenly
increases and is not precisely exponential (Figure 5.9b). We anticipate that this result does not
indicate a sudden attachment of bacteria because the number of bacteria attaching to the surface
is relatively low (~75 bacteria after 60 min). This result could indicate the transition of
attaching behavior of bacteria that transit from a standing state to a typical flat state,

consequently leading to higher surface coverage (Figure 5.9c).
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Figure 5. 9: Dynamic adhesion of bacteria on the surfaces. (a) Surface coverage by bacteria over time
and (b) Log-Linear representation of the surface coverage. (c) Optical image of the silicone oil-
infiltrated ZnO NWs surface after 30 min and 60 min, showing the transition in surface coverage.
Bacteria are labeled in green.

Despite the excellent prevention of bacterial attachment, the silicone oil-infiltrated ZnO
NW sample presents a surface loss at a later stage (under flow and bacteria presence). After 70
min, the surface of the silicone oil-infiltrated ZnO NW sample shows typical surface patterns
due to its structured morphology and remains effective in preventing bacterial attachment, with
few bacteria present and mostly standing on the surface (Figure 5.10a). However, after 90 min
and 110 min, we have observed a removal phenomenon, where the surface pattern is gradually
washed out, leaving a smooth surface (Figure 5.10b,c). Upon this removal of surface patterns,
the surface of the sample is quickly colonized by bacteria that present typical dividing
behaviors and microcolony formations (Figure 5.10d). Because the sample has been subjected
to a rinsing step with the same experimental conditions (flow with the medium solution at a

velocity of 7.22 pL/min) overnight and has not shown any stability issues, we anticipate the
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pattern removal to be linked to the presence of bacteria. Previous works have reported that
bacteria can produce a small amount of organic acid and change the local pH value, damaging
the coatings.[419, 444, 447] Bacteria also produce biosurfactants that could destabilize the oil
layer. Although these studies are in progress, we envision one of the potential solutions for
addressing this challenge to be the functionalization of ZnO NWs with low surface energy
compounds to enhance the liquid repellency and enhance the bonding between ZnO NWs and

silicone oil.

70 min

Figure 5. 10: Surface removal of the silicone oil-infiltrated ZnO NW samples under the flow cell
experiments. (a) Surface with patterns before the removal. (b) The beginning of the surface removal.
(c) The patterns on the surface are entirely removed. (d) Attachment and colonization of bacteria to the
removed surface.
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These preliminary studies suggest that the silicone oil-infiltrated ZnO NW samples
exhibit an auspicious anti-biofouling property. Such excellent prevention against bacterial
adhesion likely comes from the highly mobile and dynamic infiltrated silicone oil layer,
forming liquid-liquid interfaces between this surface and the liquid environment. Such a mobile
surface prevents contact points/areas between the surface and the liquid environment, which is
not the case for other samples having a solid surface where the biological adhesives could make
permanent interactions. Although works are still in progress to confirm the efficiency of our
silicone oil-infiltrated ZnO NW samples, these very encouraging results indicate that our

surface holds great potential as an effective anti-biofouling surface.

132



5.2 ZnO NW-based membranes

5.2.1 The need for membranes with anti-fouling properties

Water pollution represents one of the grand challenges that has been affecting humanity
globally for decades.[468, 469] The sources of contamination are numerous, including
thousands of chemical mixtures released from the industry or tons of oils spread because of
disasters.[470-473] Pathogenic bacteria in the water are responsible for about 2 million deaths
every year.[468, 474] These pollutants have stressed the world's access to clean water, which
has already been threatened.[475, 476] Furthermore, access to clean water for drinking and
sanitary during natural disasters becomes challenging as local water sources are typically
polluted. Thus, it is critical to developing efficient and practical solutions to produce clean

water from unconventional water sources (e.g., seawater or polluted water).

Membrane separation is a unique water treatment technology because of its simple use,
low energy requirements, portable ability, and excellent tunability.[104, 477-484] With the
significant development of polymer science and engineering, polymeric membranes have been
most commonly used.[485-489] However, polymeric membranes exhibit several essential
drawbacks.[478, 490] In particular, polymeric membranes are easily fouled and blocked by oils
and bacterial biofilms.[491-496] Membrane fouling is challenging to treat, resulting in a
continuous drop in flux and separation performance.[490, 497-499] Chemical cleaning is not
suitable because such an approach generates secondary pollution and is costly. Polymeric
membranes are also vulnerable and do not work well under harsh conditions because of their

poor mechanical and chemical stability.[498, 499]

Membranes with nanostructured metal oxides have recently shown promising properties,
such as improving membrane separation performance and mechanical properties imparting
self-cleaning and chemical resistance.[500-507] Among them, ZnO NW-based membranes
have demonstrated several exciting properties, such as improved permeability, self-cleaning,
photocatalytic, and excellent oil/water separation.[501, 508-516] However, fabrication of these
membranes requires expensive equipment and complicated procedures that seriously hinder
large-scale manufacturing.[517-519] In addition, when ZnO NWs are prepared separately and
then coated on the surface of membranes via conventional techniques (e.g., spray coating or
spin coating), the resulting membranes usually present poor mechanical stability, low adhesion
between the NWs and the membranes.[510, 520] Direct growth of ZnO NWs on the membranes
can effectively address the above problem. However, it is challenging to directly grow ZnO
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NWs on membranes as ZnO has low adhesion to most commercial membranes.[521, 522] Also,
the poor diffusion of the precursors into the pore structure of membranes represents a
considerable challenge for seeding and growing NWs.[523] Another challenge in growing ZnO
NWs on membranes is the typical cylindrical or fiber-shaped membranes having large

curvatures.[524]

Inspired by the results presented in this thesis, including a straightforward approach for
fabricating ZnO NWs[288, 336] and scalable methods for producing stable anti-fouling
surfaces,[342, 399] we envision that it is possible to adapt this knowledge and make
membranes with remarkable anti-fouling properties in a scalable fashion. We aim to apply our
membranes for oil/water separation where the surface wettability of ZnO NWs can be tuned to
control which liquid can go through, while the excellent anti-fouling will ensure their long-
term use. Typically, there are two types of oil/water mixtures based on the size of the droplets,
including immiscible oil/water mixture (>20 um) and emulsified oil/water mixtures (<20
um).[525, 526] Thus, we have used stainless steel meshes (pore size: 50 um) and glass fiber

membranes (pore size: <10 um) as substrates for growing ZnO NWs.

5.2.2 Stainless steel mesh-grown ZnO NWs

Membrane preparation

Stainless steel meshes (SSM) (pore size of 50 um) are purchased from TWP Inc. SSMs
are cut into 2.5 cm x 2.5 cm pieces. Next, these pieces are sonicated for 5 min in acetone,
ethanol, and DI water, respectively. The meshes are dried with air and heated at 135 °C for 10
min. These SSMs are annealed at 500 °C for 1h and treated with oxygen plasma for 2 min

before seed layer coating.

ZnO seed layer coating

ZnO sol solution is prepared according to the protocol described in Chapter 2. 300 pL
of sol solution (0.37 M) is injected into the container of the spray coater. The distance from the
membrane surface to the airbrush tip is 5 cm. After being coated with the sol solution, the
membranes are placed into an oven at a temperature of 300 °C for 10 min, followed by 1h at
540 °C.
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Growth of ZnO NWs

The procedure for growing ZnO NWs is similar to the protocol described in Chapter 2.
Only one change is that the growth of ZnO NWs is implemented without stirring the precursor
solution to reduce the attachment of microwires arising from the homogeneous growth in

solution to the membrane surface.

Morphology of ZnO NWs-SSM membranes

The morphology of the as-prepared SSMs is observed using SEM images. The initial
morphology of SSMs is shown in Figure 5.11a, showing a relatively smooth surface. After the
seed layer deposition, the surface of fiber becomes rough with nanoparticle-like objects,
indicating the successful coating of the ZnO seed layer (Figure 5.11b). Following the standard
growth of ZnO NWs (Chapter 2), we have observed ZnO NWs uniformly grown on the surface
of the SSM (Figure 5.11c,d). These results are strongly encouraging as by simply adapting our
protocol, we can directly grow ZnO NWs on SSMs.
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(a)
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(c)

(d)

Figure 5. 11: Morphology of samples via SEM images. (a) Initial morphology of SSMs. (b) morphology of
SSMs after seed layer deposition. (¢) and (d) morphology of SSMs after ZnO NWs growth with different
magnifications.

Besides this typical ZnO NW, we show that it is also possible to fabricate long and
random ZnO NWs. By adopting the protocol for producing long and random ZnO NWs
(Chapter 2), we have grown this type of NW on SSMs (Figure 5.12). Interestingly, these long
and random NWs also present as aggregates and bundles as the ones seen on planar substrates.
Furthermore, by increasing the growth time to a longer time (24h), we have obtained very long,
thin NWs, closely covering the surface of the membrane, indicating a strong attachment of
NWs.
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Growth time

24h

Figure 5. 12: SEM images showing the successful fabrication of long and random ZnO NWs on SSMs with
different growth times (3h, 6h, 16h, and 24h respectively from top to bottom).

Furthermore, we have found that it is also possible to create hierarchical structures by
combining the two above protocols. By using SSMs with standard ZnO NWs (Figure 5.11) as
the substrate for the growth of long and random NWs, hierarchically structured membranes can
be prepared (Figure 5.13). This new approach provides a more robust layer of long and random
NWs. Such a structure with two different length scales likely has a strong capillarity for
wicking and retaining properties. We envision that such a structure has a promising future, not

only in membrane technology.
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Figure 5. 13: SEM images showing the successful fabrication of hierarchically structured membranes SSMs
with both standard and long, random ZnO NWs.
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5.2.3 Glass fiber membrane-grown ZnO NWs

Membrane preparation

Glass fiber membranes (GFMs) (average pore size ranges from 0.7 to 2.7 um) are
purchased from Thermo Fisher Scientific. GFMs are cut into 2.5 cm x 2.5 cm pieces. Next,
these pieces are sonicated for 5 min in acetone, ethanol, and DI water, respectively. The GFMs
are dried with air and heated at 135 °C for 10 min. These GFMs are annealed at 500 °C for 1h.
Before seed layer coating, the membranes are sonicated in 0.1 M NaOH/EtOH mixture for 5

min.

ZnO seed layer coating

ZnO sol solution is prepared according to the protocol described in Chapter 2. Spray
coating is not suitable for coating GFMs as it is difficult to coat inner fibers uniformly. Also,
as described in section 5.2.1, the sol solution suffers from a non-diffusion over membranes
with extremely small pore size. Thus, we use dip coating for this study. The dip-coating process
is performed on a lab-made dip coater. The clean GFMs are dipped into the sol solution (0.1M)
and withdrawn at a very low speed (0.01 mm/s). After being coated with the sol solution, the
membranes are placed into an oven at a temperature of 300 °C for 10 min, followed by 1h at
540 °C.

Growth of ZnO NWs

The procedure for growing ZnO NWs is similar to the protocol described in Chapter 2.
Only one change is that the growth of ZnO NWs is implemented without stirring the precursor

solution to reduce the attachment of microwires from the solution to the membrane surface.

Morphology of ZnO NWs-GFMs

The morphology of the as-prepared GFMs (average pore size of 2.7 um) is observed
using SEM images. The initial morphology of GFMs is shown in Figure 5.14a, showing a
relatively smooth surface. After the seed layer deposition, the fiber surface has been covered
by a uniform ZnO seed layer (Figure 5.14b). This result is strongly encouraging because
coating the ZnO seed layer to GFMs is challenging, as discussed in section 5.2.2.1.[521] With
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a relatively simple procedure, we have managed to nicely coat the surface of glass fibers with

a ZnO seed layer.

1 um 3 um Sum
Figure 5. 14: Morphology of samples via SEM images. (a) Initial morphology of GFMs and (b) morphology
of GFMs after seed layer deposition.

Having such a good seed layer, we have grown ZnO NWs from these seeded GFMs.
Given the small membrane pore size, we also apply the growth of long, thin, and random ZnO
NWs. Our results show that ZnO NWSs have grown robustly on the seed layer, forming a spider
network-like structure (Figure 5.15). Such a structure is highly needed to separate emulsified

oil/water mixtures where the size of the oil droplets is tiny.

We have even applied our protocol to a smaller pore size GFM (0.7 pm), the smallest
pore size of GFMs we could find. Although the poor diffusion of the precursors into the pore
structure of membranes represents a considerable challenge for seeding and growing NWs over
such a tiny pore size membrane.[523] We have successfully grown ZnO NWs on such a type
of membrane. Thin and long ZnO NWs have been shown to cover the membrane surface fully
(Figure 5.16). Thus, these results strongly suggest the success of our methods in fabricating
ZnO NWs-based membranes via a scalable and straightforward approach, which holds great
potential in the future.
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Figure 5. 15: SEM images showing the successful fabrication of long, random ZnO NWs on GFMs
(pore size of 2.7 um). Growth time: 16h.
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Figure 5. 16: SEM images showing the successful fabrication of long, random ZnO NWs on GFMs
(pore size of 0.7 um). Growth time: 16h. One image is colored for better distinction, where glass fibers
are shown in brown and ZnO NWs are shown in green.

In summary, we explored the anti-biofouling property of our repellent surfaces. We
studied the early biofilm formation of the model pathogen Pseudomonas aeruginosa on NWs-
based surfaces through three experiments: rolling-drop experiments, microtiter-dish formation
assays, and flow cell experiments. Our results suggested that the silicone oil-infiltrated random
ZnO NW samples exhibited the most promising anti-biofouling property. Also, we studied the
potential use of our ZnO NW materials for membrane separation applications. We described
our first results on developing ZnO NWs-based membranes, using stainless steel mesh and
glass fiber membrane as the substrates. We successfully grew arrays of vertical ZnO NWs and
long, random ZnO NWs on the surface of the stainless steel meshes and even created
hierarchical structures by combining the two types of NW. We also succeeded in coating a
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good seed layer and successfully grown ZnO NWs on the surface of glass fiber membranes.
Our results showed that ZnO NWs had grown robustly on the seed layer, forming a spider

network-like structure.

We envision a huge opportunity for fabricating anti-fouling membranes, adopting the
findings in this thesis and these encouraging preliminary results. Our membranes could be used
for oil/water separation where the surface wettability of ZnO NWs can be tuned to control
which liquid can go through, while the excellent anti-fouling knowledge will ensure their long-
term use. Another future direction is to synergy the photocatalytic activity of ZnO NWs and
liquid repellency from the infiltrated polymers/lubricants to fabricate superhydrophobic
photocatalytic membranes. This membrane type could be useful as surface contaminants and
residuals will be removed through photocatalytic activity. However, optimization of the two
properties should be studied because there is a trade-off between them where photocatalysis
can also degrade hydrophobic polymers. Furthermore, as our protocols for growing ZnO NWs
and fabricating liquid repellency coatings are relatively simple, it could enable scalable
manufacturing of ZnO NWs-based anti-fouling surfaces/membranes to other substrates.
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Conclusions and Perspectives

Summary and Conclusions

This thesis aims to develop anti-fouling nanocomposite surfaces with high stability under
challenging situations. Specifically, we have developed two new capillarity-based methods for
fabricating two unique types of anti-fouling surfaces: multifunctional superhydrophobic
nanocomposite surfaces and lubricant depletion-resistant slippery lubricant-infused porous
surfaces (SLIPS). We fabricated these nanocomposite surfaces by inducing the infiltration of
polymers or lubricants into the interstices of surface-grown ZnO nanowires (NWSs). Our
surfaces presented several useful features: self-cleaning, anti-icing, solvent and chemical
resistance, high transparency, self-healing, and anti-biofouling properties. The key findings of
this thesis are: 1) a straightforward and scalable approach for fabricating repellent
nanocomposite surfaces that precisely retain the original morphology of ZnO NW arrays; 2)
retaining lubricant within the nanostructures is a key for producing stable SLIPS. These
capillarity-based techniques present a tremendous simplification in fabricating anti-fouling
nanocomposite surfaces, offering a huge opportunity for scalable manufacturing.

In Chapter 1, we summarized the pressing challenges of fouling and the attractiveness of
using repellent surfaces to tackle such challenges. The fundamental concepts, preparation, and
applications of repellent surfaces were highlighted. Specifically, we presented a general
overview of superhydrophobic surfaces, polymer-grafted surfaces, and SLIPS, along with their
mechanisms of repellency. In addition, the inherent drawbacks and critical factors leading to
the repellency failure on these surfaces were discussed. We identified ZnO NW arrays-based
nanocomposite surfaces as excellent nanostructured materials for repellent surfaces because of
their ease of preparation, high surface roughness, and remarkable mechanical and chemical
stability. Despite remarkable progress, the conventional methods for making these repellent
nanocomposite surfaces involve multiple steps and are only suitable for lab-scale fabrication.
We thus introduced a promising and new capillarity-based method for fabricating anti-fouling

nanocomposite surfaces in a scalable fashion.

This thesis used surface-grown ZnO NW arrays as the key porous nanostructures for
polymer and lubricant infiltration. Chapter 2 provided all experimental details on the growth

and optimization of ZnO NW arrays by a chemical bath deposition method. In principle, this
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chemical bath deposition process leverages the heterogeneous growth of ZnO NW arrays on a
nucleation surface (e.g., glass, silicon wafer), submerged in a bath of zinc and hydroxide ions
source at a moderate temperature of 90 °C. The optimal concentrations of zinc nitrate
hexahydrate and hexamethylenetetramine are 25 mM and the optimal growth time is 2h,
respectively. One of the unique advantages of this method is its versatility in tuning the
orientation of NWs. We controlled the orientation of ZnO NW arrays by changing the number
of ZnO seed layer coatings. Our results showed that a higher number of seed layer depositions
improves the verticality of NW orientation due to a larger grain size of ZnO on the nucleation
surface. We also described the fabrication of random NWs with a high aspect ratio (i.e., the
ratio between the length and diameter), which underwent aggregation to form bundles upon
drying. All details about the preparation of a poly(dimethylsiloxane) (PDMS) elastomer
through a cross-linking process (2h at 80 °C) were also described. Information about the
characterization techniques, such as SEM, EDS, Raman, and water contact angle measurement
and devices for sample preparation and testing (i.e., UV lamps, oxygen plasma system, thermal

copper substrate) were fully provided in this chapter.

Nanocomposite films (NCFs), having vertical ZnO NW arrays, exhibit several useful
properties owing to the unique morphology of vertical ZnO NWs. However, one of the critical
challenges in fabricating such a NCF is retaining the original alignment of NWs throughout
NCF fabrication. Conventional methods require multiple steps and are thus time-consuming
and unsuitable for large-scale manufacturing, consequently constraining their widespread
applicability. Chapter 3 described a new capillarity-based method for fabricating a
nanocomposite surface with vertical ZnO NW arrays, leveraging leaching-enabled capillary
rise infiltration (LeCaRl) of uncross-linked and mobile oligomers from a PDMS slab into the
space between NWSs. Several essential properties were demonstrated, including
superhydrophobicity, self-cleaning, solvent resistance, anti-icing, high transparency, and anti-
reflection properties. Upon infiltration of PDMS via LeCaRl, the surface of ZnO NW arrays
became superhydrophobic and maintained its superhydrophobicity over one year of storage in
the ambient air. When a droplet of water was brought into dynamic contact with the NCF
surface, the droplet did not stick to the surface even if it was pressed onto the surface. Due to
its superhydrophobic surface, PDMS/ZnO NW NCFs exhibited an excellent self-cleaning
behavior by inducing roll-off of water droplets that picked up and removed the contaminants

on the surface.
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Furthermore, the PDMS/ZnO NWs NCFs demonstrated a superior anti-icing property
to ZnO NWs and PDMS film, significantly delaying the formation of ice nuclei and reducing
the growth rate of ice crystals. The ability to resist failure due to UV light ageing could be
extremely useful for outdoor settings; we thus explored and demonstrated excellent stability of
our PDMS/ZnO NWs NCFs against UV light. The resistance to common organic solvents was
also discussed in this chapter. We believe this method could potentially be scaled up to enable
the continuous fabrication of these versatile NCFs. The results shown in this chapter were
published in the following paper: H. Tran, B. Venkatesh, Y. Kim, D. Lee, D. Riassetto,
Nanoscale 2019, 11, 22099 — 22107.

Despite their great promise, superhydrophobic PDMS/ZnO NW NCFs have drawbacks
that make their applications challenging under harsh conditions, such as long-term immersion
under acidic media or in contact with biological species. This is a fundamental limitation of
superhydrophobic surfaces because of its repellency mechanism based on a solid-liquid
interface and susceptibility of the air-cushion layer. Inspired by SLIPS, Chapter 4 described a
new approach to using silicone oil as the infiltrating component to create a repellent surface
with a dynamic liquid-liquid interface to overcome these drawbacks. However, the lubricant
layer is depleted over time, causing degradation of surface properties. The formation of wetting
ridges surrounding liquid droplets on the surface of SLIPS was identified as one of the primary
sources of lubricant depletion. We hypothesized that controlling pore features of NWs could
be an effective way to improve the stability of the infiltrated silicone oil. One way to achieve
this would be to change the orientation of NWs. Specifically, we described a capillarity-based
method for producing stable SLIPS by infiltrating silicone oil into the three types of ZnO NW
arrays with different orientations, including vertical, tilted, and random NW arrays. The
orientation of NWs strongly affected lubricant infiltration and the stability of SLIPS properties.
The strong lubricant retention ability provided by the nanoporous structure of the random NWs
array suppressed the growth of a wetting ridge around a water droplet and could even resist
lubricant depletion under strong external forces. The results shown in this chapter were
published in the following paper: H. Tran, Y. Kim, C. Ternon, M. Langlet, D. Riassetto, D.
Lee, Advanced Materials Interfaces 2021, 8, 2002058.

Advancing from these exciting findings, we explored the anti-biofouling property of our
surfaces. We studied the early biofilm formation of the model pathogen Pseudomonas
aeruginosa on NWs-based surfaces. Three different approaches were used to study the

efficiency of NW-based surfaces in preventing biofilm formation: rolling-drop experiments,
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microtiter-dish formation assays, and flow cell experiments. Our results suggested that the
silicone oil-infiltrated random ZnO NW samples exhibited the most promising anti-biofouling
property. The remarkable prevention against bacterial adhesion of this sample could derive
from the dynamic features of the infiltrated silicone oil layer, inducing liquid-liquid interfaces
between this surface and the liquid environment. Such a mobile surface prevents contact
points/areas between the surface and the liquid environment, which is not the case for other
samples having a solid surface where the biological adhesives could make permanent
interactions. Indeed, we observed a thick layer of bacterial biofilm on the silicone oil-infiltrated
ZnO NW sample surface after 46h. However, this biofilm layer was loosely attached to the
sample surface and could be detached easily (e.g., by vibrating, shaking, or strongly rinsing),
enabling biofilm removal from the surface. Also, our results showed that after 60 min under
dynamic conditions, only about 0.6% of this surface was covered by bacteria, about 2 times
smaller than on the random ZnO NWs surface and 20 times smaller than on the glass surface.
Although works are still in progress to confirm the efficiency of our silicone oil-infiltrated ZnO
NW samples, these very encouraging results indicate the great potential of our repellent

surfaces as an effective anti-biofouling surface.

Also, in this chapter, we explored the potential use of our ZnO NW materials for
membrane separation applications. We described our preliminary results on the development
of ZnO NWs-based membranes. There were two types of membranes (stainless steel mesh and
glass fiber membrane) with two distinct pore sizes used as membrane substrates for growing
ZnO NWs. Following the standard growth of ZnO NWs, we uniformly grew ZnO NW arrays
on the surface of the stainless steel meshes. Besides this typical ZnO NW array, we successfully
grew long and random ZnO NWs on the surface of the stainless steel meshes and even created
hierarchical structures by combining the two types of NW. A hierarchical structure with two
different length scales could provide a strong capillarity for wicking and retaining properties.
In addition, we also succeeded in coating a good seed layer and successfully grown ZnO NWs
on the surface of glass fiber membranes. Our results showed that ZnO NWs had grown robustly
on the seed layer, forming a spider network-like structure. Such a structure could be highly
desirable in separating emulsified oil/water mixtures where the size of the oil droplets is tiny.
Thus, these results strongly suggested the success of our methods in fabricating ZnO NWs-
based membranes via a scalable and straightforward approach, which holds great potential in

the future.
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Our membranes could be used for on-demand oil/water separation where the surface
wettability of ZnO NWs can be tuned to control the penetrating liquids, while our anti-fouling
knowledge will ensure their long-term use. Another exciting direction is to combine the
photocatalytic activity of ZnO NWs and liquid repellency from the infiltrated
polymers/lubricants to fabricate superhydrophobic photocatalytic membranes. This membrane
type could be useful as surface contaminants and residuals will be removed through
photocatalytic activity. However, optimization of the two properties should be studied because
there is a trade-off between them where photocatalysis can also degrade hydrophobic polymers.
Furthermore, the preparation of self-standing ZnO NWs-based membranes could also be an
exciting direction where we could differently functionalize the two surfaces of the membrane

to impart two opposite wettability, potentially resulting in functional Janus membranes.

Perspectives

Lubricant depletion induced by wetting ridges is a pressing challenge that must be
overcome for the widespread use of SLIPS. A fundamental understanding of wetting ridges is
a key to designing stable SLIPS. Nanostructured materials show enormous potential in
retaining lubricant through high capillarity. Capillary rise infiltration lubrication is unique in
infusing a thin lubricant layer on various porous structures, potentially generating a precisely
structured lubricant layer.[399] Such a capillarity-based approach can easily generate a
structured and thin lubricant layer that holds great promise as the future direction in fabricating
stable SLIPS. Capillary-based techniques have been used extensively to make polymeric
nanocomposites in which the infiltrated polymers are exclusively located in the interstitial
pores.[31, 32, 34, 342, 345, 388] Thereby, these capillary-based techniques could be applied
to lubricate porous structures with high roughness, enabling rapid fabrication of structured
SLIPS.

Previous studies have confirmed the excellent lubricant retention of nanostructures
owning to their high capillarity originating from the small length scales. However, surfaces
with nanostructures still present some drawbacks. For example, it has been shown that the
liquid flow within nanostructured surfaces is slower compared to that in microstructured
surfaces because of the high viscous drag.[527] It is thus possible that the self-healing ability
is not efficient due to the slow lubricant movement within and between nanopores. The

combination of micro and nano-scale structures could be a promising solution. Therefore,
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hierarchical structures promise to improve lubricant retention via suppression of wetting ridge
formation. For example, porous substrates can be modified to have a rough surface, followed
by lubricant infiltration via capillary rise lubrication. Thereby, stable and self-healing SLIPS
can be obtained.

In addition to suppressing the formation of wetting ridges, the fabrication of a slippery,
rough surface also leads to opportunities to study the interaction between a liquid droplet with
a rough lubricant (soft) layer. Since the morphology of structured SLIPS is similar to
superhydrophobic structures, comparative studies between them are essential to better
understand their underlying repellency mechanisms. It will also be essential to understand the
behavior of moving liquid droplets on such a rough lubricant layer, including the dust/particle
removal mechanism for self-cleaning applications or preventing adhesion in anti-biofouling

applications.

Theoretical understanding of structured SLIPS needs further development. Current
thermodynamic understandings of the deposition of a liquid droplet on SLIPS exclusively
assume that there are only two possibilities either the droplet will float on the lubricant layer
with wetting ridges or sink.[119, 206, 401, 528] However, as we highlighted, recent studies
have shown that wetting ridges can be minimized or even eliminated; it is thus essential to

extend those current understandings, which could enable the discoveries of new stable SLIPS.

Recent successes in making rough SLIPS with no excessive lubricant could positively
impact applications such as condenser and force sensor coatings, surface-enhanced Raman
spectroscopy surfaces, and water harvesting. These applications will benefit from the

remarkable liquid repellency without worrying about lubricant contamination.

We used silicone oil as a lubricant rather than the fluorinated oils used by many other
groups in fabricating SLIPS because silicone oil could be used as a solvent for a wide range of
molecules/drugs. We imagine that surfaces made with silicone oil could act as depots and
release molecules/drugs to deliver the required functionalities into surrounding environments
actively. Also, previous works showed that silicone oils perform better than perfluorinated oils
in preventing biofouling on medical devices. For example, small molecules could diffuse

through the silicone oil layer, making it potential drug-releasing biomaterials.[404]

Our LeCaRI method only involves physical contact between the PDMS elastomer and a

porous surface; it can be adopted to make patterned NCFs with localized wettability. For
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example, we could fabricate surfaces with wetting gradients. Such surfaces could be helpful

for droplet manipulation and transportation research.

Despite significant progress in repellent surfaces, scalable manufacturing of these
repellent surfaces remains a critical challenge and is vital for future development. To reduce
the complexity of processing challenges, promoting the development of surfaces/materials with
multiple functions is needed to realize the practical impact. Thus, the findings of this thesis on
a straightforward and scalable approach for fabricating repellent nanocomposite surfaces and
a concept for producing stable SLIPS are essential. These capillarity-based techniques
represent a considerable simplification, making them uniquely suited for manufacturing anti-
fouling nanocomposite surfaces. The fundamental understanding from this thesis can also

enable others to design long-lasting liquid-repellent surfaces.
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