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Introduction

1 Introduction

Colloidal particles can be deposited on smooth [1, 2] or on topographically patterned substrates

to generate various particle patterns and structures.[3]

On the one hand, various methods have been developed for generating particle patterns on
smooth surfaces, including dip-coating,[4] nanosphere lithography,[5] particle transfer printing
(pTP),[6], and capillary stamping.[7] Printing dispersions of nanoparticle inks is associated
with many challenges; for example, nanoparticles tend to agglomerate and form clusters due
to high surface energies.[8] Well-defined printed patterns may result from an appropriate
combination of substrate and ink characteristics.[8] Schmidt ef al.[7] reported capillary
stamping with continuous pore network silica stamps with a spongy mesoporous system.
Several particulate inks, including nanodiamonds and fullerenes nanoparticles, were printed on

smooth surfaces.

On the other hand, topographically patterned holey substrates can be precisely filled with
monodisperse colloidal particles for modifying the structure of materials' surfaces.[3, 9, 10]
This substrate modification is crucial for many practical applications, e.g., sensing and
catalysis, as well as the use of the modified substrates as replicative masks and templates for
replication molding.[11, 12]. Many different methods have been used to self-assemble colloidal

particles on topographically patterned surfaces.[10, 13-16]

The modification of the surfaces of the particles themselves is an additional approach to further
functionalize substrates modified with particle patterns and plays a significant role in modern
materials science.[17] Surface modifications of nano and microparticles self-assembled in
patterns on surfaces are complex and require further research.[17] Various site-specific
modification techniques were developed for the fabrication of Janus particles
(J.P.s)/membranes (J.M.s) and patchy particles.[17-21] The current state-of-the-art approaches

are limited to specific materials, size limitations, and tedious fabrication procedures.[22]

The aim of this thesis is the development of functional particle patterns on substrates to modify

the properties and functions of the substrates. Two classes of model substrates are fabricated;
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(1) topographically patterned surfaces, in which microparticles of different sizes are deposited,

and (2) smooth substrate surface, patterned by printing the magnetic nanoparticle aggregates.

(1) Topographically patterned model substrates are prepared by replication molding.

(1) Patterned Titania (TiO») substrates patterned with macropores are modified by the
self-assembly of silica (Si02) microparticles with different sizes inside the macropores.
Different routes are applied to modify the surface chemistry of self-assembled SiO:
microparticles inside the TiO; macropores. By silica microparticle deposition and
modification of the latter, the wettability of the macroporous TiOz is reversibly
switched from the hydrophobic state to a persistent super-hydrophilic state and vice
versa. For wettability switching from hydrophilic to hydrophobic, the infiltrated self-
assembled SiO; particles can be detached from the macropores. Heating the substrates
results in wettability switching from hydrophobic to hydrophilic. High adhesion of
water droplets to patterned TiO> and all modified patterned TiO» substrates having SiO»
microparticles is observed in all hydrophobic states, and even upon tilting and
vigorously moving the substrates, the droplets remain strongly pinned. The evaporation
dynamics of water droplets are studied on all modified surfaces, including sessile water

droplet shape evolution during evaporation.

i1) In the second example for topographically patterned surfaces, poly(styrene-block-2-
vinyl pyridine) PS-b-P2VP and poly(styrene-block-4-vinyl pyridine) PS-b-P4VP
macroporous substrates are fabricated. SiO> microparticles are deposited inside the
macroporous-nanoporous substrates for site-selective orthogonal modifications to
fabricate Janus particles. The top surface and the bottom surface of the SiO»
microparticles can be modified independently due to the nanoporous fine structure of

the macroporous block copolymer substrates.

ii1) Smooth substrates are structured with hollow microrings of chitosan (C.S.),
chitosan-graphene oxide (CS-GO), gold (Au), and TiO; to generate the third example
of a topographically patterned surface. The microrings of TiO2 are exemplarily used as
confinement structures for SiO» microparticles. SiO> microparticles are also self-

assembled around Au microrings. This research aims to replicate high-quality

2
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microstructures of different materials under specific imprint pressure and thermal
treatment. The main advantage of this method is a single-step process, reproducibility,

simplicity, and applicability for many different materials.

Si02 microparticles with different sizes are deposited in macroporous patterned substrates
using the simple spin-coating method for functional applications in all topographically
patterned surfaces, including TiO, block-copolymer substrates (PS-6-P2VP and PS-5-P4VP),
and microrings (TiO2 and Au). The SiO, microparticles self-assembled on patterned substrates

are modified either selectively, or the whole surface of the desired substrate is modified.

(2) The study of the second model system aims at improvements of magnetic nanoparticle
deposition onto smooth model substrates. A capillary stamping approach combined with
external permanent magnetic fields or electromagnets is realized to print magnetic
nanoparticle-based inks on smooth substrates. The stamping of magnetic nanoparticles is
developed as a model embodiment for magnetic assisted insect-inspired capillary
nanostamping (MA-IICN). The external magnetic field is applied to the substrate to print
magnetic nanoparticle aggregates. For this purpose, a porous composite stamp consisting of
zinc oxide tetrapods (T-ZnO) as an ink reservoir system attached to a topographically patterned
PS-b-P2VP stamping layer is developed. Magnetic Fe3O4 nanoparticles are printed with the
help of PS-H-P2VP/T-ZnO stamps with either tip contact surface (round or square-shaped) or
with holey contact surfaces having round or square-shaped holes. The significant advantages
of the method include overcoming the tedious printing of nanoparticles, the need for re-inking

steps, and the simplicity of the method.
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2.1 Fabrication of patterned surfaces

Patterned surfaces have been fabricated with different methods, for example, electrostatic
powder spraying,[23] sol-gel syntheses,[24] self-assembly processes,[25] template
methods,[26] soft lithography,[27] hot embossing lithography,[28] and direct imprinting.[29]
Direct imprinting has been widely used to fabricate various micro-and nanostructures
consisting of oxides.[30-32] The sol-gel method is the most established route for inorganic
coatings because of its simplicity, low cost, and ease to control. Templating methods are the
easiest and reproducible way to fabricate desired patterns, either positive or negative replicas
of the templates.[33] The substrate-based manufacturing processes can be classified into three
main groups: additive, subtractive, and structuring manufacturing technologies (Figure 2-
1).[34] Additive manufacturing includes screen printing, lithographic printing, and offset
printing methods commonly used in industries. The stamp is first inked with a material of
interest, following contact of the inked stamp to a counter substrate, and releasing the stamp
generates a pattern on the target substrate.[35] The subtractive transfer method involves the
deposition of a continuous ink layer on a donor substrate, following stamp contact with donor
surface, which selectively removes material in the areas of contact.[35] In the laser ablation or
photolithography method, the deposited material is removed from the substrate to generate
patterns. Imprinting, wetting/de-wetting, or bonding technologies fall in structuring
technologies.[35] The imprint resist cured by heat during imprinting generating structure on

substrates.[36]

Additive

Photo- Laser

Subtractive lithography ablation

=T
= .
- B
2
= =
- =
g 3
ﬁu
-

Structuring Imprint

Figure 2-1 Classification scheme of substrate-based manufacturing technologies.
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Fabrication of patterned surfaces received significant attention due to their use in various
applications. For example, a micropatterned metal current collector film on a flexible graphene
substrate  enhanced supercapacitors' electrochemical performance.[37] Patterned
polydimethylsiloxane films were used as optical strain sensors,[38] and micro/nanostructure
Ti-6Al1-4V surfaces patterned by pulsed lasers were used as antireflective coatings with an
average reflectance of 3.1%.[39] Patterned poly(lactic-coglycolic acid) -electrospun
nanofibrous films were surface-modified with ponericin G1, a basic fibroblast growth factor
(bFGF), and 3,4- dihydroxyphenylalanine (DOPA) and used for wound healing.[40]
Micro/nanostructured aluminum was employed as an oil-triggered surface for switchable
wettability.[41] Figure 2-2 shows the list of different top-down approaches and the typical
length scales.[42]

Visible Light
Quantum Devices

Transistor Gates

Colloidal Particles

Polymers MEMS Devices

Atoms Proteins Bacteria Liquid Drops

Molecules Cells

mm[—r‘rmnrnmm[—rmnn]—rmnq—rmmqﬁm*
01 1 10 100 10*° 10* 10° 10°nm
v vl oo vd ol vl ol

Optical Lithography

E-Beam Lithography

Masked Deposition

Scanning Probe Techniques

Molding and Embossing

Contact Printing

Edge Lithography

Figure 2-2 A list of top-down methods for patterning (below the scale) and the range of specific
natural and artificial object dimensions (above the scale). It was adapted with permission from
ref,[42] copyright 2004 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.
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2.1.1 Self-assembly of particles into patterned surfaces

Self-assembly of colloidal particles on topographically patterned surfaces has been broadly
investigated for many practical applications, for example, as replicative masks or templates in
mold replication methods such as soft lithography, hot embossing, and nanoimprinting.[11]
Patterned holey substrates can be filled with monodisperse particles for modifying the structure
of material surfaces, as studied by many researchers.[3, 9, 10] Yu et al.[13] reported a self-
assembly approach based on physical confinement and templating monodisperse polystyrene
(PS) beads within a packing cell composed of two glass substrates. Xia et al.[43] showed
different arrangements (monomer, dimer, hexagon, square, and pentagon) of PS beads arranged
in surfaces patterned with cylindrical holes by simply controlling the ratio of diameter and
depth of holes in patterned arrays. Stelling et al.[44] reported electrostatic modeling of
substrate for controlled placement of PS particles into Au nanohole arrays. Deying et al.[10]
used a spin-coating method to assemble SiO; nanoparticles in cylindrical holes and nanoscale
grooves. SiOy particles with ~80 nm diameter were assembled in cylindrical holes and in
grooved silicon patterned wafers. Nanoparticles tend to agglomerate, and guiding nanoparticles
into precise locations is a challenging task. Asbahi ef al.[14] reported a dip-coating technique
to position sub-10 nm particle clusters in ordered arrays. Wittenberg et al.[15] reported a
preparation technique called “squeegee” for settling monodisperse silica (Si02) beads coated
with lipid bilayers into microwells of a silicon wafer. Miele et al.[ 16] showed self-organization
of gold nanoparticles inside nanochannels by using simulations (atomistic molecular dynamics,
MD) and live self-assembly behavior using in-situ liquid-cell transmission electron microscopy

(LC-TEM).

Different forces are exerted on colloidal microparticles, e.g., contact force, electrostatic force,
van der Waals force, hydrodynamic force, and capillary force (Figure 2-3).[45] Fujita et al.[45]
used an immersed free surface (IFS) simulation model to simulate the drying of a colloidal
solution on a substrate. Immersion capillary forces, which are attractive forces exerted between
the spheres, may result in physical contact among microparticles. Meniscus-induced force
plays the primary role in arranging and placing microparticles into macropores. Capillary
forces among particles facilitate physical contact, and meniscus meniscus-induced force plays

the primary role in arranging and placing particles into pores. Essential factors for the process
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of ordering inside macropores can be due to immersion capillary forces and hydrodynamic
flux.[45-48] Landau-Verwey-Overbeek (DLVO) numerical modeling is the most used theory

to investigate the interactions on the shape of the patterns left by evaporated drops.[48]

Holey film

Figure 2-3 Schematic illustration of forces exerted on colloidal microparticles, which results
in the confinement of microparticles inside holey arrays.

2.2 Fundamentals of wettability on surfaces
2.2.1 Wetting on smooth surfaces

Wettability is an important property, and applications related to wettability play an essential
part in nature and technology.[49-51] The hydrophobic surface properties of lotus leaves,[52]
lady’s mantle leaves,[53] and hydrophilic surface properties of Ruellia devosiana,[54] Spanish
moss,[54] and Artemisia tridentate [55] have been known for a longer time. Inspired by their
surface structures, many researchers replicated different functional material structures for their
use in practical applications.[56-60]

Generally, the macroscopic water contact angle has been used to evaluate the wettability of
surfaces.[60] When a drop of a liquid impinges on a surface, either the liquid spreads entirely
over the surface, showing a continuous increase in the radius of the area enclosed by the three-
phase (solid, vapor, and liquid) contact line or a sessile drop of liquid settles on the surface,

and the three-phase contact line advances only up to a finite contact radius. As the radius of a

drop grows beyond the capillary length [, = ./y1v/pg,[61] where yry is liquid-vapor
8
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interfacial tension, p is liquid density, and g is the gravitational acceleration, the shape of the
drop changes to a “pancake” shape of constant thickness, and the main driving force is now
gravity. Both van der Waals and electrostatic forces determine whether a given surface is
wettable or non-wettable by a given fluid. If surface charges are absent, van der Waals forces
are responsible in both cases for the mode, in which fluids spread over a solid surface, and the
wetting films' equilibrium thickness.[62] The disjoining pressure [1; = —dg; /d}, is the force
per unit area, obtained as the derivative of -g, with respect to the distance. Where g, is the
total Gibbs energy of interaction, and /4 is the distance between the surfaces of the semi-infinite
plates.[63] The van der Waals interaction includes all intermolecular interactions, i.e., dipole-
dipole, dipole-induced dipole, and induced dipole-induced dipole interactions. The so-called
Hamaker constant A in 1 = A/6ml3gives the amplitude of the interactions. Where [ is the
thickness of liquid film on a solid substrate. In repulsive cases, where the film tends to thicken,
the A > 0.[62]

The spreading parameter S = ygy — Y51, — YLy controls the thermodynamic wettability of the
surface. Where: ys;, Y5y, and y; are the solid-liquid, solid-vapor, and liquid-vapor interfacial
tensions, respectively. When S is negative, a drop with a finite contact angle 8 (Young’s angle)
is formed in the equilibrium. If § is positive, the equilibrium state corresponds to the
spontaneous spreading of the liquid (contact angle is zero).[64] Three types of wetting usually
occur upon liquid contact to a solid surface. Total wetting ( S > 0), partial ( § <0), and pseudo-
partial wetting ( S < 0).[65] Complete wetting relates to a microscopically thick layer of liquid
absorbed at the surface, and the equilibrium spreading coefficient is zero. If a drop of liquid
settles on a surface, the contact angle value can be quantitively calculated using Young's

Equation 2-1.[62, 66]

cos 8 = (¥sv — ¥s.)/(yLv) Equation 2-1

Three surface tensions are involved upon liquid drop contact on a solid surface: ys;, Vsy, Vv,
respectively, the solid-liquid, solid-vapor, and liquid-vapor surface tensions (Figure 2-4a). The
surface tensions here are defined when the solid, liquid, and gas phases are in mechanical
equilibrium with each other.[62]

In this case, the solid-vapor interface tension is now equal to the sum of the solid-liquid and
liquid-vapor tensions.[62] The pseudo-partial wetting regime, also characterized by A < 0 is

the combination of a non-zero Young contact angle at the macro scale and a zero microscopic
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contact angle. The presence of an ultra-thin liquid film across the main drop indicates a

microscopic zero contact angle.[67]

Vapor g Bw
Yiw Cassie-
Baxter

Vsv

(a) (b) (c)

Figure 2-4 Schematic diagram of a liquid drop on a solid flat surface, Young’s law a), Cassie-
Baxter state, in which a drop of liquid on substrate stays suspended on top and does not
penetrate surface asperities b), and the Wenzel state where the liquid penetrates the asperities
of the surface. 8, . and Oy are Young’s, Cassie-Baxter, and Wenzel's contact angles,
respectively.

2.2.2 Wetting on rough surfaces

The liquid droplets act differently on different surfaces; Wenzel showed that a droplet of liquid
on a rough surface might form contact with the entire exposed surface area of the rough surface
(Figure 2-4c) and form a sessile droplet with a smooth liquid-vapor interface.[68] Young’s
equation was thus modified by introducing the surface roughness factor, », defined by the ratio

of the actual solid-liquid contact area and its projection onto a flat plane (Equation 2-2).

cos By, =rcosb Equation 2-2

Whereas in the Cassie-Baxter case,[69] a liquid does not penetrate the hollow of the grooved

surface (Figure 2-4b) as shown in Equation 2-3.[70]

Cos Ocg = fycos0, + f, cos O, Equation 2-3

Where f; and f, are area fractions with contact angles of 6; and 8, of a binary composite
surface. The Cassie-Baxter regime is often applied for chemically patterned surfaces [71], and

the Wenzel regime is often applied for patterned topographical surfaces.[72] Both the Wenzel

10
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and the Cassie-Baxter state are based on the consideration of the contact area between the liquid
and solid affecting the contact angle. However, it has been reasoned by Gao and McCarthy
[73] that three-phase contact lines alone are essential in determining wettability, and the
interfacial area within the contact boundary is irrelevant. Many other findings support
McCarthy's arrangements. For example, Bartell [74] discussed that contact angles are not
altered by surface irregularities at the bottom of the droplet, Extrand et al.[75] discussed that
the contact angle is controlled by a three-phase structure at the contact line, not the liquid-solid
interface underneath the droplet. Wenzel’s and Cassie’s models corroborate the notion that the
interfacial free energies and the contact area are essential for determining wettability. However,

Gao and McCarthy [73] argued that the contact areas are not crucial in determining wettability.

2.3 Surface modifications of patterned surfaces

for modification of wetting properties

To manipulate wettability, surface free energy, roughness, chemical composition, porosity,
surface chemistry, tension, and surface charges are the governing properties to be
considered.[76] Figure 2-5 shows the wettability alteration of liquids due to surface energy of
substrate surface and liquid surface tension changes. Specific surface treatments of substrates
can be done to increase the surface-free energy. Change in surface chemistry has a strong

influence on surface energy change.[76]

Depending on the application, patterned surfaces can be modified by different methods to make
them either (super) hydrophilic or (super) hydrophobic. For wettability transitions, changing
the chemistry of patterned surfaces with different molecules (hydrophobic or hydrophilic) is a
commonly used surface modification method.[77-79] Zhen et al.[77] showed the super-
hydrophobicity (water contact angle, WCA = 160.6°+1.5°) of patterned aluminum (Al) surfaces
via the nanosecond laser ablation process, after chemical modification with (heptadecafluoro-
1,1,2,2-tetradecyl) triethoxysilane. Reiner et al.[78] showed hydrophobicity (WCA =
120.6°+3.2°) of a silicon wafer with regular patterns of spikes fabricated by X-ray lithography.
The silicon patterned specimen was hydrophobized with Au-thiol (1-hexadecanthiol). Chao-
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Hua et al.[79] fabricated hydrophobic cotton fibers via polyhedral oligomeric silsesquioxane

(POSS) based polymers grafting on the fiber's surface.

Low surface
energy -
non-wetting
High surface
tension —
non-wetting
_‘_ High surface

energy —
Low surface wetting
tension —
wetting

Figure 2-5 Change in wettability due to surface energy of test surface and liquid surface
tension. It is adapted with permission from the ref,[76] Springer Science+Business Media,
LLC, part of Springer Nature 2020.

2.3.1 Switchable water wettability

Switchable wettability has attracted enormous attention and interest in academia, for it is
possible to use in practical applications.[80, 81] Different methods have been established to
design surfaces, which respond to external stimuli for wettability switching. Temperature,
electric potential, UV light, pH values, and magnetic fields are external stimuli used for
switching between wetting states.[82] Among these stimuli, light has gained much interest
because of advantages, such as non-contamination of the surface, non-contact, and remote
control of the stimulus.[83] After the discovery of ultraviolet (UV) light-induced photocatalytic
activity of TiOo,[84, 85] the wettability of various metal oxides (TiO2, ZnO, SnO, WO3, V0s,
Ce0, CuO, Mo0s3, Fe 03, Cr203, and InyO3 was investigated.[86]

12
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2.3.1.1 Switchable wettability of titania (TiOz)

Titanium dioxide (TiO») has received enormous attention and interest in academia, especially
its synthesis and physical properties. Titania is used as a paint pigment, electrochromic
material, self-cleaning coating, antifogging coating, photocatalyst, photovoltaics, and electrical
energy storage material.[87] Many studies deal with TiO» surface wettability and reversible

transition between hydrophobic and hydrophilic properties.[88-90]

The contact between liquids and solid surfaces is ubiquitous. It underlies a broad range of
physical phenomena as well as and technical processes. For example, sessile droplets, which
can be immobilized on topographically patterned substrates,[91] have received significant
interest as chemical and biological assays.[91] In this context, two phenomena are of relevance:
surface wettability and evaporation.[92] The manipulation of surface wettability by surface
patterning attracts ongoing interest, but a predictive understanding of the interplay between
wettability and surface patterning has remained premature.[93-96] Wettability management is,
nevertheless, being considered as an important property of functional surfaces.[97] Other
efforts were directed to the minimization of the wettability of surfaces.[98] Evaporation
management is likewise important.[99] Limiting cases for the evaporation of sessile droplets
are the constant contact radius (CCR) mode and the constant contact angle (CCA) mode.[100]
If the evaporating liquid contains non-volatile components, ring-like deposits (“coffee rings”)
[101] form at the positions of three-phase gas-liquid-solid contact lines if a sessile droplet
evaporates in the CCR mode. It is, for example, desired to suppress the formation of coffee
rings when volatile components of droplets deposited by inkjet printing evaporate.[102] On the
other hand, the formation of coffee rings has intentionally been exploited to pattern
substrates.[103] Frequently observed stick-slip motions of the gas-liquid-solid contact line of
evaporating sessile droplets have been interpreted as a sequence of CCR (stick) and CCA (slip)
phases.[104] Many studies have reported TiO, surface wettability and reversible transition
between hydrophobic and hydrophilic nature.[88-90] The surface roughness and pore
morphology could affect the surface wettability of mesoporous TiO; films.[105]

The switching of superhydrophobic to a superhydrophilic state can be done with continuous
illumination of the TiO, surface with UV light and usually takes at least a few hours.[106]
Zhou et al.[107] showed the transition from super-hydrophobic to super-hydrophilic under UV
irradiation and reversible switching to super-hydrophobic by placing the sample in the dark at

60 °C. Yunlu ef al.[108] described switchable super-wettability of TiO2 nanoparticles modified
13
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with a 1H,1H,2H,2H-perfluorooctyl(trimethoxy)silane (PFOS) coating. In this study, the
transition of super-hydrophobic (water contact angle, WCA = 165°) to super-hydrophilic
(water contact angle, WCA = 0°) was triggered by exposure to UV irradiation, followed by
heating at 120 °C for 90 mins to gain reversible hydrophobicity. UV irradiation and heating
were repeated for 5-10 cycles until the surface did not transit back to a superhydrophobic state.
Kobayashi et al.[109] reported the combined use of UV light and direct current bias voltage to
make wettability switching time from the hydrophobic to the hydrophilic state short. 1/10th
shortened the switching time between these two states compared to TiO> thin films subjected
only to UV irradiation. Besides the limitation of continuous illumination of UV light for
maintaining the hydrophilic state, some other challenges include the loss of wettability
switching due to microstructural changes. Kang et al.[110] reported the combination of shape
memory polymers and UV-irradiation of TiO: nanoparticles, which shows excellent
responsivity between superhydrophobicity and superhydrophilicity. The need for continuous
UV light illumination for maintaining hydrophilic properties restricts the use of TiO: films for
practical applications due to the lack of UV illumination in the dark or during rainy seasons,
where the hydrophobic properties recover.[111] Gan ef al.[112] reported multilayer assembly
of TiO2 nanoparticle and polyethylene glycol (PEG) for non-UV activated superwetting
characteristics. Here the authors reported that hydrophilic characteristics of the TiO; film were
preserved even after 15 cycles of continuous drying and wetting; however, the continuous
drying and wetting affect the superhydrophilic quality of the film and destroy the
superhydrophilic characteristics. The other drawback is the need for a higher number of
multilayer coatings requirements to achieve superhydrophilic characteristics.

The continuous UV light illumination for hydrophilic property restricts the use of TiO: film
for practical applications due to the lack of UV illumination in the dark or raining seasons. The
dark and longer rainy seasons result in the recovery of hydrophobic properties and hence
impede the practical application of TiO2 films.[111] Therefore, considering this limitation,
many research groups have explored the persistent hydrophilicity of TiO» film without using
UV light.[113, 114] However, these all works focused on the non-reversible wettability of TiO»
surfaces without UV. It has remained challenged to fabricate TiO2 based films with switchable
wettability without any external stimuli (i.e., UV light) and a film with a persistent super-

hydrophilic state for practical applications.
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2.4 Janus particles/membranes

Janus particles (J.P.s)/membranes (J.M.s) are particles or membranes that have two sides with
different chemical or physical properties. In recent years J.P.s and J.M.s have attracted
advanced research attention for their use in many different application areas, including
catalysis, electrochemical sensors applications, biomedicine, and use as stabilizers.[115]
Various morphologies of J.P.s have been designed and prepared, including dumbbell-

shapes,[ 116] disk-shapes,[117] rod-shapes,[118] cones,[119] and mushroom-shapes.[120]

2.4.1 Fabrication of Janus particles/ membranes

For producing the combination of two different properties on single particles/membranes, for
example, hydrophilicity and hydrophobicity or some other physiochemical properties, various
site-specific modification techniques were developed. Three major categories for the
fabrication of Janus particles are phase separation, masking techniques, and self-assembly

(Figure 2-6).[18]
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Figure 2-6 Schematic diagram showing three strategies for the preparation of Janus
nanoparticles. Figure 2-6 is adapted with permission from the ref,[18] copyright 2018 WILEY -
VCH Verlag GmbH & Co. KGaA, Weinheim.

2.4.1.1 Phase separation

The phase separation method may yield J.P.s of different types, e.g., inorganic, nanocrystalline,
and polymeric. The phase separation strategy has been widely used for synthesizing polymeric
J.P.s. Two approaches are usually involved in the phase-separation strategy: either interaction
between polymers and other non-polymeric materials or between different polymers.[18] Fan
et al[121] developed an emulsion interfacial polymerization approach to synthesize uniform
polystyrene-based J.P.s with controlled topological and chemical anisotropy. Liu ef al.[19]
used nonsolvent thermally induced phase separation (NTIPS) to fabricate a dual-layer
membrane, which consisted of a thin hydrophobic PVDF top-layer and a relatively thick
hydrophilic PVDF-PVA sub-layer. The resulting Janus membrane was used for membrane
distillation application. The stable salt rejection above 99.5 % over continuous membrane
distillation run is reported. Tian et al.[122] reported the fabrication of Janus dimers from
tunable phase separation to utilize glycidyl methacrylate (GMA) and stearyl methacrylate
(SMA) as a model system. With the addition of only 1 % cross-linked agent mostly Janus

dimers are elongated and assemble into colloidal clusters.

2.4.1.2 Masking

Different types of masking techniques are used for the production of J.P.s. In the masking
method, the exposed surface of the particles deposited on any substrate is modified chemically
towards a specific function. The other side, which is the protected part, is not modified. For
polymeric or other inorganic J.P.s, the masking process can be achieved by trapping or
depositing the particles on a solid substrate or absorbing particles at the interface between two
fluid phases.[18] Masking can be achieved by different methods: hard templating, templating
by particles, Pickering emulsion, and polymeric single-crystal templating.[123] Wang et
al.[124] reported the production of amphiphilic Janus gold nanoparticles by combining “solid-

state grafting to” and “grafting from” methods. Two different types of polymeric chains were
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decorated on the opposite sides of gold nanoparticles. Amphiphilic PEO-Au-PMMA and PEO-
Au-PtBA and hydrophilic PEO-Au-PAA nanoparticles were synthesized by this method. Hong
et al.[125] used oil-water emulsions. The colloidal particles were immobilized at an interface
between vitrified wax and water upon cooling the emulsion to room temperature. The exposed
surface of the immobilized particles was then chemically modified. Afterward, the wax was
dissolved, and the resulting particles could be further chemically modified. Wu ef al.[21] used
a Pickering emulsion template method to fabricate Janus graphene oxide (GO) nanosheets
modified by amino-containing chemicals. The wax in an aqueous Pickering emulsion protects
one side of GO while the outer surface is functionalized with amino-containing chemicals with
epoxy groups. Tan et al.[126] reported a scaling up production method to fabricate Janus TiO>
particles using simple spin-coating and UV induced partial photodegradation. The
functionalized TiO; particles were first spin-coated on a substrate. Then, the particle film was
placed under UV light. The UV light induces the photodegradation of the surface coatings only,
exposed to the light.

2.4.1.3 Self-assembly

Zhu and co-workers [127] reported unimolecular polymeric J.P.s consisting of a polystyrene-
b-poly(2-vinylpyridine)-b-poly(ethylene oxide) (PS-b-P2VP-b-PEO or SVEQ) triblock
copolymer. The chemical cross-linking induced micellization of an amphiphilic ABC triblock
copolymer in the common solvent DMF was employed to fabricate polymeric Janus
nanoparticles. Dong and co-workers [128] described a method to synthesize spherical
polymeric Janus particles. The polymeric JPs were synthesized by using a combination of self-
assembly of simple ABC linear poly(methyl methacrylate)-block-poly(2-(cinnamoyloxy)ethyl
methacrylate)-block-poly(2-dimethylaminoethylmethacrylate)(PMMA-b-PCEMA-b-

PDMAEMA) triblock terpolymers into nanostructured micellar dimers with different sizes and
crosslinking of the conjunction between the opposite hemispheres. Poggi ef a/.[20] synthesized
polymeric Janus nanoparticles by combining the self-assembly of block copolymers in thin

films and polymer grafting for surface modification.
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2.5 Fabrication of ring-like structures

Ring-like structures have been fabricated using classical particle lithography, also known as
colloidal lithography. Patterned surfaces are first fabricated by assembling spherical particles
into organized 2-D or 3-D patterns, then used as a structural template or mask. Usually, a
surface mask of'silica or latex mesospheres is used for preparing a pattern.[129] First, a solution
of silica or latex mesospheres is deposited on the substrate, which spontaneously assembles on
the substrate during solvent evaporation (due to capillary force). Then the material of interest
is deposited, and after removal of the template, ring-like structures are generated. Bayati et
al.[130] demonstrated the fabrication of metal nanorings on flat substrates using templating

and capillary nanofabrication, as shown in Figure 2-7.

Substrate A
e ——
PS beads deposition

Long metal precursor Short metal precursor

impregnation time impregnation time
Reduction Reduction

Removing PS beads Removing PS beads

0.0 1.0 20 pm

Figure 2-7 A: Schematic process illustration for the fabrication of nanofeatures. AFM images
of the platinum, Pt (B) nanodisks, and (C) nanorings. Figure 2-7 is reprinted with permission
from the ref,[130] Copyright 2010 American Chemical Society.
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In the first step, polystyrene (PS) beads are deposited on the substrate, followed by the
deposition of metal precursor solution into the interstices between the PS beads. After
removing excess salt, followed by the reduction of the metal precursor solution, removal of the
PS mask generates the metal nanorings. Yan ef al.[131] reported the fabrication of polystyrene,
poly(methyl methacrylate), TiO2, and poly (trimethylolpropane trimethacrylate) ring-like
structures using an assembly of silica particles 1100 nm in diameter as the template. The silica
particle layer was then filled with a solution of the nonvolatile polymer. Removing the silica
particles by exposure to hydrofluoric acid (HF) resulted in ring-like structures. The same group
reported the preparation of gold rings on a mica sheet by using porous polymeric

templates.[132]
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2.6 Contact printing (CP)

Microcontact printing (uLCP) is a versatile technique mainly used for precisely replicating
microstructure surfaces or fabricating surface patterns. Kumar and Whitesides [133] were the
first to develop uCP in 1993. They used PDMS stamps to fabricate patterned self-assembled
thiol monolayers on Au substrates. The pCP can also be used for protein patterning,
biomolecule imprinting, and chemical group grafting.[134] The typical process of pCP is
schematically illustrated in Figure 2-8. After fabricating a stamp with pre-defined geometric
patterns, the stamp is coated with ink. After the conformal contact formation of the inked stamp
with the substrate, followed by soft stamp removal, printed ink patterns remain on the receiving
substrate.[134] Since pCP development, several variations of uCP have been developed,
including magnetic field-assisted microcontact printing (WCP),[135] electrical microcontact

printing (e-uCP),[136] and vacuum-assisted microcontact printing (mCP).[137]

()
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Figure 2-8 Schematic illustration of microcontact printing (LCP). Preparation of a PDMS
stamp and its use. (a), (b) PDMS precursor (orange) is molded against a master Si template
(black). (c) After curing and detachment, a negative PDMS replica of the Si master is obtained.
(d) The desired particles or molecules are first absorbed onto the PDMS stamp, and after
drying, the stamp is brought in contact with a receiving substrate, which results in patterns of
molecules or particles printed on the substrate (e).

The force applied on the stamp during pCP is an important parameter for the realization of

homogenous patterns. The pressure applied in the stamping process is improved by magnetic
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field-assisted pCP.[135] Good homogeneity of the printed patterns can be achieved by using
the automated magnetic field-assisted uCP method. In this method, a tunable external magnetic
field is used to control the applied force on the stamp during the stamping process. The PDMS
prepolymer and iron powder were mixed to prepare a magnetized PDMS layer. The magnetized
layer of iron particles is attached to the upper side of the standard PDMS stamp layer, resulting
in a composite stamp consisting of iron particles embedded in a PDMS top layer and a structural
PDMS layer at the bottom. After placing the magnetic stamp under a magnetic field gradient,
the stamp is attracted by the magnetic field source. The magnetic pressure generated results in
a magnetic stamp being pressed on the substrate.[135] Typically, resolutions of 10 pm can be
realized by using this method. A fluorescent dye Cy3 line with a width of 10 pm was printed
on a glass slide in this way.[135] The major disadvantage of this method is the preparation
process of the magnetized PDMS layer, as it demands a homogeneous mixture of highly
viscous PDMS prepolymer formulation with iron powder. Non-homogenous magnetic PDMS

stamps result in non-uniform magnetic forces and affect the substrate's ink distribution.[138§]

Another variation of pCP introduced by Jacobs ef al.[136] is based on patterning thin-film
electrets by applying a voltage between gold-coated PDMS stamps and the backside of an n-
doped silicon substrate. The patterned surface of PDMS is firstly made electrically conductive
with gold (Au). An approximately 80 nm thick PMMA film is coated on the n-doped Si wafer.
Then the metal-coated PDMS stamp is placed on top of the PMMA film. After placing the
PDMS stamp on top of PMMA, a voltage of 10 to 20 V between the Au coating on the PDMS
and the backside of the Si wafer is applied. After turning off the potential and removing the
PDMS stamp, a PMMA pattern remains on the substrate.

The alignment of stamp and printing pressure control in pCP was improved by the simple
vacuum pressure control method.[137] A vacuum was applied using a syringe at the stamp
inner side and suctioning the air between the substrate and stamp. This negative pressure

developed inside the stamp assists the conformal contact between substrate and stamp patterns.

Lee et al.[6] developed the particle transfer printing (pTP) method. In the pTP method, particle
arrays were first deposited on a substrate. PDMS stamp conformal contact with the colloidal
particles and detachment of the PDMS stamp results in attachment of the colloidal particles on

the contact surface of the patterned PDMS stamp. The stamp with particles is then brought in
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contact with a receiving substrate coated by a water layer. Retraction of the PDMS stamp
results in the deposition of colloidal particle patterns on the receiving substrate. Santhanam et
al.[139] reported the fabrication of a patterned close-packed array of Au nanoparticles on a
receiving substrate by using a PDMS stamp. The Au nanoparticles floating on a water surface
were picked up with the help of a PDMS stamp, and upon conformal contact of PDMS stamp
with a solid substrate resulted in the formation of Au nanoparticle arrays on the receiving

substrate. A typical particle transfer printing process is schematically shown in Figure 2-9.

Colloidal particles

substrate

(2)

(d)

Figure 2-9 Schematic illustration of particle transfer printing. (a) The colloidal particles are
first deposited on a first substrate, (b) The patterned PDMS stamp is brought into conformal
contact with the colloidal particles and then detached. (c-d) The PDMS stamp having colloidal
particles attached to its contact surface is brought into contact with a second receiving substrate.

Ling et al.[140] demonstrated particle transfer printing of 3D-patterned particles of various

shapes and dimensions onto the target f-cyclodextrin-covered substrates. In Figure 2-10, an
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example of particle transfer printing is shown, where single and double-layer particle networks
are printed on f-cyclodextrin-covered substrates.[140] Wolf and his team[141] reported
nanoparticle printing by transferring dry nanoparticles assembly from PDMS templates to the
plain substrate. This group developed the fabrication of lines, arrays, and complex
arrangements of nanoparticles with single-particle resolution. Yao et al.[142] showed
patterning of colloidal silica particles using the lift-up soft lithography method. The colloidal
silica microspheres with diameters of 232 to 231 nm were self-assembled on a silicon substrate,
followed by lift-up with the help of a PDMS stamp having patterned features after conformal
contact at 100 C for 3 h. Upon removing the PDMS stamp from the silicon substrate, the stamp
with particles was cooled to room temperature, leaving the corresponding silica particles

pattern on the substrate.

Figure 2-10 An example of the particle transfer printing method. (A-G) SEM images of the
different patterns of particles transferred by particle transfer printing. Figure 2-10 is reprinted
with permission from the ref,[140] copyright 2010 American Chemical Society.
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Flexography is a reel-to-reel contact printing technology, which works as continuous
reproduction of already defined patterns on flexible substrates.[143] Hart and co-workers
reported that the high-resolution direct printing of colloidal inks could be achieved with the
flexographic printing method.[ 144] The nanoparticle-based ink is loaded into a polymer-CNT
stamp via immersion or spin coating, followed by stamp contact with the counter substrate.
Transfer of ink patterns to the substrate, which matches the polymer-CNT stamp pattern,
happens. Teng and co-workers[145] demonstrated a flexographic printing method for direct
printing of Au nanoparticles. Printed AuNPs with an average size of approximately 60 nm were

used for biosensing applications.

The contact printing methods relying on solid elastomeric stamps, such as PDMS stamps, allow
simultaneous patterning of large substrate areas.[ 133, 146] However, the significant limitations
of these methods include ink depletion after a few stamp-substrate contacts and throughput
limitations.[ 147] Other drawbacks are the missing continuous ink supply to the contact surfaces
of the stamps. To solve these problems, Xu et al.[148] reported porous stamps of ((poly(ether
sulfone)(PES)/poly(vinylpyrrolidone)(PVP)) and
((poly(etherimide)(PEI)/poly(vinylpyrrolidone)(PVP)). The microstructured stamps were
fabricated by the phase separation micromolding (PSuM) method.

Capillary stamping with porous stamps is a parallel additive substrate patterning method that
overcomes the problem of ink depletion, and that is a high throughput method.[7, 147, 149,
150] Schmidt et al.[7] reported stamping with mesoporous silica stamps. The stamps were
prepared via sol-gel synthesis. The major characteristics of the stamps were the continuous
pore system for ink supply and the stamping of sub-micron features of various inks under
ambient conditions. The stamp was used to print various model inks; nanodiamonds
suspensions, metallopolymer and block copolymers solutions, and solutions of small organic

molecules.[147]

Hou et al[150] reported the scanner-based capillary stamping combining polymer
penlithography (PPL) and capillary stamping. The stamp is based on a rigid, controlled porous
silica glass (CPG) layer and a porous polystyrene/poly-2-vinylpyridine block copolymer
stamping layer. Even after 800 consecutive stamping cycles without reinking, the inks were

deposited on the substrate without pattern quality deterioration.
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2.7 Soft nanoimprint lithography (NIL)

Nanoimprint lithography (NIL) is low cost, high throughput, and high-resolution method to
fabricate micro/nanoscale patterns.[151] The elastomeric stamp, which acts as a template, is
used in the NIL technique to pattern structures. The malleable resist underneath the stamp
having surface topography is pressed, and heat is applied. The pattern is transferred with
excellent reliability.[151] The negative of the mold pattern imprint on the substrate. This
method is the first variant of NIL is known as thermal embossing NIL (TE-NIL), as shown in
Figure 2-11. Other developed approaches of NIL are step and flash imprint lithography (S-
FIL),[152] metal-assisted chemical imprinting (Mac-Imprint),[153] laser shock
imprinting,[154] UV-nanoimprint lithography,[155], and solid-state superionic stamping
(S4).[156] Magnetic force-assisted thermal nanoimprint lithography (MF-TNIL) is a recent
variation of the NIL method. MF-TNIL allows low-cost fabrication of nanoarrays.[138] MF-
TNIL uses a permanent external magnet above the non-magnetic PDMS stamp for uniform
imprinting pressure during the imprinting step. The PDMS stamp, magnetic plate, and
laminated plastic sheet are sandwiched between the iron plate and external magnet. The
drawback of this method can be the non-precise control of magnetic pressure.[138] Yang and
co-workers developed magnetic soft mold imprint technology to fabricate microlens

arrays.[157]
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Figure 2-11 Nanoimprint lithography (NIL). Figure 2-11 is adapted with permission from the
ref,[153] copyright 2020 Elsevier Ltd.
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3 Experimental
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3.1 Materials and methods

3.1.1 Materials

Fluorine-doped tin oxide-coated glass (FTO, 7€/sq) was purchased from Sigma Aldrich. Two
types of macroporous silicon (mSi) templates were provided by SmartMembranes
(Halle/Saale, Germany):1) trigonal pore array, pitch 1.5 um, 0.8 um pore length, 0.9 pm pore
diameter, round pore bottoms, 2) square pore arrays, pitch 12 pm, total pore length 7.26 pym
including etching pits with a depth 0f 4.23 um, 6.0 um pore opening diameter, and 3.5 um pore
bottom diameter. External permanent magnets (NdFeB, 20*5mm? (diameter*height), Grade
52)), and (NdFeB, 6*mm? (diameter*height), Grade 52) were purchased from Magna otom®
Group GmbH. Super-hydrophobic cover glasses (18*18 mm?) were purchased from Paul
Marienfeld GmbH & Co. KG, Germany. Silicon (Si) wafers (thickness 380 um) were provided
by Siegert wafer GmbH.

3.1.2 Chemicals

Sylgard 184 kit was purchased from Dow Corning. Tetrabutyl orthotitanate (TBOT, 99+%),
hydrogen tetrachloroaurate (III) hydrate (HAuCls x H20), 99.9% (metal basis), Au 49% min
and 1-dodecanethiol (98%) were purchased from Alfa Aesar. N-Aminoethyl-aza-2,2-dimethyl-
4-methylsilacyclopentane (hereafter referred to as cycloazasilane), acetylacetone (AcAc,
99+%), and hydrochloric acid (HCI, 37%) were bought from Gelest, Acros Organics, and
Merck, Germany, respectively. Anhydrous ethanol (EtOH, 99.5%) was obtained from VWR
International. 1H,1H,2H,2H-Perfluorodecyltrichlorosiliane (FDTS, purity 97%; stabilized with
Cu) was purchased from ABCR GmbH. Diethanolamine (DEA, 99.9%), Chitosan (CS, high
molecular weight), toluene (99.8%), potassium hydroxide (KOH, pellets), Pluronic F-127,
potassium dichromate (K>Cr207, 99.5%), and glacial acetic acid (HAc, 99.9%) were purchased
from Sigma Aldrich. Sodium hydroxide (NaOH, pellets, 99%) was purchased from ORG
Laborechemie GmbH. Mucasol detergent was obtained from Brand GmbH. Poly(styrene-
block-4-vinyl pyridine) (PS-b-P4VP; M, (PS)=128.0 g/mol; M, (P4VP) =35.0 g/mol, M,,/ M,=
1.10, and poly(styrene-block-2-vinyl pyridine) (PS-6-P2VP; M, (PS)= 89.500 g/mol; M,
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(P2VP)=25.500 g/mol, M.,/ M,= 1.18) was supplied by Polymer Source. Aqueous suspensions
containing 100mg/mL silica (SiO2) microparticles with a diameter of 4.07 um and 10 mg/ml
silica (SiO2) nanoparticles of 50nm were purchased from Bangs Laboratories, Inc and Alpha
Nanotech, respectively. Aqueous suspensions of 5 wt.% silica (SiO2) microparticles with
diameters of 143nm, 501nm, 755nm, and 985nm, as well as Si0>-NH> microparticles 976 nm
in diameter, were purchased from microparticles GmbH, Germany. 5 nm iron oxide
superparamagnetic nanoparticles (magnetite, Fe3O4) in water (Smg/ml) were purchased from
Cytodiagnostics Inc, Canada. Water-based ferrofluid with magnetic particle diameter
(magnetite Fe3sO4) of 10 nm having a particle concentration of 1.2 vol-% was provided by
Ferrotec USA. Aqueous dispersions of graphene oxide (GO) in water (0.4 wt.%) were obtained
from Graphenea. Zinc oxide (T-ZnO) tetrapods powder provided by Mads Clausen Institute,

University of Southern Denmark.

3.1.3 Methods

3.1.3.1 Scanning electron microscopy (SEM)

SEM was performed with a Zeiss Auriga scanning electron microscope using a secondary
electron chamber detector (SESI) and an in-lens detector. SEM was carried out at an
accelerating voltage of 8 keV in the case of titania samples, 15 keV in the case of block
copolymer films, and 1.9 keV in the case of printed magnetic nanoparticle aggregates. Before

imaging, all samples were sputter-coated (Emitech K575X) with platinum/iridium alloy.

3.1.3.2 Atomic Force Microscopy (AFM)

AFM was performed in contact mode using an NTEGRA microscope (NT-MDT) and
CSGO01/Pt GOLDEN SILICON cantilevers bought from TipsNano (silicon; tip curvature radius
35 nm; resonant frequency between 4 kHz and 17 kHz; force constant between 0.003 N m™!

and 0.31 Nm™).
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3.1.3.3 Contact angle measurements

A drop shape analyzer Kriiss DSA100 was used for water contact angle (WCA) measurements
at a temperature of 23 °C and relative humidity of 31%. Sessile water droplets with a volume
of 2 uL. were deposited on the substrates for each measurement. Each reported value is the

average of six measurements on three different samples at different locations.

3.1.3.4 X-ray photoelectron spectroscopy (XPS)

X-ray photoelectron spectroscopy (XPS) measurements were performed under an ultra-high
vacuum in an ESCA-unit Phi 5000 VersaProbe 111 with a base pressure of less than 10 mbar.
A monochromatic Al Ka X-ray source with excitation energy of 1486.6 eV was used. The X-
ray beam size was set to 100 pum. Both an ion gun and an electron gun were used to prevent the
charging of the samples. The take-off angle was 45° for all measurements. The XP spectra were
calibrated using the Carbon C 1s (284.5 eV) peak.[158] Origin was used for Lorentz fitting and
analyzing the XP spectra of all TiO2 based templates. For fitting chitosan (CS) and chitosan-
graphene oxide (CS-GO) hydrogel XPSPEAK41 software was used.

For site-selective modification of SiO, microparticles in macroporous-nanoporous substrates,
the XPS measurements were performed employing a PHI Versaprobe III spectrometer
equipped with a monochromatic Al Ka, micro-focused scanning X-ray source. To compensate
for charging effects, a dual-beam charge neutralization method was used. Calibration was

performed according to the position of the Cls line (284.8 eV).

3.1.3.5 Nitrogen sorption measurements

Nitrogen sorption measurements of TiO2 were performed on a "Surfer," distributed by the
company "Porotec" (Germany). Data evaluation was carried out using the “ASiQ" Software
from the company "Quantachrome Corporation"(Florida, USA). The temperature of the
measurement was liquid nitrogen temperature (-196°C). BET evaluation was done in a pressure

range between p/po = 0.05-0.3.
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3.1.3.6 Quartz crystal microbalance (QCM)

The thickness of the Ti and Au layers was estimated by using the method described
elsewhere.[159] An AT-cut eQCM quartz having a well-defined area was coated with metal
and weighed before and after deposition using GAMRY eQCM 10 M quartz crystal

microbalance. The deposition conditions were kept the same as metal deposition on samples.

3.1.3.7 Vibrating-sample magnetometer (VSM)

Magnetic stamping and characterizations were performed using LakeShore VSM Model 7407
at room temperature. Different magnetic field strengths were applied for stamping magnetic
nanoparticles under the magnetic field influence; 0.2T, 0.6T, 1.0T, and 1.4T for approximately
10 sec both in-plane and out-of-plane geometries. The magnetic inked stamp is placed on a
silanized silicon substrate and then attached to the VSM sample holder. The sample holder was
placed carefully at the central position between two pickup coils. After a magnetic field
application for 10 sec, the silicon counter substrate and the stamp were detached from the VSM
sample holder. Then, the stamp was carefully detached from the surface of the silanized silicon

substrate. More details can be found in section 3.3.4.4.2 4.

3.1.3.8 Other instrumentations

The SiO; filled particles inside each macropore were coated with titanium (Ti) and gold (Au)
by thermal evaporation. Thermal evaporation was performed in a vacuum chamber at 10~* mbar
using a Balzers BAE 120 evaporator. The thermal evaporator was equipped with a Maxtek
thickness monitor (MODEL TM-350), used for thickness measurements during deposition. The
self-assembly of SiO: particles in patterned arrays was done under 2000 rpm for 1 min using a
spin coater G3P-8 from Specialty Coating Systems. A sonicator Elmasonic P from Elma was
used for sonication at a frequency of 35 kHz. Oxygen plasma treatment was performed at 100
W with Diener Femto plasma cleaner supplied by Diener electronic GmbH. High-temperature
treatments were done using a Muffle furnace (Nabertherm GmbH). The stamp was prepared in
custom build computer-controlled furnaces under a vacuum. Sputtering of gold was done with

JEOL JFC-1200 fine coater.
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3.1.4 Size and shape analysis

Imagel software was used to analyze the size and shape of the obtained stamped spots or
particles if not mentioned otherwise. The evaluation was done by evaluating corresponding
SEM images. To make the corresponding SEM images binary, the threshold was selected so
that with changing the brightness and contrast, the sizes of stamped spots did not change. The
particle diameter, d, and side-lengths / of square-shaped aggregates were calculated using
equations 3-1 and 3-2, respectively. The area 4 [160] values were obtained from the Imagel

processed data, and then d was calculated with OriginLab.

d= /4.% Equation 3-1

d=+A Equation 3-2

The circularity [159, 160] and aspect ratio were calculated using equations 3-3 and 3-4. The
circularity and the aspect ratio of an object describe the deviation of the shape of an object from

an ideal circle. The circularity and aspect ratio of an ideal circle is equal to 1.

Circularity = 4m. Equation 3-3

perimeter?

major axis

Aspect ratio = Equation 3-4

minor axis

The plot-line profile in the case of the square edge length of square-shaped stamped aggregates
was analyzed with Image J.
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3.2 Procedures

3.2.1 Preparation of substrates and template surfaces

3.2.1.1 Preparation of FTO substrates

For TiO; holey film or hollow ring fabrication, the FTO glasses (15%15%2.2 mm?®) were first
rinsed with 3 wt.% mucasol detergents in water, followed by successive ultrasonication in
acetone, ethanol, and DI water for 15 min followed by drying in an argon flow. The cleaned
FTO glasses were treated with oxygen plasma at 100 W for 10 min before drop-casting of TiO>

sol-gel solution.

3.2.1.2 Preparation of silicon (Si) substrates

For TiO2, Au, CS, and CS-GO hollow microrings fabrication, the silicon substrate was
ultrasonicated in acetone, ethanol, and DI water for 15 minutes and dried in an argon flow. The
cleaned silicon glasses were treated with oxygen plasma at 100 W for 10 min before drop-

casting of TiO2 sol-gel, Au, CS, or CS-GO solution.

3.2.1.3 Silanization of macroporous silicon (mSi)/silicon (Si)

substrate

For silanization, the mSi and silicon substrates were subjected to successive ultrasonication in
acetone, ethanol, and DI water for 15 min, followed by drying in an argon flow. The cleaned
mSi and Si substrates were treated with oxygen plasma at 100 W for 10 min before silanization.
The primary mold mSi templates and silicon substrates for printing were hydrophobically
modified with FDTS following a procedure described elsewhere.[161] Briefly, mSi templates
and silicon substrates were modified by vapor deposition at 100 °C for 5 h and 100 °C for 2 h

under room pressure respectively.
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3.3 Syntheses and Fabrication methods

3.3.1 Topographically patterned TiO, substrates as a

platform for wetting metamaterials

3.3.1.1 Fabrication of the PDMS secondary mold

PDMS secondary molds were fabricated using a mSi template as a primary mold, which was
hydrophobically modified with FDTS as described above (see section 3.2.1.3). Then, degassed
PDMS prepolymer formulation (base: curing agent = 10:1) was poured onto the modified mSi
template and cured overnight at 70 °C. The degassing of PDMS was done in a vacuum
desiccator. After curing, the PDMS secondary mold was a negative replica of the macroporous

silicon template.

3.3.1.2 Synthesis of titania (TiOz) sol-gel precursor solutions

TiO2 sol-gel precursor solution was synthesized following a procedure described
elsewhere.[162, 163] Briefly, 2 g of F127 was added to = 68 mL of anhydrous ethanol (EtOH)
under stirring. Then, 8 mL of concentrated HCI (37%) was added slowly to the mixture and
allowed to mix for 30 mins at room temperature under vigorous stirring (F127/EtOH/HCI).
Separately, = 5.9 mL of TBOT was added to = 68 mL of EtOH and 4 mL of AcAc under
vigorous stirring at room temperature for about 30 mins (TBOT/EtOH/AcAc). Finally, = 74
mL of FI127/EtOH/HCI solution was added to the = 75 mL solution mixture of
TBOT/EtOH/AcAc under vigorous magnetic stirring (speed: = 500 rpm) for 1 h at room
temperature. After stirring (speed: = 500 rpm) for 23 h at room temperature, the solution had
an orange color, and the volume of the final concentrated solution was = 23 mL. The molar
ratio of F127: TBOT was adjusted to 0.00015:0.0173. Pluronic F127 was used as a structure-
directing agent and TBOT as the inorganic precursor for TiO>. AcAc [87] and HCI [164] were
used to control the sol-gel chemistry of the Ti-precursor and slow the rates of hydrolysis and

condensation. TBOT precursor has two major advantages over other precursors (for example,
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titanium (IV) isopropoxide, titanium (IV) chloride, and titanium (IV) ethoxide): (i) n-butanol
can be in situ released, acting as swelling agent or cosurfactant and (ii) its higher linearity and

larger dimensions.[162, 165]

3.3.1.3 Fabrication of patterned holey TiO: films

20uL of the synthesized TiO; sol-gel precursor solution was drop-cast onto cleaned FTO glass
(see section 3.2.1.1 for the cleaning procedure). Directly after deposition of TiO2 sol, the PDMS
secondary mold attached to a steel block with double-sided polyimide tape was pressed against

the TiO> sol-gel precursor solution located on FTO glass (Figure 3-1a-d).

'Weight‘
_’ _> _» pTi0s holeyfilm

(2) Replication (b) Detachment (¢) Imprinting (d) Thermal treated
TiO,

Figure 3-1 Patterned titania (pTiO2) holey films and their preparation. Schematic illustration
of the fabrication of pTiO; holey films. (a) PDMS pre-polymer is poured onto a surface-
modified primary silicon mold and then cured. (b) Detachment yielded a secondary PDMS
mold, which is a negative replica of the primary silicon mold. (c¢) TiO2 sol-gel solution is cast
onto an FTO glass substrate and then sandwiched between PDMS stamp and FTO glass
substrate while the additional load 1is applied. (d) After thermal treatment, a
macroporous/mesoporous TiO; film (pTiO; holey) forms on the FTO glass substrate.

The mass of the steel block was 40 g, and together with double-sided polyimide tape, it was
40.06 g. The thickness of the PDMS secondary mold was approximate. 4 mm, having a mass
of approximately 0.34 g and the contact area of the PDMS secondary molds on the TiO> films
was approximate. 10 mm x 10 mm. The total mass of steel block, PDMS secondary mold, and
polyimide tape summed to 40.40 g. The pressure exerted on the TiO sol-gel precursor solution
amounted to 3.95 kN m™. The whole setup was heated from RT to 250 °C in the air at a heating
rate of 5°C/min, kept at 250°C for 2h and then cooled to 60 °C at a cooling rate of 5°C/min
(Figure 3-1c). The PDMS secondary mold and the steel block were detached at 60 °C. The
holey macroporous TiO> film was then heated to 450°C at a heating rate of 5°C/min under
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ambient atmosphere and kept for 1 h at this temperature to obtain solvent-free and crystallized
holey titania films. [166] The obtained patterned TiO, film (pTiO2) (10 x10 mm?) having
macropores at the position of PDMS pillars was mechanically stable, transparent, and crack-

free (Figure 3-1d).

3.3.1.3.1 Self-assembly of SiO: microparticles inside TiO:

macropores

Si0, microparticles were deposited into the TiO> macropores using a simple spin coating
method. The pTiO> film was first treated with oxygen plasma with 100 W for 10 min to
hydrophilize [16] the surfaces of the macropores to ensure water retention inside the channels,
followed by heating at 350 °C for 15 mins. Then, the samples were taken out and spin-coated
with 20uL of 0.5 wt.% aqueous solutions of SiO> microparticles at 2000 rpm for 1 min using
a spin coater G3P-8 from Specialty Coating Systems. After spin coating, the samples were
heat-treated at 350 °C for 15 minutes to generate hybrid TiO2/Si02 (pTiO2_Si02) patterned
arrays. The subsequent heat treatment helps increase the adhesion of SiO; particles to the TiO2

microwells.

3.3.1.3.2 Surface chemistry of self-assembled SiO: microparticles

The surface chemistry of self-assembled SiO> microparticles inside TiO> macropores was
modified by three different routes, (1) adsorption of a) cycloazasilane, b) FDTS, and c) 1-
dodecanethiol, (2) Au metal caps coated on the SiO» particles inside the TiO2 macropores by

thermal evaporation, and (3) block-copolymer rods attached to the filled particles.

(1) For pTiO2 _SiO2  template  surface  modification  with  cycloazasilane
(pTiO2_Si102@cycloazasilane), the pTiO,_SiO; templates were kept in 10 ml of a 2 vol-%
solution of cycloazasilane in toluene for 2 h at room temperature. The obtained

pTi02_SiOz@cycloazasilane templates were successively rinsed with toluene, ethanol, and

35



Experimental

water. The substrates were then blown dry with argon. The same procedure was applied to
modify  pTiO2_SiOr@Au  templates with  1-dodecanethiol (pTiO2 SiO@Au@]1-
dodecanethiol). The  pTiO2_SiO» template was also modified with
perfluorodecyltrichlorosiliane molecules (pTiO2_SiO2@FDTS) by a vapor deposition method

at 100 °C for 5 h under room pressure.

(2) The SiO2 microparticles inside each macropore were coated with titanium (Ti) and gold
(Au) by thermal evaporation (pTiO2 SiO>@Au) (Figure 3-2). Thermal evaporation was
performed in a vacuum chamber at 10~* mbar using a Balzers BAE 120 evaporator. A = 20 nm
thick Au layer was deposited after a = 5 nm Ti layer deposition serving as an adhesion
promoter. The thermal evaporator was equipped with a Maxtek thickness monitor (MODEL
TM-350), which was used for thickness measurement during deposition. The thickness of the

Ti and Au layers was estimated by using the method described in section 3.1.3.6.

(3) After modification of pTiO>_SiO; templates with FDTS, 20 uL of a 10 wt.% solution of
PS-b-P2VP in toluene was cast on the modified pTiO>_SiO, templates. The latter was then
placed under the Petri dish to slow down solvent evaporation for 24 h at room temperature.
The PS-b-P2VP bulk film was detached after sonification for 15 mins in ethanol, followed by
bulk layer removal with scalpels (Figure 3-3).

A" Vacuum

chamber
Au

S~
Substrate @ O 0 O 9+—sio,

pTiO; Si0, template
@ e e 0@

PR ™~ Vapor flux
['_1'\ __ Crucible containing
target material
(a) (b)

Figure 3-2 Schematic showing thermal evaporation setup for deposition of gold (Au) layer on
SiO> microparticles in  pTiO2 _SiO2(143nm) template (a), and (b) the resulting
PpTiO2_Si02(143nm)@Au template after thermal evaporation.

pTIO,_SiO,@Au
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Figure 3-3 Schematic showing the fabrication of PS-b-P2VP block copolymer rods inside the
pTiO2_SiO; template; (a) solution casting of PS-b-P2VP block copolymer solution in toluene,
(b) bulk layer removal with the help of scalpels after complete evaporation, and (¢) the resulting
fabricated pTiO2_SiO; template along with PS-5-P2VP rods.

3.3.1.3.3 Switchable water wettability

A simple and ease of wettability reversal of TiO; based surface from hydrophobic state to
persistent super-hydrophilic state and vice versa was reported.TiO; is intrinsically hydrophilic;
by texturing, the TiO; film surface has the potential to increase hydrophilicity.[167] Texturing
of semiconducting metal oxide (TiO;) patterned microwells was achieved with the self-
assembly of different sizes of SiO> microparticles inside arrays. The scheme in Figure 3-4
shows the wettability exchange between the different stages. A direct imprinting method was
performed to fabricate TiO> holey patterned arrays, which showed the hydrophobic property
(Figure 3-4a). After the self-assembly of different sizes of SiO> microparticles inside TiO:
holey film, the super-hydrophilic property is achieved (Figure 3-4b). For gaining the
hydrophobic state, the surface chemistry of SiO» particles embedded in TiO; arrays is modified
with different hydrophobic molecules (Figure 3-4c). For wettability switching from
hydrophilic to hydrophobic, the infiltrated self-assembled SiO; particles can be detached from
the microwells to restore the native hydrophobic state. For wettability switching from
hydrophobic to hydrophilic, by heating the substrates, the transition can occur. High adhesion
of water droplets to the surfaces was observed in all hydrophobic states, and even upon tilting
and vigorously moving substrates, the droplet remained strongly pinned. The evaporation
dynamics study of water droplets is performed on all modified surfaces, including sessile water

droplet shape evolution during evaporation.

37



Experimental

‘ Surface

§i0, microspheres @ @ modification
et |
: v OO G
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Figure 3-4. Wettability management of topographically patterned TiO.. a) TiO2
topographically patterned with arrays of macropores (pTiO.) is hydrophobic. b) Deposition of
Si0, microspheres into the macropores of pTiO2 (pTiO2_SiO2) changes the wettability to
hydrophilic. ¢) Chemical modification of pTiO> SiO> switches the wettability again to
hydrophobic.
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3.3.2 Site-selective orthogonal modifications of SiO;

microparticles in PS-5-P2VP and PS-56-P4VP substrates

3.3.2.1 Fabrication of patterned PS-6-P2VP and PS-b-P4VP

substrates

100 mg of PS-b-P4VP were dissolved in 4 mL of toluene and shook for 48 hours to completely
dissolve the polymer. 100 uL of the PS-h-P4VP solution was dropped on top of a PDMS
secondary mold negative replica (10 x10 mm?) obtained from a silicon master template with a
6 um pore opening diameter (see section 3.3.1.1) left at room temperature for 24 hours in a
ventilated hood for solvent evaporation. The dried polymer films were then heated at 200 °C
for 18 hours in an argon atmosphere. Then, the films were swelled in ethanol at 60 °C for 4
hours for pore generation using a protocol established elsewhere [168, 169]. The ethanol is
selective to P2VP domains and swells upon heating of PS-b-P2VP. The swelling of the P2VP
domains leads to the plastic deformation of the non-swollen PS matrix. With changing the
swelling time, the pores sizes can be tuned. The films were removed from the ethanol and
immediately placed with the square pore mouths facing upwards on top of a glass substrate
previously cleaned with oxygen plasma. Finally, the polymer films were placed in an oven at
40 °C overnight for drying. The second set of block-copolymer PS-b-P2VP membranes was
also fabricated. 100 ug of PS-H6-P2VP were dissolved in 1 mL of toluene and mixed for 48
hours to completely dissolve the polymer. 100 pL of the PS-5-P2VP solution was dropped on
top of a PDMS secondary mold negative replica obtained from a silicon master template with
0.9 um pore diameter (see section 3.3.1.1). The other steps followed were the same as described

above.

3.3.2.1.1 Modification of infiltrated SiO2 microparticles inside PS-
b-P2VP or PS-b-P4VP macroporous substrates

Si02 microparticles with diameters of 4.07 pm and 0.755 um were infiltrated into the
macropores of macroporous PS-b-P4VP and PS-b-P2VP substrates, respectively. First, the

macroporous PS-bH-P4VP or PS-b-P2VP films were fixed on a glass substrate. The SiO:
39



Experimental

microparticles were deposited inside the PS-b-P2VP and PS-b-P4VP macropores by spin-
coating. The surface of the substrates patterned with macropores was first treated with oxygen
plasma 100 W for 2 min to hydrophilize [16] the macropores to ensure water retention inside
the macropore channels, followed by heating at 50 °C for 15 mins. Then, the samples were
taken out and spin-coated with 20uL of 0.5 wt.% aqueous solutions of the S10, microparticles
at 2000 rpm for 1 min using a spin coater G3P-8 from Specialty Coating Systems. After spin
coating, the samples were heat-treated at 50 °C for 15 minutes to generate hybrid PS-b-

P2VP/SiOz and PS-b-P4VP/SiO> patterned substrates.

After the infiltration of 4.07 pum SiO2 microparticles inside the macropores of the macroporous
PS-b-PAVP substrates, the top side of the embedded SiO» microparticles along with the
patterned PS-b-P4VP membrane was sputtered coated with a = 20 nm thick gold layer using a
JEOL JFC-1200 fine coater. The top side of the embedded gold-coated SiO> microparticles
was modified with 2 vol-% solutions of 1-dodecanethiol in ethanol at room temperature for 3
h. Then, the macroporous PS-b-P4VP/SiO, modified with 1-dodecanethiol was successively
rinsed three times with ethanol and water. The substrates were then blown dry with Argon. The
backside of the embedded SiO> microparticles inside PS-b-P4VP macropores was modified
with (3-aminopropyl)triethoxysilane (APTES) using a home-built device shown in Figure 3-5.
Figure 3-5 illustrates the modification method used for selective capping of infiltrated Si0;

microparticles inside the PS-b-P4VP macropores.

40



Experimental

(b)

Figure 3-5 Photograph of a syringe part without needle used to modify embedded SiO>
microparticles in PS-b-P4VP and PS-b-P2VP macroporous substrates (a) Syringe and the
home-built device, which is fixed at the top needle side. (b) The top view photo of the home-
built steel device with 5 small holes to supply selected modification solutions.

The macroporous PS-H-P4VP membranes infiltrated with SiO> microparticles and modified
with 1-dodecanethiol were first detached from the glass slide with the help of a scalpel. The
detached films were placed on the top side of the device (shown in Figure 3-5b) so that the 1-
dodecanethiol modified surface faced the top. The backside was now modified with a 4 vol-%
ethanolic solution of APTES injected from a syringe so that the solution was in contact with
the backside of macroporous PS-6-P4VP membrane infiltrated with SiO, microparticles (4.07
um) and modified with 1-dodecanethiol. The 4 vol-% ethanolic solutions of APTES solution
go out within small holes in the steel device. APTES modification was done for 3 h at room

temperature, followed by successively rinsing three times with ethanol and water. The
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substrates were then blown dry with argon. Figure 3-6 shows the schematics of the modification

of embedded SiO; particles inside the confined channel.

Thiol
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Figure 3-6 Schematics of the method used to selectively modify the top and bottom sides of
Si02 microparticles inside the macropores of a patterned PS-b-P4VP substrate.

The same procedure described above was used to modify embedded SiO> microparticles with
a diameter of 0.755 um inside a patterned PS-b-P2VP substrate. The top side of the embedded
S10, microparticles and the patterned PS-b-P2VP substrate were sputter-coated with a =~ 20 nm
thick gold layer using a JEOL JFC-1200 fine coater. Then bottom side was modified with 2
mM of potassium dichromate following the same procedure as for APTES modification

described above.
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3.3.3 Fabrication of hollow microrings

3.3.3.1 Synthesis of titania (TiO2) sol-gel solution

TiO; sol-gel solution was synthesized following the procedure described elsewhere.[170]
Briefly, tetrabutyl titanate (TBOT) was added to a solution of anhydrous ethanol (ETOH) and
diethanolamine (DEA) and mixed vigorously with a magnetic stirrer for 2 h separately. Glacial
acetic acid (HAc) and DI water were mixed separately, followed by the dropwise addition to

the TBOT solution. The solution was stirred for 24 h to get the final concentrated solution.

3.3.3.2 Synthesis of chitosan-graphene oxide (CS-GO) hydrogel

CS-GO hydrogel was synthesized following a procedure described elsewhere.[171] Briefly,
0.25 mL glacial acetic acid (HAc) was added to 49.75 mL deionized (DI) water. The solution
was stirred for 15 min at room temperature. Then, 0.25 g chitosan powder was added to 24.8 g
of the aqueous acetic acid solution to obtain a solution containing 0.5 wt.% CS. The solution
was stirred by high-speed vortexing using a Vortex-Genie 2 for 15 mins at room temperature.
1 wt.% of CS-GO solution was synthesized by adding aqueous GO dispersion to the chitosan

solution. The CS-GO solution was vigorously stirred for 24 hours at room temperature.

3.3.3.3 Synthesis of gold (Au) precursor solution

The gold precursor solution was synthesized by following procedures reported elsewhere.[172]
0.44 g NaOH was dissolved in 200 mL of DI water in a beaker (55 mM) and left for stirring
for 30 mins at room temperature. In the other beaker, 0.164 g HAuCls x H2O was mixed in 130
mL of DI water (3.73 mM) and left for mixing in stirring for 15 mins. 10 mL of each solution
were mixed in another beaker to produce a final 20 mL mixture and mixed in Vortex for 10

mins at 300 rpm.
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3.3.3.4 Fabrication of hollow chitosan (CS)/CS-GO microrings

20 pL of 0.5 wt.% CS or 1 wt.% of CS-GO precursor solutions was drop cast on cleaned silicon
substrates (see section 3.2.1.2 for cleaning procedure). Directly after deposition of the
solutions, the PDMS secondary molds (PDMS square-shaped top elements with a diameter of
~ 4.3 pm) attached to a steel block with double-sided polyimide tape were pressed against the
precursor solution located on the Si substrates as shown in Figure 3-7. Steel blocks with a mass
of 40 g or 80g were used for different experiments. In the setup with a single steel block, the
mass of the steel block was 40 g, and together with double-sided polyimide tape, it was 40.06
g. The thickness of the PDMS secondary mold was approximately 4 mm, and its mass
amounted to approximately 0.34 g. The contact area of the PDMS secondary mold on the
precursor solution was approximately 10 mm x 10 mm. The total mass of steel block, PDMS
secondary mold, and polyimide tape summed up 40.40 g. The pressure exerted on the precursor
solution amounted to 3.95 kN m™. The total mass of two steel blocks, PDMS secondary mold
and polyimide tape, summed to 80.40 g. The pressure exerted on the precursor solutions
amounted to 7.87 kN m. The whole setup, in either case, was heated from RT to 160 °C in
the air at a heating rate of 5°C/min, kept at 160°C for 2h and then cooled to 60 °C at a cooling
rate of 5°C/min. The PDMS secondary mold and the steel block were detached at 60 °C. The

final substrate consisted of CS or CS-GO patterned hollow microrings.

— Weight

, ‘ PDMS stamy
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(a) Solution casting (b) Imprinting {c) Hollow microrings

Figure 3-7 Hollow microrings and their preparation. Schematic illustration of the fabrication
of hollow microrings. (a) The desired solution is cast onto Si or FTO substrates and (b) then
sandwiched between PDMS stamp and substrates while the additional load is applied. (c) After
thermal treatment, hollow microrings form on the substrates.
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3.3.3.5 Fabrication of hollow titania (TiO2) microrings

20uL of synthesized TiO> sol-gel precursor solution was drop cast onto cleaned FTO glass or
Si substrates (see sections 3.2.1.1 and 3.2.1.2 for cleaning the substrates). Directly after
deposition of the solution, the PDMS secondary mold attached to a steel block with double-
sided polyimide tape was pressed against the precursor solution located on the FTO or Si
substrates. Steel blocks with a weight of 40 g or 80g were used for different experiments. The
whole setup was heated from RT to 250 °C in the air at a heating rate of 5°C/min, kept at 250°C
for 2h and then cooled to 60 °C at a cooling rate of 5°C/min. The PDMS secondary mold and
the steel block were detached at 60 °C. The TiO> microrings were then heated to 450°C at a
heating rate of 5°C/min under ambient atmosphere and kept for 1 h at this temperature to obtain

arrays of solvent-free and crystallized holey TiO2 microrings.[166]

3.3.3.6 Fabrication of hollow gold (Au) microrings

To synthesize Au hollow microrings on cleaned Si substrates (see sections 3.2.1.2 for cleaning
the substrates), 20uL of precursor solution was drop cast onto the cleaned Si substrates.
Directly after deposition of the solution, the PDMS secondary mold attached to a steel block
with double-sided polyimide tape was pressed against the precursor solution located on Si
substrates. The whole setup was heated from RT to 140 °C in the air at a heating rate of
5°C/min, kept at 140°C for 2h and then cooled to 60 °C at a cooling rate of 5°C/min. The
PDMS secondary mold and the steel block were detached at 60 °C. The microrings of Au were
then heated to 450°C at a heating rate of 5°C/min under ambient atmosphere and kept for 1 h

at this temperature.
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3.3.4 Magnetic  induced insect-inspired capillary

nanostamping (MA-IICN)

3.3.4.1 Synthesis of zinc oxide tetrapods (T-ZnO)

Zinc oxide tetrapods (T-ZnO) was synthesized following the procedures reported
elsewhere.[173, 174]

3.3.4.2 Fabrication of zinc oxide tetrapod (T-ZnO) pellets

For fabricating 3D ZnO pellets, 20mg of zinc oxide tetrapod (T-ZnO) powder was pressed in
a mold (diameter, d=13 mm) with the help of a stainless-steel pressing tool carrying a mass m
of approximately. 35 g, a diameter d of 13 mm and length / of approximately. 30 mm. The steel
mold and a pressing tool of the Manual Hydraulic Press device (Graseby by Specac Limited)
were used, as shown in Figure 3-8. The T-ZnO powder was pressed under a pressure of 0.65

kN m in an ambient atmosphere for approximately 15 sec.

E: |
I

. 5mm

() (b)

Figure 3-8 Fabrication of zinc oxide tetrapod (T-ZnO) pellets. (a) The stainless-steel pressing
tool and (b) the resulting T-ZnO pellet with a diameter d of =13 mm and a thickness ¢ of =1
mm.
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3.3.4.3 Fabrication of PS-b6-P2VP/T-ZnO porous composite

stamps

Two porous composite stamps were fabricated with either tip as contact surfaces (TC) or holey

contact surfaces (HC) as stamping layers.
3.3.4.3.1 Fabrication of PS-b-P2VP/T-ZnO porous composite

stamps with a tip-like contact surface (TC)

A composite stamp consisting of block copolymer PS-b-P2VP stamping layer 2 attached to T-
ZnO layer 1 is schematically shown in Figure 3-9a-f. The 3D T-ZnO pellet (diameter =13 mm
and thickness /= Imm, mass m = 20mg) was heated for 1.25 h at 60 °C (Figure 3-9a). After
heating, the pellet was removed and placed on a cleaned hydrophobic glass substrate (18*18
mm?). The pellet was infiltrated with 10 wt.% of PS-h-P2VP solution in toluene in two
successive steps at room temperature (Figure 3-9b). 60 puL of PS-6-P2VP in toluene was
infiltrated and kept under a petri dish on top. After a wait time of 10 minutes, the pellet was
infiltrated again with 60 pL of PS-5-P2VP solution and then covered with a petri dish to slow
evaporation. In total, 120 uL of a 10 wt.% solution of PS-H-P2VP in toluene was infiltrated in
two steps in a T-ZnO pellet. The toluene was allowed to evaporate for 72 h at room temperature.
In the next step, a PS-6-P2VP film was sandwiched between the infiltrated T-ZnO pellet and a
surface-modified silicon master template with 0.9 um pore diameter (mSi) (Figure 3-9c). The
latter was hydrophobically modified with FDTS as described in section 3.2.1.3. As a result, the
PS-b-P2VP bonded to T-ZnO layer 1 could be easily detached from the silicon master template
with 0.9 um pore diameter (mSi). The PS-b-P2VP film was prepared by drop-casting 140 pL
of'a 10 wt.% solution of PS-h-P2VP in toluene onto a superhydrophobic glass substrate (18*18
mm?). The superhydrophobic glass substrate was used for easy removal of PS-h-P2VP dried
films. The toluene was allowed to evaporate for 72 h at room temperature. The whole sample
consisted of a PS-/-P2VP film sandwiched between the T-ZnO infiltrated pellet. A surface-
modified silicon master template was heated under a vacuum applying a pressure of 2.2 kN m"
2 on the sample using a weight. The sample was heated from room temperature to 200 °C at a
heating rate of 5 °K/min and then kept for 1 min at 200 °C, then heated from 200 °C to 220 °C
at a heating rate of 1 °K/min. After keeping for 2 h at 220 °C, the setup was cooled to room

temperature at a cooling rate of -1 K/min. The composite stamp was detached from the
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hydrophobic silicon master template by sonicating in ethanol for 5 mins (Figure 3-9d). The
obtained PS-h-P2VP/T-ZnO composite stamp was treated with hot ethanol using a protocol
established elsewhere [168, 169] to generate continuous nanopore systems in the PS-5-P2VP
stamp layer 2 (Figure 3-9¢). The PS-b-P2VP layer 2 bonded to T-ZnO layer 1 was treated with
ethanol at 60 °C for 4 h. The ethanol is selective to P2VP domains and swells upon heating of
PS-b-P2VP. The swelling of the P2VP domains leads to the plastic deformation of the non-
swollen PS matrix. With changing the swelling time, the pores sizes can be tuned. The
swelling-induced pore generation in PS-b-P2VP can result in volume expansion, which was
prevented with the help of rigid T-ZnO reinforced support. Figure 3-10 shows the photograph
of a PS-b-P2VP/T-ZnO composite stamp.

(a)

PS-5-P2VP film

PS-5-P2VP film

o v

o0 U
Cover glass slide mSi

Infiltration Hot embossing

(d)

(¢)

Y
\
’I’ -’\b'l ‘— .( W = \p
» -

Porous stamp Swelling Detachment

Figure 3-9 Schematic illustration of the fabrication of porous composite stamps consisting of
block copolymer (PS-6-P2VP) and zinc oxide tetrapods (T-ZnO) composite. (a) PS-6-P2VP
solution (blue) drying on a cover glass slide (grey) after drop cast. (b) Infiltration of PS-b-
P2VP block copolymer solution into T-ZnO pellet (orange). (¢) A PS-b-P2VP film is
sandwiched between the infiltrated T-ZnO pellet and a hydrophobically modified silicon
master template (mSi)(black) in a way that T-ZnO and mSi mold are in contact with the PS-b-
P2VP. (d) The composite stamp (PS-b6-P2VP/T-ZnO) was detached from the hydrophobically
modified silicon master template after cooling to room temperature. (¢) The PS-H-P2VP/ T-
ZnO composite stamp is treated with hot ethanol to generate nanopores in PS-b-P2VP by
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selective-swelling induced pore generation. (f) The result is a porous composite stamp system
with T-ZnO layer 1 and PS-5-P2VP stamping layer 2.

r

| u\'l‘\i é \

Figure 3-10 Photograph of a PS-b-P2VP/T-ZnO composite stamp. The porous T-ZnO layer 1
has a diameter d=13 mm. The porous PS-b-P2VP stamping layer 2 has a diameter of d=13 mm.

3.3.4.3.2 Fabrication of PS-6-P2VP/T-ZnO porous composite

stamps with holey contact surfaces (HC)
The same procedure as described in section 3.3.4.3.1 was followed to fabricate composite
stamps with holey contact surfaces. The PS-b-P2VP film was sandwiched between the T-ZnO

infiltrated pellet and a secondary PDMS mold. All other steps were followed the same as
described.

3.3.4.4 Stamping procedure

3.3.4.4.1 Stamp holder

A stamp holder made of aluminum having a length of approximately 35 mm with a weight of
approximately 6 g was used. Figure 3-11 shows the stamp holder with a permanent external
magnet (NdFeB, 6*1mm? (diameter*height), Grade 52) embedded in a PDMS block layer
(thickness ¢ = 5 mm). The total weight is 6.9 g.
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Figure 3-11 Photograph of stamp holder made of aluminum, having a PDMS layer with a
permanent external magnet (NdFeB, 6*1 mm? (diameter*height), Grade 52) embedded.

3.3.4.4.2 Stamping process

PS-b-P2VP/T-ZnO stamps with either tip contact surfaces (round or square-shaped) or with
holey contact surfaces having round or square-shaped holes were used in the entire work. The
same stamp holder (made of aluminum) was used in all setups I, II, and III (see below). Before
inking, the backside of the PS-H-P2VP/T-ZnO composite nanoporous stamp, which is T-ZnO
layer 2, was first treated with oxygen plasma for 2 min at 100 W. Then, approximately 24 pL
of magnetic ink was infiltrated from the backside (T-ZnO layer 2) at RT and allowed for 3 min

to infiltrate completely.

The complete wetting of the PS-H-P2VP layer verified the successful supply of ink from the T-
ZnO backside. After infiltration with ink for 3 min at RT, the residual ink on the stamp was
removed with a tissue. The easy flow of ink to the PS-H-P2VP layer from the T-ZnO layer may
be due to the high porosity of the T-ZnO 3D pellet. The stamp is then glued to a PDMS layer
already connected to the stamp holder with double-sided polyimide tape. The whole setup is
brought into contact with the counterpart substrate for approximately 3-5 sec in the case of
setups I, 11, and III (Figure 3-12b) and 10 sec in the case of setup IV. The counterpart substrate
was placed on PDMS support depending on the setup used. After conformal contact with the
counterpart substrate, the whole stamp setup is detached (Figure 3-12c), resulting in the

deposition of printed aggregates/square-array patterns on the counterpart substrate depending
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on the used stamp and setup. The stamp's edges were cut with a scalpel to make it as smooth
as possible before stamping. The stamping process presented in this work (setups I, II, and III)
was carried out by hand. Hence, the stamping was performed by making the stamp contact with
the counterpart surface with minimal or no pressure. The throughput was very high; at least 10
stamping cycles could be performed without re-inking. If not specified otherwise, stamps with

a size of 5 x 5 mm? were used for every stamping process.

Stamp holder

= T-Zn0
l S S S S, = PS 5-P2VP
PUT oY =

{(a) Approaching (b) Stamping (c) Detachment

Figure 3-12 Illustration of a stamping process. (a; approach); the zinc oxide tetrapods (T-ZnO)
and the porous PS-H-P2VP layer filled with magnetic ink (red, infiltrated from the backside).
(b; Stamping) After infiltration with ink, the stamp is brought into contact with the counterpart
substrate. (c; Detachment) The stamping step after conformal contact. After conformal contact
with the counterpart, the stamp setup is detached, and printing aggregates on the substrate
depending on the used stamp.
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3.3.4.4.2.1 Setup I

The schematic in Figure 3-13 shows the setup I used for the stamping process with PS-b-
P2VP/T-ZnO nanoporous composite stamps. The thickness of the PS-b-P2VP and T-ZnO
layers of the PS-b-P2VP/T-ZnO nanoporous composite stamps is 0.065 mm and 1 mm,
respectively. Before inking, the backside of the PS-b-P2VP/T-ZnO nanoporous composite
stamp, which is the T-ZnO layer, was first treated with oxygen plasma for 2 min at 100 W.
Then, approximately 24 pL of magnetic ink was infiltrated from the backside at RT and
allowed for 3 min to infiltrate completely. The complete wetting of the PS-b-P2VP layer
verified the successful supply of ink from the T-ZnO backside. After infiltration with ink for 3
min at RT, residual ink on the stamp was removed with a tissue. The stamp was now glued to
a PDMS layer. The PDMS layer extended 10*10 mm? and weighted approximately 0.58 g. The
stamp glued to the PDMS layer was connected to a stamp holder with double-sided polyimide
tape. The whole setup was brought into contact with the counterpart substrate. The counterpart
substrate was placed on PDMS support. After conformal contact with the counterpart substrate,
the whole stamp setup was detached and resulted in the deposition of aggregates or square

arrays on the counterpart substrate depending on the used stamp.

=3 Stamp holder

ol ]-— 1 mm
HFh ]_ 0.065 mm

L T ,'&.
LT T T T

PS-b-P2VP/T-ZnO

J3—0.38 mm

Figure 3-13 Schematic showing the experimental setup I for capillary stamping by PS-b-
P2VP/T-ZnO nanoporous composite stamps. The zinc oxide tetrapods, T-ZnO, and block
copolymer, PS-b-P2VP, are filled with magnetic ink (red, infiltrated from the backside). After
infiltration with ink, the stamp is now glued to the PDMS layer. The stamp setup is brought
into contact with the counterpart substrate. The counterpart substrate is placed on a PDMS
support. The stamp setup after conformal contact with the counterpart substrate is detached.
Depending on the used stamp, it results in aggregates/square arrays printed on the counterpart
substrate.
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3.3.4.4.2.2 Setup II:

The schematic in Figure 3-14 shows the setup II used for the stamping process referred to as
magnetically induced stamping with PS-5-P2VP/T-ZnO nanoporous composite stamps. The
stamp is brought into contact with the counterpart substrate. The counterpart substrate was
placed on a PDMS support. All the dimensions and the setup were the same as the setup I, only
with incorporating a permanent external magnet into the PDMS support placed below the
counterpart substrate, as shown in Figure 3-14. After conformal contact with the counterpart
substrate, the whole stamp setup was detached and resulted in aggregates/square arrays printed

on the counterpart substrate depending on the used stamp.

NdFeB magnet
NdFeB magnet
PDMS

Figure 3-14 Schematic showing the experimental setup II for capillary stamping by PS-b-
P2VP/T-ZnO nanoporous composite stamps. The zinc oxide tetrapods, T-ZnO, and block
copolymer, PS-b-P2VP, are filled with magnetic ink (red, infiltrated from the backside). After
infiltration with ink, the stamp is now glued to a PDMS layer. The stamp setup is brought into
contact with the counterpart substrate. (a) Out-of-plane geometry, for generating a
perpendicular magnetic field, the counterpart substrate is placed on external permanent
magnets embedded in PDMS (NdFeB, 20*5mm? (diameter*height), Grade 52)). (b) In-plane
geometry For generating a parallel magnetic field, the counterpart substrate is placed besides
external permanent magnets embedded in PDMS (NdFeB, 20*5mm? (diameter*height), Grade
52)). After conformal contact with the counterpart, the stamp setup is detached, resulting in
aggregates /square arrays printed on the counterpart substrate depending on the used stamp.
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3.3.4.4.2.3 Setup III:

The schematic in Figure 3-15 shows the setup III used for the stamping process called magnetic
induced stamping by means of PS-b-P2VP/T-ZnO nanoporous composite stamps. All the
dimensions and the setup were the same as for setup II, only with the incorporation of a
permanent external magnet (NdFeB, 6*1mm?® (diameter*height), Grade 52)) into the PDMS
layer glued to the stamp holder with double-sided polyimide tape. The stamp is brought into
contact with the counterpart substrate. After conformal contact with the counterpart, the whole
stamp setup is detached, resulting in the aggregates/square arrays printed on the counterpart

substrate depending on the used stamp.

(a)

NdFeB magnet
DMS

2.5 mm

NdFeB magne
NdFeB magnet
PDMS

Figure 3-15 Schematic showing the experimental setup III for capillary stamping by means of
PS-b-P2VP/T-ZnO nanoporous composite stamps. The zinc oxide tetrapods, T-ZnO, and the
block copolymer, PS-b-P2VP, are filled with magnetic ink (red, infiltrated from the backside).
After infiltration with ink, the stamp is now glued to a PDMS layer containing a small disc-
like magnet (NdFeB, 6*1mm? (diameter*height), Grade 52) glued to the stamp, and (a) Out-
of-plane geometry, for generating a perpendicular magnetic field, the counterpart substrate is
placed on external permanent magnets embedded in PDMS (NdFeB, 20*5mm?
(diameter*height), Grade 52)). (b) In-plane geometry, for generating a parallel magnetic field,
the counterpart substrate is placed besides external permanent magnets embedded in PDMS
(NdFeB, 20*5mm? (diameter*height), Grade 52)). The stamp setup is brought into contact with
the counterpart substrate. After conformal contact with the counterpart substrate, the stamp
setup is detached, resulting in aggregates/square arrays printed on the counterpart substrate
depending on the used stamp.
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3.3.4.4.2.4 Setup-1V:

The schematic in Figure 3-16 shows the magnetic-induced stamping process by using a
vibrating sample magnetometer (VSM). The PS-b-P2VP/T-ZnO nanoporous composite stamp
is filled with magnetic ink (red, infiltrated from the backside). After infiltration with ink, the
stamp (with contact surfaces facing towards silanized Si substrate) is first placed on silanized
Si substrate attached with the help of PI tape. It is then glued to the sample holder rod. The
printing was done by applying magnetic field H (for 10 sec), either in an in-plane or an out-
of-plane geometry. In in-plane geometry, the stamp placed on silanized Si substrate was
attached to the VSM sample rod so that Si substrate was fixed with the VSM sample holder, as
shown in Figure 3-16a. For the out-of-plane geometry, the VSM sample holder with a stamp
was rotated by an angle of 80°. The infiltrated ink stamp and the silicon counterpart surface
attached to the VSM sample rod were placed carefully at the central position between two

pickup coils.
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Figure 3-16 The schematic shows the magnetic-induced stamping process IV with PS-b-
P2VP/T-ZnO nanoporous composite stamps using a vibrating sample magnetometer (VSM).
After infiltration with ink, the stamp is glued to the VSM sample holder. Then printing was
done by applying magnetic field H. (a) in-plane geometry and (b) out-of-plane geometry.
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4 Topographically patterned TiO; substrates as

a platform for wetting metamaterials
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4.1 Patterned TiO; holey films

Patterned titania (pTiOz) holey film was fabricated by direct imprinting [166] as described in
section 3.3.1.3. 20uL of the synthesized TiO> sol-gel precursor solution was drop-cast onto
cleaned FTO glass (see section 3.2.1.1 for the cleaning procedure). Directly after deposition of
Ti0; sol, the PDMS secondary mold attached to a steel block with double-sided polyimide tape
was pressed against the TiO: sol-gel precursor solution located on FTO glass (see Figure 3-1a-
d; section 3.3.1.3). Macropores in the film of the precursor sol-gel solution were obtained at
the positions of PDMS pillars by direct imprinting. In the next step, patterned TiO> holey films
were formed by calcination; the samples were heated to 450°C at a heating rate of 5°C/min and
kept for 1 h at this temperature under the ambient atmosphere. The decomposition of the block
copolymer template resulted in the formation of mesopores. Silanized macroporous silicon
templates (mSi) were used as primary molds containing hexagonal arrays of macropores. The
macropores with round pore bottoms had pore lengths of = 800nm, pore diameters of ~ 900nm,
and interpore distances of = 1.5um (Figure 4-1a-b). PDMS secondary molds were obtained by
pouring PDMS prepolymer onto silanized mSi. After curing, the PDMS molds had pillars at
the positions of the mSi macropores. The depth (= 800nm) and base diameter (= 900nm) of the
PDMS pillars (Figure 4-1c-d) matched the dimensions of the macropores of the primary mSi
molds. SEM images of pTiO: holey films fabricated by imprinting with PDMS secondary
molds and subsequent thermal treatment are shown in Figure 4-1e-h. The pore diameter of the
pTiO2 macropores is = 890nm, and the interpore distance is = 1.5um (Figure 4-1f). The
thickness of the pTiO; holey film is approx. 500-530nm, and the pore depth amounted to =
400-415nm (Figure 4-1h). The decrease in the depth and diameter of the macropores in the
pTiO; holey films compared to the mSi macropores is related to the decomposition of organic
materials during imprinting and annealing.[30] During thermal imprinting and annealing, the
decomposition of the organic components and the evaporation of the solvents results in
shrinkage. The transferred TiO2 imprint patterns were of high quality without any cracks or
delamination from the FTO glass substrate. The delamination experiments were conducted by
adhering polyimide tape on top of pTiO; holey films on the FTO glass substrates and then

detaching them from the substrates.
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Figure 4-1 Patterned titania (pTiO2) holey films and their preparation. Scanning electron
microscopy (SEM) images of (a) the surface and (b) a cross-section of macroporous silicon
(mSi) primary molds, of (c¢) the surface and (d) a cross-section of PDMS secondary molds as
well as (e, f) the surface and (g, h) the cross-section of a (pTi0Oz) holey film.

The X-ray diffraction (XRD) pattern of a synthesized TiO> sample annealed at 450 °C is shown
in Figure 4-2. The TiO> sol-gel solution was deposited on a cleaned FTO glass substrate and
then treated thermally. The thermal treatment followed is the same procedures as in the case of
the fabrication of patterned TiO> holey films (see section 3.3.1.3). After the thermal treatment,
the TiO> film was scratched with the help of a scalpel from the FTO substrate so that it was
obtained in powder form for further analysis. The crystalline nature of the sample was
confirmed by the occurrence of well-defined sharp Bragg diffraction peaks. By comparison
with reference spectrum ICSD # 202243, the diffraction peaks at 26 values of 25.28°, 37.78°,
48.05°, 53.88°, 54.77°, 62.55°, 68.77°, 70.11°, and 75.07° were assigned to the (101), (004),
(200), (105), (211), (204), (116), (220), and (215) reflections of tetragonal anatase with the
space group I41/amd. The absence of reflections emerging from other polymorphs such as
rutile or brookite indicated the exclusive presence of anatase. The obtained XRD pattern agrees
with previously reported XRD patterns of sol-gel synthesized TiO; annealed at 450°C.[166]
The mean crystallite size of TiO> along the [101] direction estimated by the Debye-Scherrer

method amounted to = 8.2 nm, and lies close to values reported previously.[162]
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Figure 4-2 X-ray diffraction (XRD) pattern of sol-gel synthesized titania (TiO2) showing the
typical features of the anatase phase (ICSD # 202243).

Nitrogen sorption analysis of a TiO> sample annealed at 450 °C is shown in Figure 4-3. The
sample was prepared in the same way as for XRD measurements. The Brunauer-Emmett-Teller
(BET) isotherm in Figure 4-3a indicates a variety of a type IV isotherm with an H2
hysteresis,[175] which stands in good agreement with previously reported results.[162, 176]
The hysteresis loop is typical of mesoporous materials that contain relatively uniform
mesopores with a narrow diameter distribution. Figure 4-3b shows the pore size distribution.
The mesopore size ranges between 5-10nm, with a most frequent pore size of approximately 7
nm. The BET surface area amounts to = 99m>.g’l. The porosity of the mesoporous TiO>
amounted to ~ 64.8 %, as calculated according to P = V,/(V; + Vinatase) X 100 ,[162]
where P is the porosity. The total pore volume V; is derived from the desorption branch of the
isotherm at a relative pressure (p/po) value close to unity (V; = 0.48 mL/g at p/p, = 0.994).
Vinatase 18 the theoretical volume of solid pure anatase per gram and is determined by using
equation V,atase = 1/Panatase [162] The density panarase Of anatase was assumed to be 3.89g

cm>.[177]
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Figure 4-3 Nitrogen sorption measurements on mesoporous titania (TiO2) powder synthesized
by the sol-gel process a) BET isotherm (b) The Barret-Joyner-Halenda (BJH) pore size
distribution derived from the adsorption branch of the BET isotherm, which shows a relatively
narrow peak.
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4.1.1 Self-assembly of SiO, microparticles inside TiO;
holey films (pTiO>_SiO; template)

Silica (Si02) microparticles with different sizes were deposited into each pTiO> macropore
(pTiO2_SiO; template) with the method described in section 3.3.1.3.1. Depending on the size
of Si0, microparticles, a different arrangement was achieved and is shown in Figure 4-4a-d.
Si0, microparticles within each pore adjusted their positions to form different arrangements.
SiO; microparticles with diameters of 50nm and 143nm arranged themselves very
homogenously and well embedded (Figure 4-4a and 4-4b, respectively). However, different
arrangements occurred in the case of SiO2 microparticles with diameters of 501nm and 985nm.
In the former case, the SiO, microparticles arranged themselves in two possible square and
square arrangements with one additional particle on the bottom (Figure 4-4c). This pattern is
not very regular because of the possibility of two different microparticle arrangements. A
considerable portion of the macropores was filled with tetramer patterns. In the latter case, only
a single SiO, microparticle (985nm) was located inside each macropore (Figure 4-4d). In the
case of Si0; microparticle sizes of 50nm and 143nm, the confinement effect resulted in a
stronger packing order of microparticles inside each pore. In the case of microspheres with a
diameter of 501nm, the packing order fluctuated from stronger to weaker. The amino-
functionalized silica (S102-NH2) microparticles with a diameter of 976 nm, which can further
be functionalized selectively, were also successfully infiltrated into the macropores (not shown

here).
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Figure 4-4. SEM (SEM) images of patterned titania films (pTiO2) with macropores containing
silica microspheres with different diameters of a) 50nm, (pTiO2 SiO; (50nm)) b) 143nm
(pTiO2_SiO2(143nm)), ¢) 501nm (pTiO2_SiO2(501nm)) and d) 985nm (pTiO2 _SiO2(985nm)).

4.1.1.1 Surface Chemistry of pTiO2_SiO: templates

Three different routes were applied for changing the surface chemistry of TiO> holey film filled
with SiO2 microparticles (pTiO2_Si0O2 template).

(1) Adsorption of hydrophobic molecules on pTiO2_SiO, template,
(2) PS-b-P2VP polymeric rods in pTiO,_SiO; template,
(3) Gold metallic layer on SiO, microparticles in pTiO2_SiO, template.

4.1.1.1.1 Adsorption of hydrophobic molecules on pTiO: SiO:
templates

The pTiO;_SiO; templates containing different sizes of SiO> microparticles “pTiOz_SiO2

(50nm), pTiOz SiO; (143nm), pTiO2_SiO> (501nm), and pTiO2_SiO; (985nm)” templates
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were modified with three different hydrophobic molecules (cycloazasilane, FDTS, and with 1-
dodecanethiol). Corresponding wide-scan X-ray photoelectron (WS-XP) spectra and high-
resolution X-ray photoelectron (HR-XP) spectra are shown in Figures 4-5, 4-6 and 4-7. The
WS-XP and HR-XP spectra of pTiO> SiO; (143nm) modified with cycloazasilane
(“pTiO2_SiO2 (143nm)@cycloazasilane™) are shown in Figure 4-5a-f. The wide-scan XP
spectrum shows peaks from all elements present in pTiO2 SiO; (143nm)@cycloazasilane
templates. The Si 2p peak of elemental silicon is known to appear at binding energy (B.E) of
~ 99.6 eV.[178] Here, the Si 2p peak is shifted to the binding energy of ~101.7 eV (Figure 4-
5b). The appearance of the Si 2p peak within the binding energy range of 102-105 eV indicates
the presence of SiOx.[179] Lorentz fits of the O 1s peak in the corresponding HR-XP spectrum
(Figure 4-5c¢) revealed the presence of two peaks assigned to lattice oxygen ions O2 at a binding
energy of = 529.8 eV and to surface oxygen species chemically adsorbed, such as OH and
carbonates at a binding energy of =~ 531.7 eV.[180, 181] Figure 4-5d shows the HR-XP
spectrum around the nitrogen N 1s peak. Lorentz fits revealed the presence of two N 1s peaks.
The peak at a binding energy of ®399.1 eV is attributed to the primary photoemission of N s,
which can be assigned to NH», and the small peak at a binding energy of ~400.4 eV is assigned
to protonated or hydrogen-bonded amine groups (NH**, H...NH>).[182-185] The HR-XP
spectrum of the carbon Cls peak is shown in Figure 4-5e¢ and was also used to calibrate the
XPS spectra. The C 1s peak was set to =<284.5 eV.[186] Figure 4-5f shows an HR-XP spectrum
containing the doublet separation between the Ti 2p12 and Ti 2p32 peaks at binding energies of
~463.9 eV and = 458.3 eV, respectively. The peak at a binding energy of 458.3 eV correlates
with (titanium in the IV oxidation state) in TiO2.[187]
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Figure 4-5 Wide-scan X-ray photoelectron (WS-XP) spectra and high-resolution X-ray
photoelectron (HR-XP) spectra for a sample prepared by adsorption of cycloazasilane from
toluene solution onto a pTiO>_SiO (143nm) template. (a) WS-XP spectrum, and (b-f) HR-XP
spectra. (b) HR-XP spectrum of silicon 2p, and (c) HR-XP spectrum of oxygen 1s, where the
purple curve is the sum of the red and blue curves showing good Lorentz fitting. (d) HR-XP
spectrum of nitrogen 1s, where the green curve is the sum of the red, and blue curves show
good Lorentz fitting. HR-XP spectra of () carbon 1s and (f) titanium 2p peaks. (g) [llustrations
of cycloazasilane and a schematic sketch of adsorption on the template. Origin was used for
fitting (Lorentz) and analyzing the XP spectra.

The WS-XP and HR-XP spectra of a pTiO>_Si02(143nm) template modified with FDTS are
shown in Figure 4-6a-f. The HR-XP spectrum of carbon C 1s (Figure 4-6b) shows four peaks.
The corresponding Lorentz fits revealed the presence of a peak at a binding energy ~292.1.8
eV assigned to -CF3 of a peak at a binding energy of the energy of <289.4 eV assigned to -CF»,
of a peak at a binding energy of <286.5 eV assigned to C=0 and of a peak at a binding energy
of =284.5 eV assigned to C-C. The components -CF3 and -CF> can be attributed to functional
groups in the FDTS molecules.[188-190] Lorenz fitting of an HR-XP spectrum measured
around the O 1s peak revealed the presence of two peaks (Figure 4-6¢). The peak at a binding
energy of =529.7 eV is assigned to lattice oxygen ions O and at a binding energy of =531.8
eV to surface oxygen species chemically adsorbed, such as OH and carbonates.[180, 181] The
silicon Si 2p peak appears at a binding energy of <102.3 eV (Figure 4-6d), which indicates the
presence of SiOx. [179] Figure 4-6e shows the HR- XP spectrum around the fluorine 1s peak
observed at a binding energy of =~687.2 eV, further confirming the successful surface
modification of pTiO2_SiO2(143nm) templates with FDTS. The position of the fluorine 1s peak
is in line with previously reported values.[191] The HR-XP spectrum around the titanium Ti
2p photoelectron peaks shows the doublet separation between the 2pi2 and 2p3. The Ti 2pie
and 2p32 peaks appeared at binding energies of ~463.9 eV and = 458.2 eV (Figure 4-6f). The
peak at a binding energy of 458.3 eV correlates with (titanium in the IV oxidation state) in

TiO,.[188]
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Figure 4-6 Wide-scan X-ray photoelectron (WS-XP) spectra and high-resolution X-ray
photoelectron (HR-XP) spectra of a pTiO2 SiO>(143nm) template surface-modified with
FDTS. (a) WS-XP spectrum, and (b-f) HR-XP spectra. (b) HR-XP spectrum the carbon Is,
where the pink curve is the sum of the green, orange, purple and red curves showing good
Lorentz fitting. (c) HR-XP spectrum of the oxygen 1s, where the purple curve is the sum of the
red, and blue curves show good Lorentz fitting. HR-XP spectra of (d) the silicon 2p, (e) the
fluorine 1s, and (f) the titanium 2p peaks. (g) Illustrations of perfluorodecyltrichlorosiliane and
a schematic sketch of adsorption on the template. Origin was used for fitting (Lorentz) and
analyzing the XP spectra.

The WS-XP and HR-XP spectra of a pTiO2_SiO2(143nm) template surface-modified with 1-
dodecanethiol are shown in Figure 4-7a-e. The HR-XP spectrum of the carbon C 1s peak was
used to calibrate the XPS spectra by setting the C 1s peak to 284.5 eV.[186] (Figure 4-7b). The
oxygen O 1s peak at a binding energy of 531.9 eV is shown in Figure 4-7c. The gold Au 4f
photoelectron spectrum shows a doublet separation between the 4fs; and 4f72. The 4fs and
4172 peaks occur at binding energies of =87.2 eV and =83.5 eV respectively (Figure 4-7d). The
peak 4fs, represents the stable oxidation states of gold.[192] Figure 4-7¢ shows the HR-XP
spectrum around the sulfur 2p peaks with a doublet structure. Lorentz fits revealed the presence
of the 2p3/> and the 2pi,; at binding energies of ~162.9 eV and =~ 161.4 eV, respectively, which

can be assigned to sulfur atoms bound to a gold surface.[193-198]
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Figure 4-7 Wide-scan X-ray photoelectron (WS-XP) spectra and high-resolution X-ray
photoelectron (HR-XP) spectra for a sample prepared by adsorption of the 1-Dodecanethiol
molecule from toluene solution onto the pTiO> SiO2(143nm) template. (a) The WS-XP
spectrum, and (b-e) HR-XP spectra. HR-XP spectra of (b) carbon 1s, (¢) oxygen 1s, (d) gold
4f. and (f) HR-XP spectrum of sulfur 2p, where the blue curve is the sum of the green, and red
curves show good Lorentz fitting. Illustrations of 1-dodecanethiol and a schematic sketch of
adsorption on the template Origin were used for fitting (Lorentz) and analyzing the XP spectra.

4.1.1.1.2 PS-b-P2VP polymeric rods in pTiOz_SiO: templates

The schematic illustration shown in (Figure 3-3, see section 3.3.1.3.2) displays the fabrication
of a pTiOz_SiO2(143nm) template filled with PS-b-P2VP rods. A pTiO>_SiO»(143nm)
template was used, which was first modified with FDTS for easy detachment of polymeric film
(see section 3.2.1.3 for modification procedure). A solution of PS-H6-P2VP in toluene was cast
on a modified pTiO,_ SiO>(143nm) template. After complete evaporation of the solvent, the
PS-6-P2VP  bulk film was detached with scalpels to obtain sample
pTiO2_SiO2(143nm)@FDTS@PS-b-P2VP. SEM images of PS-b-P2VP rods emerging from a
modified pTiO>_SiO»(143nm) template are shown in Figure 4-8 (a-c). Mostly, the PS-56-P2VP
rods emerge from the small spaces between silica microparticles. PS-5-P2VP rods can be found

in almost every filled macropore.
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Figure 4-8 SEM images of PS-b-P2VP polymeric rods emerging from a modified
pTiO2_Si02(143nm) template; (a) large-field view and (b, c) details.

4.1.1.1.3 Gold metallic layer on SiO2 microparticles in pTiO2_SiO>

templates

The Si0; (143nm) microparticles inside each macropore of pTiO; film were coated with a gold
(Au) metallic layer by thermal evaporation (Figure 3-2, see section 3.3.1.3.2). A =20 nm thick
Au layer was deposited after deposition of 5 nm Ti layer serving as adhesion promotor. The
thickness of the Ti and Au layers was estimated by using the method described elsewhere.[159]
The top-view SEM image of SiO> (143nm) microparticles coated with the Au metallic layer in
pTiO2 macropores by thermal evaporation is shown in Figure 4-9a. The uppermost silica
microparticles located inside the pTiO> macropores are half-coated with a metallic Au layer.
Figure 4-9b shows a cross-sectional SEM image of the Janus microparticles obtained in this

way.
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Figure 4-9 Schematic showing thermal evaporation setup for deposition of gold (Au) layer on
SiO2 microparticles in pTiO2 SiO2(143nm) template (a), and (b) the resulted
pTiO2_Si02(143nm)@Au template after thermal evaporation. SEM images of 143nm SiO:
microparticles inside each pTiO, macropore coated with ~ 20nm gold metal
(pTiO2_Si02(143nm)@Au template); (c) large-field top view, and (d) cross-section.

4.2 Applications

4.2.1 Water wettability

Figure 4-10 shows the changes in the apparent water contact angles after different surface
treatments of pTiO»-based samples, and images of quiescent water drops on these samples are
shown in Figure 4-11. A smooth titania film fabricated without imprinting with a PDMS stamp
(without any regular holey arrays pattern, wpTiO2) shows hydrophilic characteristics with an
average Owca of = 25.6°+4.6°. The apparent Owca increased from = 25.6°+4.6° to ~108.5°+£3.1°
when the titania film is imprinted with the PDMS stamp (TiO> patterning, pTiOz). The
hydrophobic characteristic displayed by pTiO» holey films is due to the difference in surface
topography, and the interactions of the water and the solid at the three-phase contact line
determine the contact angle behavior. The wettability of pTiO; holey films changed from
hydrophobic to super-hydrophilic characteristics after deposition of different sizes of SiO»
microparticles into the pTiO> macropores (pTiO>_Si0O2). Water now spreads on the template.

The pTiO_SiO; template surface, which is completely wet by water, can be converted in such
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a way that it shows hydrophobic characteristics by surface modification with hydrophobic
molecules (see section 3.3.1.3.2). The apparent Owcy of pTiO2_SiO2(143nm) templates is = 0°.
The apparent Owc4 of pTiO2_SiO2 (143nm) templates was increased from = 0° to =~ 95.5°+£5.0°
after surface modification with the cycloazasilane (pTiO>_SiO>(143nm)@cycloazasilane)).
The modification of the pTiO>_SiO» (143nm) template with cyclic azasilane was confirmed by
the increase in the apparent Owc4.[199] The deposition of gold layers with a thickness of =20
nm on SiO; (143nm) microparticles assembled in the pTiO> SiO; templates
(pTiO2_Si02(143nm)@Au) resulted in an increase in the apparent Owcs to ~ 95.7°£3.7°. This
observation is in line with the hydrophobic nature of pure Au.[200] The apparent water contact
angle, Owca of the pTiOz_Si02(143nm)@Au template was further increased by adsorption of
1-dodecanethiol on the gold surface, and the apparent Owcy increased to =~ 116.4°+1.7°. The
increase in the water contact angle results from the lowering of the surface energy caused by
the surface modification with 1-dodecanethiol.[201] In the literature, the hydrophobic
modification of a broad range of surfaces with FDTS is reported, often yielding
superhydrophobic surfaces.[202, 203] Modification of the pTiO2_SiO>(143nm) template with
FDTS (pTiO2_SiO2(143nm)@FDTS) resulted in an increase in the apparent water contact
angle Owca to = 124.0°+4.6°. The apparent Owc4 is further increased after modification of
pTiO2_SiO02(143nm)@FDTS  template  with ~ PS-h-P2VP  rods. The template
pTiO2_SiO2(143nm)@FDTS@PS-b-P2VP shows an apparent Owcy of = 134.5°£3.4°. The
increase in the apparent Owc4 appears to be related to the different surface topography. All the
chemical surface treatments increased the apparent water contact angles, making the modified
substrates more hydrophobic with a maximum apparent 6Owcs =<134.5°£3.4° for
pTiOz_SiOx(143nm)@FDTS@ PS-b6-P2VP. For all samples, pTiO> holey film,
pTiO2_SiOx(143nm)@cycloazasilane, pTiO2_Si02(143nm)@Au,
pTi02_SiOz(143nm)@Au@]1-dodecanethiol, pTiO2_SiO2(143nm)@FDTS@PS-b-P2VP, and
PTiO2_Si02(143nm)@FDTS pinning of water droplets on their surfaces were observed, and
even upon tilting and vigorously moving the templates the droplets remained strongly pinned.
The substrates were tilted manually from a horizontal to a vertical position and upside- down,
and as illustrated in Figure 4-12a-f. The droplets pin on the hydrophobic surface despite the

large inclinations of the hydrophobic templates.
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Figure 4-10 Apparent water contact angles (Owca) of samples wpTiO; (smooth TiO: film
without macropores) and pTiO> (macroporous TiO> without further modification), native and
surface-modified pTiO2 Si02(143nm) (macropores of pTiO: are filled silica microparticles
with a diameter of 143nm) as well as pTiO; SiO»(143nm) after removal of the SiO;
microspheres with carbon tape. (pTiO@Si02 removed). Sample
pTi02_Si102(143nm)@cycloazasilane denotes pTiO2_Si02(143nm) additionally modified with
cycloazasilane, sample pTiO2_SiOz(143nm)@Au denotes pTiO2_ SiO2(143nm) additionally
modified with gold, sample pTiO> SiO>(143nm)@Au@]1-dodecanethiol denotes sample
pTiO2_SiO2(143nm)@Au additionally modified with of 1-dodecanethiol and sample
pTiO2_SiO2(143nm)@FDTS denotes sample pTiO2_ Si02(143nm) additionally modified with
FDTS. Each data point is the arithmetic mean of six measurements on different samples taken
at 23 °C and relative humidity of 31%. The error bars indicate the standard deviations.
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Figure 4-11 Photographs of sessile water droplets with a volume of 2puL on different samples;
(a) wpTiO2 (apparent Oycs~25.6°+4.6°), (b) pTiO: (apparent Owcs=108.5°+3.1°), (c)
pTiO2_SiOy (apparent Owca=~0°), (d) pTiOz_SiO2(143nm)@cycloazasilane (apparent
Owca=95.5°£5.0°), (e) pTiOz_SiOx(143nm)@Au  (apparent  Owc4~95.7°£3.7°), (f)
pTi02_SiOz(143nm)@Au@1-dodecanethiol (apparent Owca=116.4°£1.7°), (2)
pTiO2_SiOz(143nm)@FDTS (apparent Owca=~124.0°+4.6°), and (h)
pTi02_Si02(143nm)@FDTS@PS-b-P2VP (apparent Oy~ 134.5°+3.4°).

Figure 4-12 Schematics and photographs of water droplets with a volume of 2 pL pinned on
modified pTiO> _Si0: templates. Sample C is pTiO>_SiO(143nm)@Au, which is prepared by
deposition of gold (Au) layers onto pTiO2 SiO>(143nm) templates by thermal evaporation.
Sample Cc 1s pTiO,_SiO2(143nm)@Au@1-dodecanethiol, which is prepared after adsorption
of 1-dodecanethiol on the gold film from toluene solution Schematics and corresponding
photographs of water droplets pinned (a-b) while the templates are in a horizontal position, (c-
d) while the templates are in a vertical position, and (e-f) while the templates are turned upside-
down. Water pinning experiments were conducted at a relative humidity of 40% at 23 °C. A
spirit level was fixed on the supporting glass slide next to the samples. The position of the air
bubble indicates the tilting of the entire setup, as indicated by a yellow arrow. The length of
the scale bars in the images corresponds to 15 mm.
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As discussed (Figure 4-4, see section 4.1.1), different sizes (50nm, 143nm, 501nm, and 985nm)
of SiO> microparticles were deposited inside pTiOz, resulting in pTiO2 SiO> (50nm),
pTiO2_SiOs (143nm), pTiOz_SiO2 (501nm), and pTiO2_SiO> (985nm) templates, respectively.
The resulting templates after infiltration of the SiO> microparticles with different sizes are
completely wetted by water. The effects of modifications with different hydrophobic molecules
(see section 3.3.1.3.2 for surface modifications) on the wetting characteristics are shown in
Figure 4-13. Figure 4-13 shows the apparent average water contact angle, Owc of the modified

templates, and Figure 4-14 shows images of quiescent water drops on modified samples.
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Figure 4-13 Apparent water contact angles Owc4 of pTiO: (pink open circle) surface-modified
pTiO2 without SiO> microspheres (pTiO2@) and surface-modified pTiO2 SiO> with
macropores filled with Si0, microspheres having diameters of 50nm, 143nm, 501nm, and
985nm. Solid green down-triangles denote samples coated with FDTS, solid blue up-triangles
samples coated with gold and 1-dodecanethiol, solid red circles samples coated with gold, and
solid black squares samples coated with cycloazasilane. Each data point is the arithmetic mean
of six measurements on different samples taken at 23 °C and relative humidity of 31%.
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With the increase in the size of the SiO», microparticles deposited into the pTiO> macropores,
and after subsequent modification with 1-dodecanethiol, cycloazasilane, and with FDTS, Owc4
increased (Figure 4-13). However, in the case of modification with a gold layer, Owc4 remains
almost the same for different sizes of deposited microparticles. The smaller SiO, microparticles
(50nm) deposited into holy TiO» patterned films followed by modification with cycloazasilane
(pTiO2_SiO2(50nm)@cycloazasilane) resulted in an apparent Owcyq of = 81.8°£1.7°. Deposition
of Si02 microparticles with a diameter of 143nm inside holey TiO; patterned films followed
by modification with cycloazasilane (pTiO>_ SiO2(143nm)@cycloazasilane) resulted in an
increase in the apparent Owcy to = 91.5°+1.2°. The apparent Owcq was further increased by
deposition of larger SiO2 microparticles with a diameter of 501nm and 985nm onto holy TiO>
patterned films and modification with cycloazasilane to = 94.6°£1.2° and = 103.1°£1.7°,

respectively.

Figure 4-14 Photographs of sessile water droplets with a volume of 2 puL on different samples;
(a-e) different templates after surface modification with cycloazasilane from toluene
solution;(a) pTiOy, (b) pTiO2_SiO2(50nm), (c) pTiO2_SiO2(143nm), (d) pTiO2_SiO2(501nm)
and (e) pTiO2_Si02(985nm). (f-)) different templets after gold (Au) metallic layer deposition
by thermal evaporation; (f) pTiOz, (g) pTiO>_SiO2(50nm), (h) pTiO2 SiO2(143nm), (i)
PpTiO2_Si02(501nm) and (j) pTiO2_SiO2(985nm). (k-0) different templates after adsorption of
1-dodecanethiol on the gold film from toluene solution; (k) pTiO, (1) pTiO2_SiO2(50nm), (m)
pTiO2_SiOz(143nm), (n) pTiO2_SiO2(501nm) and (o) pTiOz_SiO2(985nm). (p-t) different
templates after adsorption of FDTS; (p) pTiOs, (q) pTiO2 _SiO2(50nm), (1)
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pTiOz_SiOz(143nm), (s) pTiO2 Si0(501nm) and (t) pTiO2 Si02(985nm). Water contact
angle measurements were carried out at a room temperature of 23 °C and a relative humidity
of 31%. The length of the scale bars in the images corresponds to 1 mm.

4.2.1.1 Switchable water wettability

4.2.1.1.1 Reversible wettability switching by the adhesively bonded
tape method

Figure 4-15a-c schematically displays the method used to switch between a wettable state and
a non-wettable state having a larger apparent water contact angle @wc4. The hydrophobic
characteristics of pTiO> holey films (Figure 4-15a) are converted to super-hydrophilic
characteristics by deposition of SiO; microparticles onto the pTiO; holey films (Figure 4-15b).
The water now spreads on the sample surfaces. The initial hydrophobic state can be recovered
by detaching the SiO> microparticles from the pTiO> SiO> template. The detachment was
conducted with carbon or polyimide tape (Figure 4-15c¢). The tape was adhesively bonded to
the pTiO2_Si02(143nm) template by manually applying gentle pressure. Afterward, the tape
was manually detached clusters of SiO; (143nm) microparticles formed ordered arrays
replicating the arrangement of the macropores in pTiO>_SiO,. Figure 4-15d-e shows SEM
images of Si0> (143 nm) microparticles picked up from pTiO,_SiO> (143 nm) templates with

carbon adhesive tape and the corresponding recovered pTiO; holey films, respectively
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Figure 4-15 (a-c) Schematic showing the wettability transition from the wettable to non-
wettable state and vice versa for pTiO». (a) Titania films imprinted with PDMS stamp (pTiO>)
show hydrophobic characteristics. (b) Deposition of SiO> microparticles (143nm) into the
macropores of pTiO; holey films (pTiO2 SiO2(143nm)) changes the wetting behavior to
hydrophilic. (c) The detachment of the SiO2 (143nm) microparticles with adhesive tape restores
the hydrophobic character of pTiO. (d-¢) SEM images of SiO»(143nm) microparticles
detached with carbon adhesive tape and the corresponding recovered pTiO; holey film (e).

After detachment of SiO2 (143nm) microparticles from the pTiO2_ SiO>(143nm) template,
which was completely wettable, the remaining pTiO; template switched to the non-wettable
state with a larger apparent water contact angle Owcs ~118.5°+5.2° (when SiO; microparticles
were detached with carbon tape), and Owcs =110.1°+£5.5° (when SiO2 microparticles were
detached with polyimide tape) (Figure 4-16a-b). The initial apparent water contact angle Gwc4
of as-prepared pTiO> amounted to =108.5°+£3.1° ( see section 4.2.1 Figure 4-10). The empty
pTiOz holey film now can again be infiltrated with silica microparticles for switching between

the two above discussed states.
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(a) (b)

Figure 4-16 Photographs of sessile water droplets with a volume of 2 pL on pTiO; samples
after detachment of SiO, microparticles (143nm) from pTiO2 SiO2(143nm) template using (a)
polyimide tape (apparent Owcs~ 118.5°+5.2°) and (b) carbon tape (apparent Owcs~ 110.1°£5.5°.
Each value is the average of six measurements on different samples in each case. Water contact
angle measurements were carried out at a room temperature of 23 °C and relative humidity of
31%. The length of the scale bars in the images corresponds to 1 mm.

4.2.1.1.2 Wettability Switching by heat treatment

As discussed in section 4.2.1, water spreads on pTiOz_SiO> (143nm) (apparent Owcs = 0°;
Figure 4-10). The modification of pTiO2_Si0; (143nm) templates with different hydrophobic
molecules resulted in a significant change in the wetting characteristics to non-wettable (Figure
4-10). For pTiO_SiO; (143nm)@cycloazasilane, the apparent Owcs amounted to 95.5°+5.0°,
for pTiO2_SiO2(143nm)@Au the apparent Owcs amounted to 95.7£3.7°, for pTiO2
_Si02(143nm)@Au@]1-dodecanethiol the apparent Owcs amounted to 116.4°+1.7°, for
pTiOy_SiOx(143nm)@FDTS the apparent Owcs amounted to 124.0°+4.6°, and for
pTiO2_SiOx(143nm)@FDTS@PS-b-P2VP the apparent Owcs amounted to 134.5°+3.4° The
non-wettable state of the above-mentioned samples is again switched to a wettable state by
heat treatment. Heat treatment reduced the apparent water contact angle (Figure 4-17). For all
modified templates, the switching from non-wettable to wettable states was achieved by
heating them to 600 °C for 30 mins in a muffle furnace under an ambient atmosphere. The
templates were heated to 600 °C at a heating rate of 33 °C/min, kept at this temperature for 30
minutes, and then directly removed from the muffle furnace. The reproducibility was checked

by heat-treatment of three different samples for each sample type. Figure 4-17 shows the
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change in the apparent water contact angles after heat treatments of pTiO, SiO> (143nm)
templates modified with various hydrophobic molecules, and Figure 4-18 photographs of

sessile water drop on the heat-treated templates.
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Figure 4-17 Apparent average water contact angles of different pTiO>_Si0(143nm) samples
after switching from non-wettable to the wettable state by heat treatment. The grey bar
represents the water contact angles of the templates after modifications with different
hydrophobic molecules before heat treatment. The red bar graph represents the decrease in
apparent water contact angles after heat treatment for the switching of wettability. Each value
is the average of six measurements on different samples. Water contact angle measurements
were carried out at 23 °C and at a relative humidity of 31%.
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Figure 4-18 Photographs of sessile water droplets with a volume of 2 uL on different pTiO-
_SiO2 (143nm) samples after surface modification and heat treatment; (a) pTiO2 SiO»
(143nm)@cycloazasilane (apparent Owca = 0°), (b) pTiO2_Si02(143nm)@Au (apparent Gwca
~ 42.3°+7.3°), (¢) pTiO2_SiO2(143nm)@Au@]1-dodecanethiol (apparent Owcy = 35.4°+4.1°),
(d) pTiO2_Si02(143nm)@FDTS@PS-b-P2VP (apparent Owcs ~ 46.1°£6.2°), and (e)
PpTiO2_Si02(143nm)@FDTS (apparent Owcs = 36.5°+5.8°), Water contact angle measurements
were carried out at a temperature of 23 °C and relative humidity of 31%. The length of the
scale bars in the images corresponds to 1 mm.

After heat treatment, the apparent Owc4 of pTiO2_SiO: (143nm)@cycloazasilane was lowered
from 95.5°+5.0° before heat treatment to = 0°. In the case of pTiOz_SiO2(143nm),@Au
templates, the apparent Owcs was reduced from 95.7°+3.7° before heat treatment to 42.3°+7.3°
after the heat treatment. The thin gold film on top of the silica microparticles embedded in
pTiO2_SiO>@Au macropores is assumed to be damaged after heating at 600 °C (Figure 4-19
a-f). This might be the reason for the switching from non-wettable to wettable. Figures 4-19 a-
f shows detailed SEM images of pTiO>_SiO2(50nm),@Au, pTiOz_SiO2(143nm),@Au,
pTiO2_SiOx2(50Inm)@Au, and pTiOz_SiO2(985nm)@Au templates after the heat treatment.
The damage can be noticed with a series of broken pieces to the gold thin film on SiO»
embedded microparticles in each case. Chunks of the dewetted gold film can be seen. The thin
gold films, after heating to 500 C°, result in permanent damage to the film, as reported by other
researchers.[204] A phenomenon called solid-state dewetting may occur. Solid-state dewetting
occurs below the melting point of the corresponding metal and involves the surface diffusion
of metal atoms and clusters. The formation of metal particles can result in substrates containing
regular arrays of pits and indentations.[205] For pTiO2_SiO2(143nm)@FDTS templates, the
apparent water contact angle Owca is reduced from 124.0°+4.6° before heat treatment to
36.5°+5.8° after heat treatment. The apparent water contact angle 6Owcys of
pTi02_Si02(143nm)@FDTS@PS-b-P2VP templates is also reduced from =134.5°+3.4°

before heat treatment to 46.1°+6.2° after heat treatment.
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Figure 4-19 SEM images of templates after heat treatment for switching the wettability. (a)
Large-field view and (b) detail of an unfilled region of pTiO> _SiO2(50nm)@Au template after
heat treatment. (c) detail of a pTiO2 SiOx(50nm)@Au, (d) detail of a
pTi02_Si02(143nm)@Au, (e) detail of a pTiOz_SiO2(501nm)@Au, and (f) detail of a
PpTiO2_Si02(985nm)@Au templates after heat treatment.
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4.2.1.2 Water droplet evaporation dynamics

Figure 4-20 shows the shape evolution of sessile water droplets with an initial volume of 2 pLL
during evaporation on different templates. The shape evolution of sessile water droplets was
analyzed for different surface modified templates (pTiO2), which were infiltrated with different
sizes of SiO; microparticles. Figure 4-21 shows images of an evaporating sessile water droplet
with an initial volume of 2 pL evolution with time for templates (pTiO>_SiO») filled with
different sizes of Si0, microparticles and after surface modification with cycloazasilane from
toluene solution. For all other templates mentioned in section 3.3.1.3.2, and with different
surface modifications, the same procedure was used (not shown). Figure 4-22 shows the
evolution of the dimensionless contact base radius (r*=r. /rp) of a water droplet with the
surface, where 7. is the base radius at the elapsed time, and 7y is the contact base radius of the
water droplet at an initial stage. For the templates modified with either cycloazasilane or with
a gold metallic layer, the contact base radius remains nearly constant until the dimensionless
time (¢*=t. /t.) of 0.8 and is identified as constant contact radius (CCR) mode. Where ¢, is the
elapsed evaporation time, and ¢ is the time required for complete evaporation. For the templates
modified with either 1-dodecanethiol on the gold film or with FDTS, the contact base radius
remains nearly constant until the dimensionless time (¢*=t. /) of 0.6 and is identified as a
constant contact radius (CCR) mode. In constant contact radius (CCR) mode, the pinning force
between the water drop and substrate keeps a static contact line having a constant droplet
radius.[206] At the initial stage of droplet evaporation, the droplet evaporation happened with

a constant contact radius through contact angle decrease (Figure 4-22).
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Figure 4-20 Shape evolution of sessile water droplets with an initial volume of 2 pL during
evaporation on different templates. Droplet profiles are shown for different evaporation times;
t1 =0 s is the time instant where evaporation started, and t¢ is the total time for evaporation. The
shape evolution curve of sessile water droplets was generated after time interval (t*=t;/ty) of
0.2 (where # is the time instant and #r is total time for evaporation). The total time for
evaporation (ty) is calculated, when the water droplet is completely disappear as seen from the
side view of drop shape analyzer Kriiss DSA100. (a-e) different templates after surface
modification with cycloazasilane from toluene solution;(a) pTiO2 (¢4 = 12.6 min), (b)
pTiO2_SiO2(50nm) (zr = 13.9 min), (¢) pTiOz_SiO2(143nm) (tr = 159 min), (d)
pTiO2_SiO2(501nm) (¢~ 15.6 min) and (e) pTiO2_SiO2(985nm) (zr= 12.9 min). (f-j) different
templets after gold (Au) metallic layer deposition by thermal evaporation; (f) pTiO2 (t=~ 18.3
min), (g) pTiOz_SiOz2(50nm) (¢ = 16.0 min), (h) pTiO>_SiO2(143nm) (¢ = 16.1 min), (i)
pTiO2_SiO2(501nm) (zr = 17.0 min) and (j) pTiO2_Si02(985nm) (zr=~ 17.0 min). (k-0) different
templets after adsorption of 1-dodecanethiol on the gold film from toluene solution; (k) pTiO-
(tr= 19.9 min), (1) pTiO2_Si02(50nm) (zr=~20.2 min), (m) pTiO>_SiO2(143nm) (¢ ~21.0 min),
(n) pTiO2_SiO2(501nm) (¢ = 20.3 min) and (o) pTiOz_SiO2(985nm) (zr = 20.1 min). (p-t)
different templets after adsorpTiO; of FDTS; (p) pTiO: (¢~ 21.1 min), (q) pTiO2_SiO2(50nm)
(tr=19.9 min), (r) pTiO2_SiO2(143nm) (¢ = 20.0 min), (s) pTiO2_SiO2(501nm) (¢s =21.0 min)
and (t) pTiO2_Si02(985nm) (= 21.9 min). Water contact angle measurements were carried
out at a room temperature of 23 °C and a relative humidity of 31%. The length of the scale bars
in the images corresponds to 0.5 mm.
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Figure 4-21 Images of an evaporating sessile water droplet with an initial volume of 2 pL
placed on different templets after surface modification with cycloazasilane from toluene
solution. The shape evolution curve of sessile water droplets was generated after a time interval
(t*=ti/ty) of 0.2 (where ¢; is the time instant and ty is the total time for evaporation). The total
time for evaporation (#) is calculated when the water droplet is completely disappeared, as seen
from the side view of drop shape analyzer Kriiss DSA100. Time-dependent contact angle
images during the natural evaporation from; (a-f) pTiO>@cycloazasilane (*= 0, 0.2, 0.4, 0.6,
0.8, and 1.0 respectively), (g-1) pTiO2 SiO2(50nm)@cycloazasilane, (m-r)
pTi02_Si102(143nm)@cycloazasilane, (s-x) pTi02_Si02(501nm)@cycloazasilane, and (y-z.2)
pTiO2_Si02(985nm)@cycloazasilane. Water contact angle measurements were carried out at
a room temperature of 23 °C and relative humidity of 31%. The length of the scale bars in the
images corresponds to I mm.
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Figure 4-22 Contact angles and dimensionless contact radii »* =r./r¢ of sessile water droplets
with an initial volume of 2 puL on a), b) cycloazasilane-coated, c¢), d) gold-coated, e), f) gold
and 1-dodecanethiol-coated and g), h) FDTS-coated pTiO> and pTiO>_SiO» plotted against the
dimensionless evaporation time t*=t./f.. t. is the elapsed evaporation time, 7. the time required
for complete evaporation, »* the dimenSiOnless contact radius, r. the contact radius after the
evaporation time #. and ry the initial contact radius of the considered droplet. Black squares
denote pTiO,, red circles pTiO2_SiO2(50nm), blue up-triangles pTiO>_SiO2(143nm), green
down-triangles pTiO2_SiO2(501nm) and pink squares pTiOz_ SiO2(985nm). The lines are
guides to the eyes. The measurements were carried out at 23 °C and relative humidity of 31%.
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The base droplet contact radius (7.) and droplet height (4) was verified and confirmed by
calculating the apparent water contact angle using the relation 8,4 = 2tan™1( h/7.).[207]
Figure 4-23 shows the experimentally observed evolution of the apparent water contact angles,
as well as calculated water contact angles, plotted against the dimensionless time (z*). The
small difference between experimental and calculated water contact angle values indicates that
the measurements of 7. and 4 are valid. Figure 4-24 shows the optical microscopy images of
the contact line of evaporation of sessile water droplets with an initial volume of 2 pL placed
on different pTiO,_SiO» templates modified with cycloazasilane. The contact line of the water
droplet remains pinned till #*= 0.8, as described in Figure 4-24. After *= 0.8, the contact angle

decreases with the sudden decrease in contact radius.

Experimental
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Figure 4-23 Comparison of experimentally measured apparent water contact angles and water
contact angles calculated as 8y = 2tan"1( h/7.) on pTiO, SiO2(143nm) with different

surface coatings plotted against the dimensionless evaporation time #*. Measurements were
carried out at 23°C and relative humidity of 31%. The lines are guides to the eyes.
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Figure 4-24 Optical microscopy images (60x magnification) of the contact line of evaporation
of sessile water droplets with an initial volume of 2 pL placed on different pTiO;_ SiO»
templates  modified with cycloazasilane. (a-b) pTiOx@cycloazasilane, (c-d)
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pTiOz_SiOx2(50nm)@cycloazasilane, (e-f) pTiOz SiOx(143nm)@cycloazasilane, (g-h)
pTiO2_SiOz(501nm)@cycloazasilane, and (i-j) pTiO2_SiO02(985nm)@cycloazasilane. The left
side panels are taken at (#*=t./t. =0) and right-side panels at *=0.8; where . is the elapsed
evaporation time, #. is the time required for complete evaporation. The total time for
evaporation () is calculated when the water droplet completely disappears, as seen from the

inclined view. The scale bars for panels correspond to 10 pm. The experiments were carried
out at 23 °C at a relative humidity of 31%.
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5.1 Fabrication of PDMS stamps

The PDMS secondary molds were fabricated by pouring PDMS prepolymer onto silanized mSi
(see section 3.3.1.1). Figure 5-1a, c shows SEM images of silanized macroporous silicon (mSi)
templates used as a primary mold. The macropores with round pore bottoms had pore lengths
of = 0.8 um, pore diameters of = 0.9 pm, and interpore distances of = 1.5 um (Figure 5-1a),
and the resulting PDMS secondary mold has dimensions of pore length (= 0.79 um), and base
diameter (= 0.8 um) of the PDMS pillars (Figure 5-1b) approximately matched the dimensions
of the macropores of the primary mSi mold. The pillar depth (= 6.99 um) and base opening
diameter (= 5.06 pm) of the PDMS pillars (Figure 5-1d) approximately match the dimensions
of the macropores of the primary mSi mold (total pore length of 7.26 um, 6.0 um pore opening

diameter, and 3.5 um pore bottom diameter) (Figure 5-1c).

Figure 5-1 Cross-section SEM images of (a) macroporous silicon (mSi) primary mold with 0.9
um pore base diameter, and resulting (b) PDMS secondary mold with a base diameter (= 0.8
um) of the PDMS pillars. Cross-section SEM images of (c) macroporous silicon (mSi) primary
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mold with 3.5 pm pore bottom diameter, and resulting (b) PDMS secondary mold with a base
opening diameter (= 5.06 um) of the PDMS pillars.

5.2 Fabrication of PS-6-P2VP and PS-b6-P4VP

macroporous-nanoporous substrates

The macroporous PS-b-P2VP and PS-H-P4VP polymeric substrates were fabricated using
PDMS secondary molds (see sections 3.3.2.1). For the generation of continuous nanopores, the
PS-b-P2VP or PS-b-P4VP substrate was treated with ethanol at 60 °C for 4 h using a protocol
established elsewhere [168, 169]. The macroporous PS-H-P2VP substrates had a pore diameter
of 0.9 um and a pore length of 0.80 pm, as shown in Figure 5-2a-b. The topographically
patterned macroporous PS-b-P4VP substrate had a macropore diameter of 5.3 pm and a

macropore length of 8.6 um (Figure 5-2c-d).

© LA G - (d)'
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Figure 5-2 SEM images of a macroporous-nanoporous block copolymer substrates. (a-b)
swelled PS-b-P2VP patterned substrate, (a) top view and (b) cross-sectional view. (c-d) swelled
macroporous PS-H-P4VP substrate, (a) top view and (b) cross-sectional view.

5.2.1 Self-assembly of SiO; microparticles inside porous

block copolymer substrates

SiO2 microparticles with diameters of 4.07 um and 0.755 pm were deposited into the
macropores of PS-6-P4VP or PS-b-P2VP substrates according to the method described in the
section 3.3.1.3.1. SiO2 microparticles arranged themselves very homogenously and well
embedded. One SiO2 microsphere with a diameter of 0.755 pm can be seen in each PS-b-P2VP
macropore (Figure 5-3a-b). The sizes of the SiO; microsphere sizes were selected in such a
way that only one microsphere fitted into a macropore. Figure 5-3c-d shows the embedded of

single 4.07 um SiO> microparticles inside the macropores of the PS-b-P4VP substrate.

© e MDY (d)

Figure 5-3 SEM images of patterned block-copolymer substrates with macropores containing
silica microspheres. (a-b) SEM images of a PS-b-P2VP substrate containing SiO> microspheres
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with a diameter of 0.755 um in its macropores; (a) top view and (b) cross-sectional view. (c-d)
SEM images of a PS-H-P4VP substrate containing SiO> microspheres with a diameter of 4.07
um in its macropores; (c) tilted view and (d) cross-sectional view.

5.2.1.1 Site-selective  orthogonal  modifications of SiO:

microparticles inside PS-6-P2VP with gold and K:Cr207

For the site-selective orthogonal modification of 0.755 pm SiO; microparticles embedded
inside the macropores of PS-b6-P2VP membranes, the methods described in section 3.3.2.1.1
were applied. For the mapping of the elemental composition, EDX characterization was
performed. Figure 5-4b-e reveals the distribution of the relevant elements on a modified SiO2
microparticle located in a substrate macropore. The presence of Cr and O at the lower part of

the SiO; particle supports the successful modification of infiltrated solution through the

nanoporous channel.

L
@ (e)

Figure 5-4 (a) SEM image for the EDX elemental mapping of 0.755 um SiO: particles
embedded inside a macropore of a PS-H6-P2VP membrane. (b-e) EDX elemental mappings of
the SEM image shown in a); EDX maps of (b) C Ka; 2, (c) O Kai, (d) Au May, and (e) Cr
Lo .
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5.2.1.2 Site-selective modifications of SiO;

microparticles inside PS-5-P4VP with 1-dodecanethiol and APTES

orthogonal

In section 3.3.2.1.1, the modification method for the site-selective orthogonal modification of
embedded SiO; microparticles with 1-dodecanethiol and APTES molecules is described. The
top-most SiO» microparticle (diameter: 4.07 pum) facing upward was modified with 1-
dodecanethiol. For this purpose, the embedded SiO> microparticles were sputter-coated with a
~ 20 nm thick gold layer, then modified with 1-dodecanethiol. The thiol molecules on the Au
surface are chemisorbed due to a robust thiolate-Au bond.[208] APTES is among the
organosilanes, which are mostly used as a coupling agent for further functionalization of silica
surfaces.[209] Wang et al.[210] reported surface modification of SiO: colloidal spheres with
APTES. The presence of the APTES amino groups was advantageous for enhancing CO; gas
sensing performance. Issa et al.[211] reported grafting of poly(ethylene oxide) monomethyl
ether (MPEO) on APTES-modified colloidal SiO> nanoparticles. The PS-b-P4VP/Si0O;
substrate containing SiO> microparticles 4.07 um in diameter was selectively modified with 1-

dodecanethiol and APTES.
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Figure 5-5 Wide-scan X-ray photoelectron (WS-XP) spectrum of SiO» microparticles
embedded in a PS-b-P4VP/SiO> substrate after modification with 1-dodecanethiol and APTES.

Corresponding wide-scan X-ray photoelectron (WS-XP) spectra and high-resolution X-ray
photoelectron (HR-XP) spectra are shown in Figures 5-5 and 5-6, respectively. The embedded
Si02 microparticles inside the macropores were exposed on both modified sides for XPS
measurements. For this, the sample PS-b-P4VP/SiO, substrate film containing SiO»
microparticles 4.07 pm in diameter modified with 1-dodecanethiol and APTES was first to cut
into half and then placed cross-sectionally in the cross-sectional sample holder. The wide-scan
XP spectrum shows peaks from all elements (Si 2p, O 1s, N 1s, C 1s, S 2s, S 2p) present in PS-
b-P4VP/SiO; substrate modified with 1-dodecanethiol and APTES.

High-resolution X-ray photoelectron (HR-XP) spectra shown in Figure 5-6 evidence the
successful modification of the Si0O, microparticles embedded inside the macropores. Figure 5-
6a shows the HR-XP spectrum around the sulfur 2p peaks with a two-peak structure, revealing
the presence of the S 2p peaks at binding energies of ~<163.7 eV and = 168.5 eV, respectively,
which can be assigned to sulfur atoms bound to a gold surface.[193-198] The lower S 2p peak
has a very weak duplet peak 2p1/2, and S 2p32 at 161.9 eV and 163.7 eV, which is indicative of
a metal sulfide, and the peak at 168.5 eV shows the presence of a high oxidation state form of
sulfur.[212, 213] So, in the sample, the presence of a form of sulfur in a high oxidation state
(S 2p BE > 166 eV) such as in sulfonate (—SO3H) groups was detected by XPS.[214] The
presence of the sulfur S 2p peak at 161.9 eV suggests the bounding of sulfur atoms to the gold
surface as a thiolate species in agreement with results reported by others.[214] As shown in
Figure 5-6b, the peaks at B.E of 227.6 eV and 231.9 eV correspond to the sulfur S 2s
peaks.[215, 216] The unmodified SiO> microparticles in the PS-6-P4VP/SiO» substrate show
no clear peaks of S 2p and S 2s, suggesting successful modification of top-sided of embedded
Si02 microparticles in macropores with 1-dodecanethiol. The unmodified SiO> microparticles
are the microparticles that were assumed not to be successfully modified during the
modification process. The unmodified SiO> microparticles were noticed after some tries during
measurements. The presence of N 1s peak at B.E of 399.5 eV shown in Figure 5-6¢ indicates

the presence of amino groups and, therefore, of APTES.[217]
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Figure 5-6 High-resolution X-ray photoelectron (HR-XP) spectra of SiO: microparticles
embedded in a PS-h-P4VP/Si0; substrate modified and unmodified with 1-dodecanethiol and
APTES. (a) HR-XP spectrum of sulfur 2p, and (b) HR-XP spectrum of sulfur 2s. (¢) HR-XP
spectrum of nitrogen 1s taken after the modification.
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6 Hollow microrings by a one-step direct

imprinting method
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6.1 Fabrication of PDMS secondary mold

PDMS secondary molds were obtained by pouring PDMS prepolymer onto silanized mSi.
After curing, the PDMS molds had pillars at the positions of the mSi macropores (see section
3.3.1.1). The pillar depth (= 6.99 um) and base opening diameter (= 5.06 um) of the PDMS
pillars (see Figure 5-1d in section 5.1) approximately match the dimensions of the macropores
of the primary mSi mold (total pore length of 7.26 um, 6.0 um pore opening diameter, and 3.5

um pore bottom diameter) seen in Figure 5-1c¢ section 5.1.

6.2 Fabrication of hollow microrings

All microrings were fabricated by using a method described in section 3.3.3, Figure 3-7.
Imprinting pressure is an essential factor affecting pattern quality and mold durability.[218]
The effect of imprint pressure on height 4, diameter d of hollow microrings, and width w of the
rim have been described. The pattern transferred from a secondary elastomeric stamp (PDMS
having pillars with 3.5 pm pore bottom diameter) consists of hollow microrings. The pressure
was adjusted by applying to add different weights of steel blocks on top of the stamp. Two
imprinting pressures with the value of = 3.95 kN m™ and = 7.87 kN m™ were applied to the

transfer pattern.

6.2.1 Chitosan (CS) and chitosan-graphene oxide (CS-GO)

hydrogel microrings

The CS and CS-GO were synthesized as described in section 3.3.3.2. The hollow microrings
of chitosan (CS) and chitosan-graphene oxide (CS-GO) hydrogel was fabricated using the
imprint method described in section 3.3.3.4. Corresponding wide-scan X-ray photoelectron
(WS-XP) spectra and high-resolution X-ray photoelectron (HR-XP) spectra are shown in
Figures 6-1 and 6-2, respectively. The CS or CS-GO solution was spin-coated on silicon
substrates at 2000 rpm for XPS measurements for 1 min. The wide-scan XP spectrum shows

peaks from all elements (O 1s, N 1s, C 1s) present. HR-XP spectra were measured to verify
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the successful fabrication of chitosan (CS) and chitosan-graphene oxide (CS-GO) hydrogel
nanocomposite. For this purpose, HR-XP of both CS and CS-GO nanocomposite were
measured. The HR-XP spectrum around the N 1s peak measured on a chitosan (CS) film is
shown in Figure 6-2a. The obtained curve can be deconvoluted into three peaks, which can be
related to the amine (C—NH>) peak at a binding energy of 399.4 eV, the amide (C-NHC=0 )
peak at a binding energy of = 400.5 eV and protonated amine species (C—NH3") at a binding
energy of = 401.7 eV. The presence of N 1s at the measured binding energy values agrees with
values reported in the literature.[171, 219] However, there are no noticeable peak shape
changes in the N 1s spectra; only a shift of the amine peak from the binding energy of = 399 .4
(CS) to the binding energy of 399.1 eV (CS-GO) occurred (Figure 6-2c). The C 1s spectrum
of CS can be deconvoluted into three peaks at binding energies of 284.5, 286.13, and 287.5 eV
that can be assigned to C—C, C-0, and C=0 groups (Figure 6-2b). The HR-XP spectra around
the C 1s peak of CS-GO could also be deconvoluted into three peaks at binding energies of
284.5, 286.13, and 287.5 eV that could be ascribed to C—C, C—0, and C=0 groups (Figure 6-
2d). However, as compared to the C 1s peak obtained for CS, the wider peak at 287.5 eV
obtained for GO indicates the presence of C=C, alongside with C—C characteristic peak at
284.5 eV. Furthermore, the intensity of the C—O and C=0 peaks in the CS-GO nanocomposite

is due to the contribution of graphene oxide.[219]
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Figure 6-1 Wide-scan X-ray photoelectron (WS-XP) spectrum of CS and CS-GO hydrogel
films.
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Figure 6-2 High-resolution X-ray photoelectron (HR-XP) spectra of CS and CS-GO hydrogel
films. (a) HR-XP spectra of the region of the nitrogen N 1s peak, and (b) in the region of the
carbon C 1s peak in the CS film. (c) HR-XP spectra of the region of the nitrogen N 1s peak,
and (d) of the region of the carbon C 1s peak for the CS-GO film.

6.2.1.1 Morphological characterization of chitosan (CS) hydrogel

microrings

Figure 6-3a-b shows the SEM images of hollow microrings of CS imprinted on Si substrate
with an imprint pressure of 3.95 kN m™. The hollow microrings of CS are hexagonally arranged
have long-range order and almost no defects. The order of printed CS hollow microrings can
be clearly seen from detailed magnified SEM images (Figure 6-3b). The hollow microrings'
surface topography and height profile are characterized using atomic force microscopy (AFM).
Figure 6-3c-d shows an AFM image to analyze the height of the hollow microrings. The
average height of the eight hollow microrings amounted to 79.53+13.82 nm measured with

AFM. The measurement was done with AFM using the contact mode and extracting a line
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profile of the measured data (Figure 6-3d). The average thickness of the rims calculated from
8 microrings from the AFM image amounted to 1.56+0.35 pm. The hollow microrings of CS
were analyzed according to the procedure described in chapter 3.1.4. and a total of 86 hollow
microrings of CS was evaluated from a binarized SEM image. The analyzed hollow microrings
have a diameter of = 2.65+0.17 um, a circularity of = 0.95+0.09, and an average aspect ratio
of = 1.07+0.07 (Figure 6-3e-g). Under the optimal thermal and pressure conditions, the

precursor solution is attracted to the walls of the protruding mold section. It results in the

transfer of the pattern.[220]
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Figure 6-3 Imprinted hollow microrings of chitosan (CS) hydrogel on a silicon (Si) substrate
fabricated under 3.95 kN m™ imprint pressure. (a-b) SEM images; (a) large-area top view, and
(b) detail top view. (c) Atomic force microscopy (AFM) image (100 x 100 um?), and (d)
topographic line scan along the white line in c). (e-f) Histograms of (e) the diameters, (f) the
circularities, and (g) the aspect ratios of 86 analyzed microrings.

Figure 6-4a-b shows the SEM images of hollow microrings of CS imprinted on a Si substrate
with an imprint pressure of 7.87 kN m™. The hollow microrings of CS are hexagonally arranged
and have long-range order with few defects. Figure 6-4c-d shows an AFM image to analyze
the height of the hollow microrings. The average height of the seven hollow microrings
amounted to 81.52+7.57 nm measured with AFM. The line profile is extracted from the
measured data (Figure 6-4d). The average thickness of the rims calculated from 7 microrings
from the AFM image amounted to 1.62+0.30 pm. A total of 86 hollow microrings of CS were
evaluated from a binarized SEM image according to the procedure described in chapter 3.1.4.

The hollow microrings have a diameter of = 3.15+0.09 pm, a circularity of = 0.75+0.09, and

an average aspect ratio of = 1.12+0.07 (Figure 6-4 e-g).
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Figure 6-4 Imprinted hollow microrings of chitosan (CS) hydrogel on a silicon (Si) substrate
fabricated under 7.87 kN m imprint pressure. (a-b) SEM images; (a) large-area top view, and
(b) detail top view. (c) AFM image (100 x 100 um?), and (d) topographic line scan along the
white line in c). (e-f) Histograms of (e) the diameters, (f) the circularities, and (g) the aspect
ratios of 86 analyzed microrings.

6.2.1.2 Morphological characterization of chitosan-graphene

oxide (CS-GO) hydrogel microrings

Figure 6-5a-b shows the SEM images of hollow microrings of CS-GO imprinted on a Si
substrate with an imprint pressure of 3.95 kN m™. The hollow microrings of CS-GO are
hexagonally arranged and have long-range order with some defects. The hollow microrings'
surface topography and height profile were characterized using atomic force microscopy
(AFM). Figure 6-5¢c-d shows an AFM image to analyze the height of the hollow microrings.
The average height of the six hollow microrings amounted to 29.31+4.86 nm measured with
AFM. A topographic line profile of the measured data was extracted from the AFM image
(Figure 6-5d). The average thickness of the rims calculated from 6 microrings from the AFM
image amounted to 1.73+0.30 um. The hollow microrings of CS-GO were analyzed according
to the procedure described in chapter 3.1.4 and total of 129 hollow microrings of CS-GO were
evaluated from a binarized SEM image. The analyzed hollow microrings diameter of =~ 2.50 +

0.42 pum, a circularity of = 0.75+0.16, an average aspect ratio of = 1.30+0.13 (Figure 6-5e-g).
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Figure 6-5 Imprinted hollow microrings of chitosan-graphene oxide (CS-GO) hydrogel on a
silicon (Si) substrate fabricated with 3.95 kN m™ imprint pressure. (a-b) SEM images; (a) large-
area top view, and (b) detail top view. (¢) AFM image (100 x 100 pm?), and (d) a topographic
line scan along the white line in c). (e-f) Histograms of (e) the diameters, (f) the circularities,
and (g) the aspect ratios of 129 analyzed micron hollow microrings.

Figure 6-6a-b shows the SEM images of hollow microrings of CS-GO imprinted on Si substrate
with imprint pressure of 7.87 kN m™. The hollow microrings of CS are hexagonally arranged,
have long-range order, and have few defects. Figure 6-6¢-d shows an AFM image to analyze

the height of the hollow microrings, and the average height of the hollow microrings amounted

103



Hollow microrings by a one-step direct imprinting method

to 37.34+5.15 nm. A topographic line profile was extracted from the measured data (Figure 6-

6d). The average thickness of the rims calculated from 7 microrings from the AFM image

amounted to 1.84+ 0.34 um. A total of 91 hollow microrings of CS-GO were evaluated from a

binarized SEM image having a diameter of ~ 2.67+0.09 um, a circularity of = 0.75+0.13, an

average aspect ratio of = 1.05+0.01 (Figure 6-6 e-g).
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Figure 6-6 Imprinted hollow microrings of chitosan-graphene oxide (CS-GO) hydrogel on a
silicon (Si) substrate fabricated with 7.87 kN m™ imprint pressure. (a-b) SEM images; (a) large-
area top view, and (b) detail top view. (¢) AFM image (100 x 100 um?) , and (d) topographic
line scan along the white line in c). (e-f) Histograms of (e) the diameters, (f) the circularities,
and (g) the aspect ratios of 91 analyzed micron hollow microrings.
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Table 6-1 Summary of all results of imprinted CS and CG-GO hollow microrings onto silicon
substrates using two different imprinting pressures.

Samples Imprinting Diameter d of | height / of hollow | Width w of the
pressure hollow microrings | microrings rim

CS 3.95 kN m™ 2.65+0.17 um 103.88 £ 13.82nm | 1.56 + 0.35 nm
7.87 kN m™ 3.15+£0.09 pm 81.52 +7.57 nm 1.62 +0.30 nm

CS-GO 3.95 kN m™ 2.50 £ 0.42 pm 29.31 £4.86 nm 1.73 £ 0.30 pm
7.87 kN m™ 2.67£0.09 um 37.34+5.15 nm 1.84 £0.34 um

6.2.2 Fabrication of titania (TiO:) microrings

TiO, sol-gel solution was synthesized as described in section 3.3.3.1. Hollow microrings of
TiO2 were fabricated using the imprint method described in section 3.3.3.5. The TiO:
microrings are prepared to generate a topographically patterned substrate to generate patterned
assemblies of nanoparticles. The X-ray diffraction (XRD) pattern of a synthesized TiO> sample
annealed at 450 °C is shown in Figure 6-7. The TiO» sol-gel solution was deposited on a
cleaned FTO glass substrate and then treated thermally. The thermal treatment was the same
as the fabrication of patterned TiO2 holey films (see experimental section 3.3.1.3). After the
thermal treatment, the TiO2 film was scratched with the help of a scalpel from the FTO
substrate and further analyzed in powder form. The crystalline nature of the sample was
confirmed by the occurrence of well-defined sharp Bragg diffraction peaks. By comparison
with reference pattern ICSD # 202243, the diffraction peaks at 26 values of 25.33°, 37.97°,
47.97°, 54.72°, 62.78°, 69.74°, and 75.36° were assigned to the (101), (004), (200), (105),
(204), (220), and (215) reflections of tetragonal anatase with space group I41/amd. The absence
of reflections emerging from other polymorphs such as rutile or brookite indicated the
exclusive presence of anatase. The obtained XRD pattern agrees with previously reported XRD

patterns of sol-gel synthesized TiO, annealed at 450°C.[166]
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Figure 6-7 XRD pattern of sol-gel synthesized titania (TiO2) showing the typical features of
anatase phase (ICSD # 202243).

6.2.2.1 Morphological characterization of titania (TiOz)

microrings

Figure 6-8a-b shows the SEM images of hollow microrings of TiO2 imprinted on a Si substrate
with an imprint pressure of 3.95 kKN m™. The hollow microrings of TiO; are hexagonally
arranged and have long-range order with some defects. The hollow microrings' surface
topography and height profile was characterized using atomic force microscopy (AFM). Figure
6-8c-d shows an AFM image to analyze the height of the hollow microrings. The average
height of 6 hollow microrings amounted to 208.88+£32.75 nm measured by AFM. A
topographic line profile was extracted from the AFM image (Figure 6-8d). The average
thickness of the rims calculated from 6 microrings from the AFM image amounted to 1.90+0.34
pm. A total of 109 hollow microrings of TiO> were evaluated from a binarized SEM image.
The analyzed hollow microrings have a diameter of =~ 3.35+0.13 um, a circularity of =

0.93+0.02, an average aspect ratio of = 1.05+0.02 (Figure 6-8e-g).
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Figure 6-8 Imprinted hollow microrings of titania (Ti0O2) on a silicon (Si) substrate fabricated
with 3.95 kN m™ imprint pressure. (a-b) SEM images; (a) large-area top view, and (b) detail
top view. (c) AFM image (100 x 100 pm?) , and (d) topographic line scan along the white line
in ¢). (e-f) Histograms of (e) the diameters, (f) the circularities, and (g) the aspect ratios of 109
analyzed micron hollow rings.

Figure 6-9a-b shows the SEM images of hollow microrings of TiO; imprinted on a Si substrate
with an imprint pressure of 7.87 kN m™. The hollow microrings of TiO> are hexagonally
arranged and have long-range order with almost no defects. Figure 6-9c-d shows an AFM

image to analyze the height of the hollow microrings, and the average height of 7 hollow
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microrings amounted to 316.424+44.50nm measured by AFM. A topographic line profile was
extracted from the measured AFM data (Figure 6-9d). The average thickness of the rims
calculated from 7 microrings from the AFM image amounted to 2.07+0.37 um. A total of 122

hollow microrings of TiO, were evaluated from a binarized SEM image, revealing a diameter

of =4.50+0.08 um, a circularity of = 0.924+0.02, an average aspect ratio of = 1.13+0.02 (Figure
6-9 e-g).
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Figure 6-9 Imprinted titania (TiO2) hollow microrings on a silicon (Si) substrate fabricated
with 7.87 kN m™ imprint pressure. (a-b) SEM images; (a) large-area top view, and (b) detail
top view. (¢) AFM image (100 x 100 pm?), and (d) topographic line scan along the white line
in ¢). (e-f) Histograms of (e) the diameters, (f) the circularities, and (g) the aspect ratios of 122
analyzed micron hollow rings.
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Figure 6-10a-b shows SEM images of hollow microrings of TiO> imprinted on an FTO glass

substrate with an imprint pressure of 7.87 kN m™. Figure 6-10c-d shows an AFM image to

analyze the height of the hollow microrings, and the average height of the seven hollow

microrings amounted to 228.87 + 41.42 nm measured with AFM. A topographic line profile

was extracted from the measured data (Figure 6-10d). The average thickness of the rims

calculated from 7 microrings from the AFM image amounted to 1.98+ 0.42 um. A total of 122

hollow microrings of TiO2 were evaluated from a binarized SEM image, revealing a diameter

of the hollow microrings of = 3.90+0.21 pm, a circularity of = 1.0+0.003, and an average aspect
ratio of = 1.02 + 0.04 (Figure 6-10e-g).
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Figure 6-10 Imprinted titania (TiO2) hollow microrings on an FTO (fluorine-doped tin oxide)
substrate fabricated with 7.87 kN m2 imprint pressure. (a-b) SEM images; (a) large-area top
view, and (b) detail top view. (c) AFM image (100 x 100 pm?), and (d) topographic line scan
along the white line in c). (e-f) Histograms of (e) the diameters, (f) the circularities, and (g) the
aspect ratios of 122 analyzed micron hollow rings.

For the mapping of the elemental composition, EDX characterization was performed. Figure
6-11b-e reveals the distribution of the relevant elements on a hollow microring of TiO:
imprinted on a Si substrate with an imprint pressure of 7.87 kN m™. Ti and O at the edge of the

hollow microring evidence the successful fabrication of TiO2 microrings.

Figure 6-11 Imprinted titania (TiO2) hollow microrings on a silicon (Si) substrate fabricated
with 7.87 kN m™ imprint pressure. (a) SEM image for the EDX elemental mapping. EDX
elemental mappings of the encircled part of the SEM image are shown in a); EDX maps of (b)
C Ko 2, (¢) O Kay, (d) T1 Kau, and (e) St Kai.
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Table 6-2 Summary of all results of imprinted TiO2 hollow microrings onto silicon substrates
using two different imprinting pressures.

Samples | Imprinting Diameter d of hollow | height / of hollow | Width w of the

pressure microrings microrings rim
TiO2 3.95kNm? |3.65+0.13 um 208.88 +£32.75nm | 1.90+ 0.34 pm
7.87kNm? |4.47+0.08 um 316.42 £44.50nm | 2.07+0.37 um

6.2.3 Fabrication of Gold (Au) microrings

The gold precursor solution was synthesized as described in section 3.3.3.3. Au's hollow

microrings were fabricated using the imprint method described in section 3.3.3.6.

6.2.3.1 Morphological characterization of gold (Au) microrings

Figure 6-12a-b shows the SEM images of hollow microrings of Au imprinted on a Si substrate
with an imprint pressure of 3.95 kN m™. The hollow microrings of Auare hexagonally arranged
and have long-range order with some defects. A total of 20 hollow microrings of Au were
evaluated from a binarized SEM image. The analyzed hollow microrings have a diameter of =
2.75%0.11 pm, a circularity of = 1.00+0.01, an average aspect ratio of = 1.07+0.06 (Figure 6-
12¢c-e).
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Figure 6-12 Imprinted gold (Au) hollow microrings on a silicon (Si) substrate fabricated with
3.95 kN m2 imprint pressure and thermally treated at 140 °C. (a-b) SEM images; (a) large-area
top view, and (b) detail top view. (c-e) Histograms of (c) the diameters, (d) the circularities,
and (e) the aspect ratios of 20 analyzed micron hollow microrings.

Figure 6-13a-b shows the SEM images of hollow microrings of Au imprinted on a Si substrate
with an imprint pressure of 7.87 kN m. The hollow microrings of Auare hexagonally arranged
and have long-range order with many defects. A total of 20 hollow microrings of Au were
evaluated from a binarized SEM image. The analyzed hollow microrings have a diameter of
3.90+0.0.18 um, a circularity of = 0.99+0.02, and an average aspect ratio of = 1.15+0.12
(Figure 6-13c-e).
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Figure 6-13 Imprinted gold (Au) hollow microrings on a silicon (Si) substrate fabricated with
7.87 kN m2 imprint pressure and thermally treated at 450 °C. (a-b) SEM images; (a) large-area
top view, and (b) detail top view. (c-e) Histograms of (c) the diameters, (d) the circularities,
and (e) the aspect ratios of 20 analyzed micron hollow rings.

For the mapping of the elemental composition, EDX characterization was performed. Figure
6-14b-g reveals the distribution of the relevant elements on a hollow microring of Au imprinted
on a Si substrate with an imprint pressure of 7.87 kN m™2. Au at the edge of the hollow

microring is evidence of the successful fabrication of Au microrings.
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Figure 6-14 Imprinted gold (Au) hollow microrings on a silicon (Si) substrate fabricated with
7.87 kN m™ imprint pressure and thermally treated at 450 °C. (a) SEM image for the EDX
elemental mapping. EDX elemental mappings of the encircled part of the SEM image are
shown in a); EDX maps of (b) Si Kai. (¢) AuMay , (d) Cl Kau, (e) Na Kai 2, (f) O Kay, (g) C
Kaj 2.

Table 6-3 Summary of all results of imprinted gold (Au) hollow microrings on a silicon (Si)
substrate using two different imprinting pressures.

Samples Imprinting pressure Diameter d of hollow microrings
Au 3.95 kN m™ 2.75+0.11 um
7.87 kN m™ 390 £0.18 pm
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6.3 Self-assembly of SiO, microparticles inside

hollow microrings of TiO;

Silica (Si02) microparticles with a diameter of 50nm were deposited into hollow microrings of
TiO» through a method described in section 3.3.1.3.1. The SiO; microparticles with diameters
of 50nm arranged themselves very homogenously and well embedded inside some of the
hollow microrings, as shown in Figure 6-15c. However, many left either half-filled or wholly
empty, as shown in Figure 6-15a-b. The water contact angle, 6,4 of TiO2 microrings

imprinted with an imprint pressure of 7.87 kN m

on a Si substrate is approximately
108.6°+5.37°, while TiO> microrings containing SiO» microparticles 50nm in diameter are
completely wettable. The water contact angles are the arithmetic mean of six measurements on

different samples taken at 23 °C and relative humidity of 31%.

(@)

Figure 6-15 SEM images of hollow microrings of titania (TiO2) imprinted with 7.87 kN m™
imprint pressure on a silicon substrate containing silica microparticles with a diameter of 50nm.
(a) large view, (b-d) detailed view; (b) filled microrings, (c¢) a single microring filled with SiO»
microparticles, and (d) SiO, microparticles between microrings.
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6.4 Self-assembly of SiO, microparticles in

hollow microrings of Au

Silica (SiO2) microparticles with a diameter of 50nm were self-assembled into hollow
microrings of Au through a method described in section 3.3.1.3.1. The SiO; microparticles
with diameters of 50nm arranged themselves outside the Au microrings (Figure 6-16c). The
water contact angles, 8¢, of Au microrings imprinted at an imprint pressure of 7.87 kN m
and thermally treated at 450 °C is approximately 0°. At the same time, after the deposition of

Si0, microparticles with a diameter of 50nm, the substrate was also completely wettable.

Figure 6-16 SEM images of hollow microrings of gold (Au) imprinted with 7.87 kN m™? imprint
pressure on a silicon substrate after deposition of silica microparticles (diameter 50nm)
assembled at the outer side of microrings (a) large view, (b-d) detailed view; (d) detailed view
of the assembly of silica microparticles both inside and outside of Au microrings from the red
region in (c).
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7 Magnetic assisted insect-inspired capillary

nanostamping (MA-IICN)
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7.1 Design of stamps

7.1.1 PDMS secondary mold

PDMS secondary molds were obtained by pouring PDMS prepolymer onto silanized mSi.
After curing, the PDMS molds had pillars at the positions of the mSi macropores (see section
3.3.1.1). The pore length (= 0.79 um) and base diameter (= 0.8 pm) of the PDMS pillars (Figure
7-2a-b) approximately matched the dimensions of the macropores of the primary mSi mold
(0.8 um pore length, 0.9 pm pore bottom) as can be seen in Figure 7-1a-b. The pillar depth (=
6.99 um) and base opening diameter (= 5.06 um) of the PDMS pillars (Figure 7-2c-d)
approximately have the dimensions of the macropores of the primary mSi mold (total pore

length of 7.26 pm, 6.0 um pore opening diameter, and 3.5 um pore bottom diameter) can be

seen in Figure 7-1c-d.
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Figure 7-1 SEM images of macroporous silicon (mSi) primary mold; (a) the surface and (b) a
cross-section of mSi with 0.9 um pore base diameter, (c) the surface and (d) a cross-section of
mSi with 3.5 um pore bottom diameter.

50 ym
(© (d)

Figure 7-2 SEM images of PDMS secondary mold; (a) the surface and (b) a cross-section of a
PDMS secondary mold with 0.9 pm pore base diameter, (a) the surface and (b) a cross-section
of mSi mold with 3.5 um pore bottom diameter.

7.1.2 Zinc oxide tetrapods (T-ZnO)

T-ZnO powder was synthesized as described in section 3.3.4.1. Figure 7-3 shows the X-ray
diffraction (XRD) pattern of a synthesized T-ZnO powder. The crystalline nature of the sample
was confirmed by the occurrence of well-defined sharp Bragg diffraction peaks. By
comparison with reference spectrum ICSD # 067849, the diffraction peaks at 26 values of
31.82°,34.47°,36.34°,47.63°, 56.64°, 62.91, 66.38°, 67.98°, 69.16°, and 76.99° were assigned

to the (100), (002), (101), (102), (110), (103), (200), (112), (201), and (202) reflections of
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hexagonal with the space group P63mc.[174] The morphology of tetrapod-shaped ZnO can be
seen in Figure 7-4 g-j.
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Figure 7-3 X-ray diffraction (XRD) pattern of synthesized zinc oxide tetrapod (T-ZnO) (ICSD
#067849).

7.1.3 PS-b-P2VP/T-ZnO porous composite stamp with tip

contact surfaces (TC)

After fabricating the T-ZnO 3D pellets from T-ZnO powder (see section 3.3.4.2), the T-ZnO
pellet was infiltrated with 10 wt.% of PS-b-P2VP solution in toluene. The PS-b-P2VP patterned
film (stamping layer 2, see section 3.3.4.3.1; Figure 3-9) with tip-like contact surfaces were
bounded to the T-ZnO layer (layer 1) with the method explained in section 3.3.4.3.1. The
advantages of T-ZnO layer 1 are storing aqueous inks for multicycle stamping and the
possibility of supplying inks to stamp contact surfaces from the reverse side. Figure 7-4 shows
a composite stamp of porous block copolymer (PS-b-P2VP) and zinc oxide tetrapod (T-ZnO).
The cross-sectional SEM image in Figure 7-4a displays a large view of the PS-b-P2VP
stamping patterned layer 2 connected to T-ZnO layer 1. The thickness of T-ZnO layer 1 is

120



Magnetic assisted insect-inspired capillary nanostamping (MA-IICN)

approximately 635 um measured from the SEM cross-sectional image (Figure 7-4a) (1 mm
thickness before infiltration of PS-5-P2VP step) attached to a PS-H-P2VP film with a thickness
of approximately 65 um measured from the SEM cross-sectional image (Figure 7-4a). The
other advantage of T-ZnO layer 1 is to keep the PS-b-P2VP stamping layer 2 even and flat.
The bending of PS-5-P2VP stamping layer 2 after pore generation in hot ethanol is prevented
due to the rigidity of the T-ZnO support. Different arrangements of PS-6-P2VP polymer on the
surfaces of the ZnO tetrapods in the T-ZnO layer 1 can be seen in Figure 7-4e-j. These
structures possibly formed during the infiltration of PS-5-P2VP polymer in the 3D pellet. In

Figure 7-4g-h, the ZnO tetrapods are connected with the help of PS-b-P2VP polymer.
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Figure 7-4 Porous block copolymer (PS-H-P2VP) and zinc oxide tetrapod (T-ZnO) composite
stamps. (a-j) SEM images. (a) Large view and (b) magnified view cross-sectional image of a
porous PS-H-P2VP stamping layer 2 patterned with round TC. (c¢) Detail cross-sectional view
of porous T-ZnO layer 1 (from the yellow bordered region, a). (d) Detail cross-sectional view
of porous PS-b-P2VP stamping layer 2 (from the green bordered region, b). (e-j) Detail images
from the white-bordered region showing different arrangements of PS-5-P2VP polymer on top
of ZnO tetrapod in T-ZnO layer 1.

As revealed by SEM images (Figure 7-5 a), the obtained polymer monolith perfectly replicated
the structure of macropores from two different mSi templates. Figure 7-5b and 7-5¢ shows the
cross-section of non-swelled PS-b-P2VP polymer contact surfaces and swelled PS-56-P2VP
polymer TC, respectively. The depth of = 0.9 um and base diameter =~ 0.7 pm approximately
matched the dimensions of the primary silicon mold (0.8 um pore length, 0.9 pm pore bottom

diameter, see Figure 7-1a-b).
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Figure 7-5 Porous block copolymer (PS-b-P2VP) and zinc oxide tetrapod (T-ZnO) composite
stamps. (a-c) SEM images of porous block copolymer (PS-b-P2VP) stamping layer of a
composite stamp having TC with diameters of ~ 0.9 um. (a) Large top view of the porous PS-
b-P2VP stamping layer 2 of a composite PS-b-P2VP/T-ZnO stamp. (b-c) Detail cross-sectional
SEM views of PS-b-P2VP stamping layer 1 of a composite PS-b-P2VP/T-ZnO stamp. (b) Non-
swelled contact surfaces of PS-b-P2VP stamping layer 2; (c) swelled contact surfaces of PS-b-
P2VP stamping layer 2.

Figure 7-6¢ shows the contact surface of swelled PS-H-P2VP stamping layer 2 with polymer
pillars having a height of = 6.8 um and a length of the top-side of the square-shaped pillars of
~ 4.3 um. The dimensions of the pillars deviated little from the dimensions of the primary

silicon mold (7.26 um pore depth, 3.5 um pore bottom diameter, see Figure 7-1c-d).
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Figure 7-6 Porous block copolymer (PS-5-P2VP) and zinc oxide tetrapod (T-ZnO) composite
stamps. (a-c) SEM images of porous block copolymer (PS-b-P2VP) stamping layer of a
composite stamp having square TC with a side length =. 4.3 pm. (a) Large top view of the
porous PS-H-P2VP stamping layer 2 of a composite PS-b-P2VP/T-ZnO stamp, (b) Detail top
view SEM views of PS-b-P2VP stamping layer 2 of a composite PS-6-P2VP/T-ZnO stamp,
and (c) Detail cross-sectional SEM views of PS-b-P2VP stamping layer 2 of a composite PS-
b-P2VP/T-ZnO stamp.
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7.1.4 PS-b-P2VP/T-ZnO porous composite stamp with
holey contact surfaces (HC)

The other variation of the topography of stamping layer 2 was a holey contact geometry
fabricated following the procedure explained in detail in section 3.3.4.3.2. Figure 7-7 shows
the top view SEM image of PS-b-P2VP stamping layer 2 of a PS-b-P2VP/T-ZnO porous
composite stamp with a holey contact surface. As revealed by SEM images (Figure 7-7a-c),
the obtained polymer monolith perfectly replicated the structure of the PDMS secondary mold.
Figures 7-7b and 7-7c¢ show the top view and cross-section of swelled PS-b-P2VP polymer HC
of a PS-H-P2VP/T-ZnO porous composite stamp. The pore depth = of 0.9 pm and the top
opening diameter =~ 0.9 pm approximately matched the dimensions of the secondary PDMS

mold (0.79 um pore length, 0.8 pm pore bottom diameter, see Figure 7-2a-b).

(b)

Figure 7-7 Porous block copolymer (PS-b-P2VP) stamping layer 2 of the holey contact surface
(HC) composite stamps. (a-c) SEM images of porous block copolymer (PS-56-P2VP) stamping
layer 2 of an HC composite stamp having contact surfaces of = 0.9 pm. (a) Large-area top view
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of the porous PS-b-P2VP stamping layer 2 of a composite PS-b-P2VP/T-ZnO stamp. (b-c)
Detail SEM views of PS-b-P2VP stamping layer 2 of a composite PS-b-P2VP/T-ZnO stamp.
(b) Top view swelled contact surfaces of PS-b-P2VP stamping layer 2 and (d) Cross-sectional
view of swelled contact surfaces of PS-b-P2VP stamping layer 2.

Figures 7-8a-b and 7-8c show the top view and cross-section of swelled PS-6-P2VP polymer
HC of PS-b-P2VP/T-ZnO porous composite stamp, respectively, with a pore depth of = 8.6
pm and length of the pore opening is = 5.3 pm. The dimensions deviate from the dimensions
of the secondary PDMS mold (6.99 um pillar depth, 5.06 um pore bottom diameter, see Figure
7-8c-d).

3
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Figure 7-8 Porous block copolymer (PS-b-P2VP) stamping layer 2 of the holey contact surface
(HC) composite stamps. (a-c) SEM images of porous block copolymer (PS-b-P2VP) stamping
layer 2 of a composite stamp having HC of = 5.3 um. (a) Large-area top view of the porous
PS-b-P2VP stamping layer 2 of a composite PS-b-P2VP/T-ZnO stamp. (b-c) Detail SEM views
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of PS-H-P2VP stamping layer 2 of a composite PS-b-P2VP/T-ZnO stamp. (b) Top view swelled
contact surfaces of PS-b-P2VP stamping layer 2 and (d) Cross-sectional view of swelled
contact surfaces of PS-5-P2VP stamping layer 2.

7.1.5 Stamping of magnetic nanoparticle model inks

This section discusses the stamping of model inks (ferrofluid, Fe3Os-10nm) and Fe;O4-5nm.
Conventional superparamagnetic materials include Fe3;Oas, Fe2O3, MnFe;04, FePt, and FeCo.
For example, Fe3;O4 magnetic nanoparticles aggregates attracted much attention. Magnetic
nanoparticles have received significant attention because of their broad application range.
Fe304 nanoparticles have many applications; such as biomedical engineering,[221] magnetic
fluid hyperthermia (MFH),[222] biosensing,[223] gene delivery,[224] magnetic
separation,[225] digital data storage [226] and design, and operation of machine elements.[227]
So far, the deposition of small magnetic nanoparticle aggregates has remained challenging. The
reasons may be magnetic inter-particle attractions, leading to a more significant accumulation
of nanoparticles and a weak bonding force with the substrate, making it hard to print magnetic
aggregates.[228]. Two model inks were selected: 1) 5 nm iron oxide superparamagnetic
nanoparticles (magnetite, Fe3O4) in water (Smg/ml), and 2) an aqueous ferrofluid with
magnetite (Fe3O4) particles (10 nm in diameter having a particle concentration of 1.2 vol-%. A
ferrofluid is a dispersion of Fe3O4 magnetic nanoparticles, either sterically or electrostatically
stabilized, and uses anionic surfactant. The 5 nm iron oxide superparamagnetic nanoparticles
are unmodified nanoparticles. Magnetic particles act as nanomagnets comprising only one
domain. Under ambient conditions, Brownian motion prevails, and the ferrofluids behave like
an ordinary fluid. However, upon applying a magnetic field, the ferrofluid follows the modified
Langevin theory and acts like a super magnetic fluid.[229] The interparticle magnetic
interactions can significantly change the characteristics of the ensemble of nanoparticles
aggregates, such as magnetization and coercivity.[230] Superparamagnetic properties are
related to the nanoparticles’ nanoscale sizes. Each nanoparticle acts as one individual
crystalline magnetic domain with a net spin. The superparamagnetic nanoparticle aggregates
can flip their magnetic spin triggered by an external magnetic field.[231] This follows the Neel
relaxation model given in Equation 7-1.[232] Due to Neel relaxation and Brownian relaxation,

there is no remnant magnetization in ferrofluids at room temperature after removing the
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magnetic field.[233] Brownian relaxation changes the magnetic moment of magnetic particles
in a solution by physical rotation of the whole particle under the applied field.[234] In this case,
the Brownian relaxation time is given by Equation 7-2.[235] In the ferrofluid, it is perfectly
possible to physically rotate the particles under the applied field, as the surfactant coating of
ferrofluid nanoparticles is intended to keep the particles apart. Aggregates usually form, when
the nanoparticles are not coated at all or incomplete surfactant coatings of nanoparticles in
ferrofluid. The particles come closer and can result in large aggregates. Such aggregates can
contain up to thousands of particles, resulting in the micro-sized entity. In the presence of the
applied field, the direction of the moment of an individual particle in aggregate is pinned.
Hence the aggregate develops a net moment, by rotation of complete nanoparticles aggregate
rather than the switching of an individual nanoparticle within the aggregate. In this case, the

Brownian rotation relaxation time is given by Equation 7-3.

Ty = Tp €Xp (,:)—VT) Equation 7-1
_ Vi) o 7-

B = h,T Equation 7-2
_ 3Vyn . ~
B= T Equation 7-3

Where, k,, is the Boltzmann constant, T is the absolute temperature, 7o~ 10 s is the time
constant, K is the anisotropy constant, 7 is the dynamic viscosity of the fluid, Vy is the
hydrodynamic volume of the particle or aggregate, and V the volume of particle core.

The weak bonding force of magnetic nanoparticles with the substrate makes it hard to print
magnetic aggregates with state-of-the-art methods.[228] In this work, methods have been
devised with which magnetic nanoparticle aggregates can be printed easily on substrates.

Aqueous magnetic inks were selected, and all stamping was performed with inks as received.
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7.1.5.1 Setup I

In the setup I (see section 3.3.4.4.2.1), the stamp was glued to the PDMS layer with double-
sided polyimide tape after infiltration of the model ink and then attached to the sample holder.
The stamp holder approached a silanized Si counterpart substrate placed on a PDMS support,
ensuring conformal contact. The contact results in ink transfer from the contact surfaces of the
stamp to the silanized Si substrate. The apparent water contact angle on a silanized Si substrate
is measured at 107.85°+0.55° (not shown). After the detachment of the stamp from the Si
substrate, stamped ink spots remained on the substrate surface. However, the stamping of
magnetic nanoparticles aggregates was unsuccessful due to the reasons explained below. The
deposited Fe3;O4-10nm nanoparticles aggregates have no order and many defects. A detailed,
magnified SEM image shows the disorder and more significant agglomeration of stamped
nanoparticle aggregates (Figure 7-10b). The reasons can be the magnetic inter-particle
attractions, leading to a strong aggregation and a weak bonding force with the substrate, making
it hard to print magnetic aggregates.[228] Van der Waals forces among the nanoparticle
aggregates and anisotropic magnetic dipole interactions are responsible for the aggregation
process; the schematic illustration is shown in Figure 7-9 displays the random orientation of
magnetic nanoparticles. The aggregation resulting from interparticle interactions can
drastically affect the magnetic properties t0o.[231] The interparticle interactions between
magnetic nanoparticles influence the magnetic properties, for example, the superparamagnetic
relaxation of the particles.[236] No external force field could not significantly result in ordered
magnetic nanoparticle printing; the application of external magnetic fields in setups II, III, and
IV discussed in the following sections was implemented. The external magnetic field

application formed ordered magnetic nanoparticle arrays by stamping (see following sections).
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Figure 7-9 Schematic illustration of the accumulation of the magnetic nanoparticles without
any external magnetic field.

(d)

Figure 7-10 Magnetic nanoparticle aggregates (10nm Fe;Os-ferrofluid) printed using an
aqueous solution. (a-b) SEM images of magnetic nanoparticle spots printed with the
experimental setup I using a PS-H6-P2VP/T-ZnO composite nanoporous stamp (0.9 um TC) at
room temperature. (a) Large-area top view, and (b) top view at higher magnification. (c-d)
Magnetic nanoparticle spots were printed with the experimental setup I using a PS-5-P2VP/T-
ZnO composite nanoporous stamp (4.3 pm TC) at room temperature. (a) Large top view, and
(b) Detail top view.
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7.1.5.2 Setup I1

Directing and controlling magnetic NP self-assembly with external magnetic fields has driven
much interest in the scientific field of research. Magnetophoresis is a method wherewith
spatially varying magnetic fields exert forces on nanoparticle aggregates. The force pulls the
nanoparticle aggregates to the largest gradient field region.[237] In setup II, the magnetic
nanoparticle aggregates were directed by placing a permanent external magnet either below
(out-of-plane) or parallel the counter substrate (in-plane) (see section 3.3.4.4.2.2). The
position of the magnets was not changed in the different experiments to ensure reproducibility.
Figure 7-11 shows the schematics of in-plane and out-of-plane geometry setups. The Fe3O4
nanoparticle ink concentration gradient is higher near the magnets due to attraction towards a
permanent external magnet.[238] One-dimensional aggregates or self-assembled
superparamagnetic nanoparticle aggregates formed when applying a magnetic field.[239] The
magnetic nanoparticles are magnetized along the direction of the magnetic field and orient
themselves in the direction of external magnetic field lines.[240] The magnetic force (Fm)

acting on a magnetic particle can be calculated by Equation 7-4.[241]

E, = Vm;‘% AH? Equation 7-4
0

The magnetic pressure (pm) used to pull the magnetic nanoparticles (ferrofluid) out of the

macropores can be calculated by Equation 7-5.[242]

Pm = WoMsH, Equation 7-5

Where V,,, is the volume of the magnetic particle, Ay, is magnetic susceptibility of the
magnetic particles, |, is vacuum permeability in units of (N m™), H is the magnetic field (A

m!), M is saturation magnetization of the ferrofluid (A m™).

Capillary pressure [242] shown in Equation 7-6, can affect the magnetic pressure p,,.

py = — Equation 7-6
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Where y is the surface tension of the ferrofluid-air interface and (dy/2) is half the width of the
channels and largest characteristic radius of the porous matrix. Generally, the ink transfer to
the substrates also works without magnetic fields because of attractive van der Waals (vdW)
forces. An additional pressure contribution would be related to the external magnetic field's

vdW forces between ink and substrate.

Out-of—plane

NdFeB magnet

(b) ©

In-plane

NdFeB magnet

(e)

Figure 7-11 (a-c) Schematic illustration of the out-of-plane geometry, and (d-e) the in-plane
geometry. (a, d) Detailed operation shows the particles' migration in the ferrofluid droplet at
the contact element tips for ferrofluid ink. (b, €) The accumulation of the magnetic nanoparticle
aggregates in the presence of the magnetic field, and (c) the solid dipole-dipole interaction
among magnetic nanoparticle aggregates, resulting in the self-assembly of nanoparticle
aggregates into parallel stacking, the m,, is effective dipole moment between particles under
an external magnetic field H.

The shape of the ferrofluid droplet in an external magnetic field elongates with the increase in
magnetic field strength. Due to mass conservation and contact angle decrease, ferrofluid
droplet flows away from the contact line.[233] The interparticle attractions and repulsion forces
are also responsible for the 3D conical structure,[243] as shown in Figure 7-12. The
Rosensweig instability [244] is the most well-known and dramatic response of a ferrofluid,
which results when ferrofluids surface perturbation causes bunching of the magnetic field lines,

as shown in Figure 7-12. This bunching of field lines shows a spatial gradient in the field
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strength, which is responsible for the attraction of the ferrofluid to the vital field region (tip of
the perturbation). Suppose the magnetic field lines are oriented parallel to the ferrofluid
surface. In that case, there is no generation of spikes, and an appropriate rotation of the magnets
can cause spikes due to reorientation of the field lines.[245] As in our setups, the magnets are
of finite size. Hence the field lines are non-uniform.[244] Ferrofluid spreading strongly

depends on the geometry of the magnetic field.[233]

Figure 7-12 Schematic illustration of the magnetization of magnetic nanoparticles aggregates
in the presence of a magnetic field. The ferrofluid surface perturbation results in a cone-like
structure.

7.1.5.2.1 In-plane magnetic field

Figure 7-13 shows the SEM images of magnetic 10nm Fe3zO4.ferrofluid nanoparticle aggregates
printed from an aqueous solution with a PS-b-P2VP/T-ZnO composite nanoporous stamp (0.9
pum TC) at room temperature using in-plane magnetic field setup II. The hexagonally arranged
arrays of Fe304-10nm nanoparticle aggregates have long-range order with many defects. Many
bigger aggregates of ferrofluid can be seen (Figure 7-13a). After approximately 5 attempts, the
stamping quality without many defects did not improve. Therefore, all following stamping
experiments to form magnetic nanoparticle aggregates were conducted using out-of-plane

magnetic fields (see sections below).
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Figure 7-13 (a-c) SEM images of arrays of magnetic nanoparticle aggregates (10nm Fe3O4.
ferrofluid) printed from an aqueous solution by using the experimental setup I with PS-b-
P2VP/T-ZnO composite nanoporous stamp (0.9 um TC) at room temperature using in-plane
geometry. The in-plane magnetic field lines parallel the substrate (at 4 = 0.33T). (a) Large-
area top view, and (b-c) detail top views.

7.1.5.2.2 Out-of-plane magnetic field

7.1.5.2.2.1 Effect of external magnetic field

The magnetic flux density generally increases with the increase in the number of magnets and
decreasing in the distance between the magnets.[246] To change the strength of the external
magnetic field, additional magnets were added below the silanized Si substrate, starting with
only one, two, three, and four (NdFeB, 20*5mm? (diameter*height) external permanent
magnets below the counterpart substrate. The magnetic field strengths measured using a

Gaussmeter as a magnetic flux density sensor amounted to = 0.18T, =0.26T, = 0.30T, and =
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0.33T for one, two, three, or four external permeant magnets, respectively. The Gaussmeter
was placed on top of the magnets to measure the magnetic field strength value. Figure 7-14
shows SEM images of magnetic 10nm Fe3Os.Ferrofluid nanoparticle aggregates printed from
an aqueous solution with a PS-b-P2VP/T-ZnO composite nanoporous stamp (0.9 um TC) at
room temperature under different magnetic field strengths. With the increase in magnetic field
strength, the stamped arrays of nanoparticle aggregates show long-range order having very few
defects. The best result was achieved when four external permanent magnets (NdFeB,
20*5mm? (diameter*height), Grade 52)) with H =~ 0.33T were placed below silanized Si
substrate. Hence, all the results are shown below for setup II obtained with # = 0.33T. With
the increase in magnetic field strength, the magnetic pressure p,, generates a strong force on
the ferrofluid according to Equation 7-5.[242]. In the non-uniform magnetic field, the contact
angle of ferrofluid to substrate surface first increases and then decreases linearly with
increasing field strength.[247] The magnetic field is not uniform over the whole magnet area

in our setup and is essential to consider.
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Figure 7-14 (a-d) SEM images of printed magnetic nanoparticle aggregates (10nm Fe3Oa.
ferrofluid) from an aqueous solution by using the experimental setup II with PS-b-P2VP/T-
ZnO composite nanoporous stamp (0.9 um TC) at room temperature. The number of the
external permanent magnets (NdFeB, 20*5 mm? (diameter*height), Grade 52 located below
the counterpart substrates (out-of-plane) are (a) one (H= 0.18T), (b) two (H= 0.26T), (¢) three
(H=0.30T) and (d) four (H= 0.33T).

7.1.5.2.2.2 Stamping by tip contact surfaces (TC) composite stamps

Figure 7-15a-c shows the SEM images of magnetic 10nm Fe3Os.ferrofluid nanoparticle
aggregates printed from an aqueous solution with a PS-6-P2VP/T-ZnO composite nanoporous
stamp (0.9 um TC) at room temperature. The hexagonally arranged arrays of Fe3;O4-10nm
nanoparticle aggregates have long-range order and few defects (Figure 7-15a). The order of
stamped nanoparticle aggregates can be seen from detailed magnified SEM images (Figure 7-
15b-c).

The surface topography and height profile of stamped nanoparticle aggregates are
characterized using atomic force microscopy (AFM). Figure 7-15d-e shows an AFM image to
analyze the heights of the stamped nanoparticle aggregates. The average height of 7 evaluated
10nm Fe3O4 nanoparticle aggregates amounted to 44.80+6.58nm. The measurement was done
using the contact mode and by extracting a line profile from the measured data (Figure 7-15d).
As AFM is a very sensitive method, obtaining a good AFM image is challenging. A total of
332 stamped 10nm Fe;Oq.ferrofluid nanoparticle aggregates were analyzed from a binarized
SEM image and evaluated according to the procedure described in chapter 3.1.4. The analyzed
aggregates of magnetic nanoparticle aggregates have a diameter of = 675+62 nm, a circularity

of = 0.87+£0.07, an average aspect ratio of = 1.1+0.19 (Figure 7-15f-h).

136



Magnetic assisted insect-inspired capillary nanostamping (MA-IICN)

o - 60
5
-
8 E
- =
8 - 40 =
- =
ol g %
=
. - 20
(]
(=]
<+
o T T T T T T 0
N 0 2 4 6 8 10 12
o Distance {(um)
(e)
200
160 -
= E
H =
g 1204
%
60 80
40
20 4 7 = 40
300 400 500 600 700 800 800 1000 0.2 0.4 0.6 1.2 1.8 24 3.0 3.6
Diameter (nm) GCircularity Aspect Ratio

Figure 7-15 (a-c) SEM images of arrays of magnetic nanoparticle aggregates (10nm Fe3O4.
ferrofluid) printed from an aqueous solution by using the experimental setup II (out-of-plane
external magnetic field, H = 0.33T) with PS-56-P2VP/T-ZnO composite nanoporous stamp (0.9
um TC) at room temperature. (a) Large-area top view, and (b-c) detail top SEM views. (d)
AFM image (12 x 12 pm?) of stamped magnetic nanoparticle aggregates, and (e) line scan
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along the white line in d) showing the height of the stamped magnetic nanoparticle aggregates.
Histograms of 332 analyzed stamped magnetic nanoparticle aggregates showing (f) the
diameters, (g) the circularities, and (h) the aspect ratios of the Fe3Os stamped magnetic
nanoparticle aggregates.

Figure 7-16a-b shows SEM images of magnetic Snm Fe3;O4 nanoparticle aggregates printed
from a 5 mg/mL aqueous solution with a PS-b-P2VP/T-ZnO composite nanoporous stamp (0.9
pm TC) at room temperature. The hexagonally arranged arrays of Fe3O4-5nm nanoparticle
aggregates have long-range order with very few defects (Figure 7-16a). The order of the
stamped nanoparticle aggregates can be seen from a detailed magnified SEM image (Figure 7-
16b). 34 stamped nanoparticles aggregate in a binarized SEM image were analyzed according

to the procedure described in chapter 3.1.4. The analyzed particles have a diameter of = 775+44

nm, a circularity of = 1.005+0.01, and an average aspect ratio of = 1.025+0.09 (Figure 7-16¢-
e).
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Figure 7-16 (a-b) SEM images of printed magnetic nanoparticle aggregates (Snm Fe3O4) from
an aqueous solution by using the experimental setup II (out-of-plane external magnetic field,
H =~ 0.33T) with a PS-6-P2VP/T-ZnO composite nanoporous stamp (0.9 um TC) at room
temperature. (a) Large-area top view, and (b) detail. Histograms of (c) the diameters, (d) the
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circularities, and (e) the aspect ratios of 34 analyzed stamped magnetic 5Snm Fe3O4nanoparticle
aggregates.

Figure 7-17a-c shows SEM images of magnetic 10nm Fe3Os.-ferrofluid nanoparticle aggregates
printed from an aqueous solution with a PS-b-P2VP/T-ZnO composite nanoporous stamp (4.3
um TC) at room temperature. The square lattice of rectangular Fe3Os-10nm nanoparticle
aggregates has long-range order and with very minimal defects (Figure 7-17a). The order of
the stamped nanoparticle aggregates can be seen from detailed magnified SEM images (Figure
7-17b-c). As seen from the detailed magnified SEM image in Figure 7-17c, the square arrays
are not altogether containing dense nanoparticle aggregates.

The surface topography and height profile of stamped nanoparticle aggregates are
characterized using atomic force microscopy (AFM). Figure 7-17d-e shows an AFM image to
analyze the heights of the stamped nanoparticle aggregates. The average height of 7 evaluated
nanoparticle aggregates amounted to 42.334+4.55nm. The measurement was done with AFM
using the contact mode and by extracting a line profile of the measured data (Figure 7-17¢).
The stamped nanoparticle aggregates were analyzed according to the procedures described in
chapter 3.1.4. A total of 189 stamped nanoparticle aggregates was evaluated from binarized
SEM images. The analyzed nanoparticles aggregates have a square edge length of =~ 4.25 +
0.70 um, an average aspect ratio of = 1.1+0.19 (Figure 7-17f-h). The plotline profile was
extracted by Image J from the white line in the SEM image (Figure 7-17b) shown in Figure 7-
17 h. The edge side length of the stamped square arrays amounts to =~ 4.1+£0.40 um.
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Figure 7-17 (a-c) SEM images of printed magnetic nanoparticle aggregates (10nm Fe3Oa.
ferrofluid) from an aqueous solution by using the experimental setup II (out-of-plane external
magnetic field, H = 0.33T) with a PS-b-P2VP/T-ZnO composite nanoporous stamp (4.3 pm
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TC) at room temperature. (a) Large-area top view, and (b-c) detail top SEM views. (d) AFM
image (100 x 100 pm?) of stamped magnetic nanoparticle aggregates, and (e) line scan along
the white line in d) showing the height of the stamped magnetic nanoparticle aggregates.
Histograms of 189 analyzed stamped magnetic nanoparticles aggregates showing (f) the edge
length, (g) the aspect ratios, and (h) the plotline profile (white line in Figure 7-17b)) of the
Fe304 stamped magnetic nanoparticle aggregates.

7.1.5.2.2.3 Stamping by holey contact surfaces (HC) composite stamps

Figure 7-18a-b shows SEM images of rims of magnetic 10nm Fe3Os-ferrofluid nanoparticle
aggregates printed from an aqueous solution with a PS-6-P2VP/T-ZnO composite nanoporous
stamp (0.9 um HC) at room temperature, which surrounds hexagonal holes.

The arrays of rims consisting of Fe;O4-10nm nanoparticles have long-range order with a few
defects (Figure 7-18a). There is a more significant agglomeration of nanoparticles at the contact
sites between the stamp contact surface and substrate, as shown in Figure 7-18a. A total of 22
holes from Figure 7-18b was analyzed from a binarized SEM image according to the procedure

described in chapter 3.1.5 The analyzed holes have a diameter of = 1.42+0.062 pum, a circularity

of = 0.9940.03, and an average aspect ratio of = 1.075+0.081 (Figure 7-18c-¢).
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Figure 7-18 (a-b) SEM images of printed magnetic nanoparticle aggregates (10nm Fe3Os.
ferrofluid) from an aqueous solution by using the experimental setup II (out-of-plane external
magnetic field, # = 0.33T) with a PS-b-P2VP/T-ZnO composite nanoporous stamp (0.9 pm
HC) at room temperature. (a) Large-area top view, and (b) detail top view. Histograms of (c)
the diameters, (d) the circularities, and (e) the aspect ratios of 22 analyzed holes.

Figure 7-19a-b shows SEM images of holes of magnetic 10nm FezOs-ferrofluid nanoparticles
printed from an aqueous solution with a PS-b-P2VP/T-ZnO composite nanoporous stamp (5.3
pm HC) at room temperature. The arrays of holes surrounded by rims consisting of Fe3;O4-
10nm nanoparticles have long-range order with minimal defects (Figure 7-19a). A total of 22
square holes analyzed from a binarized SEM image was according to the procedure described
in chapter 3.1.5. The analyzed holes have a width of = 5.19+£0.19 um and an average aspect
ratio of = 1.05+0.05 (Figure 7-19¢c-d). The extraction of the plotline profile calculated by Image
J from the white line (Figure 7-19a) is shown in Figure 7-19e. The side length of the stamped

square-arrays amounts to =~ 6.09+0.29 pm.
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Figure 7-19 (a-b) SEM images of printed magnetic nanoparticles aggregates holes (10nm
Fe3Oq-ferrofluid) from an aqueous solution by using experimental setup II (out-of-plane

142



Magnetic assisted insect-inspired capillary nanostamping (MA-IICN)

external magnetic field, H = 0.33T) with a PS-b-P2VP/T-ZnO composite nanoporous stamp
(5.3 um HC) at room temperature. (a) Large-area top view, and (b) detail top view. Histograms
of (c) edge length and (e) the aspect ratios of 22 holes surrounded by rims of magnetic 10nm
Fe;0q.ferrofluid nanoparticle. (c) The plotline profile (white line in Figure 7-19a).

As described in section 7.1.3, the advantages of T-ZnO layer 1 are the storage of aqueous inks
for multicycle stamping and the possibility of supplying inks to stamp contact surfaces from
the reverse side. Here, ten stamping cycles were carried out without refilling the stamp. Hence,
it is unnecessary to refill or use a new stamp. A single stamp can be used for many cycles.
Figure 7-20 shows the results of successive stamping of magnetic 10nm Fe3O4.Ferrofluid
nanoparticle aggregates from an aqueous solution with PS-b-P2VP/T-ZnO composite
nanoporous stamp (4.3 um tip contact surfaces) at room temperature by using setup II (out-of-
plane, H~0.33 T) without reinking. The order of the stamped magnetic nanoparticles

aggregates can be seen for the 1%, 3™, 6™ and 10™ cycles.
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Figure 7-20 SEM images of magnetic 10nm Fe3Oas.Ferrofluid nanoparticle aggregates printed
from an aqueous solution using setup II with a PS-b-P2VP/T-ZnO composite nanoporous
stamp (4.3 um tips contact surfaces) at room temperature (out-of-plane external magnetic
field, H = 0.337). (a) 1%, (a) 3", (c) 6™ and (d) 10" stamping cycle.

7.1.5.3 Setup 111

In setup III, the magnetic nanoparticle aggregates were directed by a permanent external
magnet either below (out-of-plane) or parallel to the counter substrate (in-plane) (see section
3.3.4.4.2.3), and with the incorporation of a permanent external magnet (NdFeB, 6*1mm?
(diameter*height), Grade 52) into the PDMS layer glued to the stamp holder with double-sided
polyimide tape. In this setup, the stamp part is strongly attracted to the substrate by magnetic
force because of the high-strength magnets below the silanized Si substrate. The detachment
of the stamp part was done carefully because due to magnetic attraction force, the stamp is
firmly attached to the substrate. For this, before detaching the stamp from the substrate, the
substrate was held with the help of a non-magnetic tweezer from a side part. The magnetic field
is not uniform over the whole magnet area; this is essential to consider. The position of magnets
below the counterpart substrates was kept the same from experiment to experiment for the sake
of reproducibility. The possible forces that act on nanoparticle aggregates in the magnetic field
[248] are shown in Figure 7-21b. The magnetic nanoparticles are magnetized along the
direction of the magnetic field and orient themselves in the direction of external magnetic field
lines, and the magnetic force (Fm) acting on a magnetic particle can be calculated by Equation
7-4.[241] The magnetic force between two bar magnets can be calculated using Equation 7-

7.[249]

_ (B3.A%).(L2+R%) 1

1
F, (mpo)l2 ((x_z t (x+2.1)2

) - (fo)Z) Equation 7-7

Where F; is a force between two bar magnets (N), By is flux density very close to each pole
(T), 4 is the area of each pole (m?), L is the length of each magnet (m), R is the radius of each
magnet (m), |, is the vacuum permeability, and x is the separation between the two magnets

(m).
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Figure 7-21 (a-b) Schematic illustration of out-of-plane geometry, and (c) in-plane geometry.
(a) Detailed operation step showing the migration of the particles in the ferrofluid droplet at
contact element tips for magnetic nanoparticle ferrofluid ink and (b) the strong dipole-dipole
interaction among magnetic nanoparticles aggregates, resulting in the self-assembly of
nanoparticle aggregates into parallel stacking, the F, is force between two bar magnets, under
an external magnetic field H.

7.1.5.3.1 In-plane magnetic field

Figure 7-22 shows SEM images of magnetic 10nm Fes;Oq.ferrofluid nanoparticle aggregates
printed from an aqueous solution with a PS-b-P2VP/T-ZnO composite nanoporous stamp (0.9
um TC) at room temperature. The hexagonally arranged arrays of Fe3O4-10nm nanoparticle
aggregates have long-range order and can be seen in Figure 7-22a. The printing resulted in
many defects, and many larger aggregates of ferrofluid can be seen (Figure 7-22b). The quality
of the stamped patterns did not improve in subsequent repetitions of the stamping experiments;
hereafter, all following stamping experiments were conducted using out-of-plane magnetic

field configurations (see sections below).
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Figure 7-22 (a-b) SEM images of printed magnetic nanoparticle aggregates (10nm Fe3O4.
ferrofluid) from an aqueous solution by using the experimental setup III with a PS-b-P2VP/T-
ZnO composite nanoporous stamp (0.9 pm TC) at room temperature using in-plane geometry
— the in-plane magnetic field lines are parallel to the substrate (at H =~ 0.33T). (a) Large-area
top view, and (b) detail top views.

7.1.5.3.2 Out-of-plane magnetic field

7.1.5.3.2.1 Effect of external magnetic field

As described in section 7.1.5.2.2.1, the magnetic flux density generally increases with a
decrease in distance between the magnets or the increase in the number of magnets.[246] To
change the strength of the external magnetic field, one, two, three, or four NdFeB external
permeant magnets with a diameter of 20 mm and a height of 5Smm were added below the
silanized Si counter substrate. The magnetic field strength  measured using a Gaussmeter, a
magnetic flux density sensor, amounted to =~ 0.20T, =0.27T, = 0.35T, and = 0.37T for one, two,
three, or four external permeant magnets, respectively. Figure 7-23 shows SEM images of
magnetic 10nm Fe3;O4.ferrofluid nanoparticle aggregates printed from an aqueous solution with
a PS-b-P2VP/T-ZnO composite nanoporous stamp (0.9 pum TC) at room temperature under
different magnetic field strengths. The obtained arrays of stamped nanoparticle aggregates
show an increasingly better long-range order (Figure 7-23d) than stamped nanoparticle
aggregates with low magnetic field strength. The best result was achieved when four external

permanent magnets (NdFeB, 20*5mm? (diameter*height), Grade 52)) with H = 0.37T were
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placed below the silanized Si substrate. Hence, all results are shown below for setup III

arrangements obtained with A = 0.37T.

Figure 7-23 (a-d) SEM images of magnetic nanoparticle aggregates (10nm Fe3Og-ferrofluid)
printed from an aqueous solution by using the experimental setup III with a PS-5-P2VP/T-ZnO
composite nanoporous stamp (0.9 um TC) at room temperature. The number of the external
permanent magnets (NdFeB, 20*5 mm? (diameter*height), Grade 52 located below the
counterpart substrates (out-of-plane) are: (a) one, H~ 0.20 T; (b) two, H= 0.27 T; (c) three, H=
0.35 T and (d) Four, H= 0.37 T.

7.1.5.3.2.2 Stamping by tip contact surface (TC) composite stamps

Figure 7-24a-c shows the SEM images of magnetic 10nm Fe;Oq.ferrofluid nanoparticle
aggregates printed from an aqueous solution with a PS-6-P2VP/T-ZnO composite nanoporous

stamp (0.9 um TC) at room temperature. The hexagonally arranged arrays of Fe3Os-10nm
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nanoparticle aggregates have long-range order and few defects (Figure 7-24a). The order of
stamped nanoparticle aggregates can be seen from detailed magnified SEM images (Figure 7-
24b-c).

The surface topography and height profiles of stamped nanoparticle aggregates were
characterized using atomic force microscopy (AFM). Figure 7-24d-e shows an AFM image to
analyze the heights of the stamped nanoparticle aggregates. The average height of the 7
evaluated 10nm Fe3O4 nanoparticle aggregates amounted to 61.85+£8.96nm. The measurement
was done by AFM using the contact mode, and a line profile was extracted from the measured
data (Figure 7-24b). A total of 428 stamped 10nm Fe;Oq.ferrofluid nanoparticle aggregates in
a binarized SEM image were evaluated according to the procedure described in section 3.1.5.

The analyzed aggregates of magnetic nanoparticles have a diameter of ~ 6254+59nm, a

circularity of = 0.89+0.05, and an average aspect ratio of =~ 1.1540.13 (Figure 7-24f-h).
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Figure 7-24 (a-c) SEM images of arrays of magnetic nanoparticle aggregates (10nm Fe3O4.
ferrofluid) printed from an aqueous solution by using the experimental setup III (out-of-plane
external magnetic field, H = 0.37T) with PS-b6-P2VP/T-ZnO composite nanoporous stamp (0.9
pm TC) at room temperature. (a) Large-area top view, and (b-c) detail top SEM views. (d)
Atomic Force Microscopy (AFM) image (12 x 12 um?) of stamped magnetic nanoparticles
aggregates, and (e) The line scan of the white line in d) shows the height of the stamped
magnetic nanoparticle aggregates. Histograms of 428 analyzed stamped magnetic
nanoparticles aggregates showing (f) the diameters, (g) the circularities, and (h) the aspect
ratios of the Fe3O4 stamped magnetic nanoparticle aggregates.

Figure 7-25a-b shows SEM images of magnetic 5Snm Fe3;O4 nanoparticle aggregates printed
from an aqueous solution with a PS-6-P2VP/T-ZnO composite nanoporous stamp (0.9 um TC)
at room temperature. The hexagonally arranged arrays of Fe;Os-5nm nanoparticle aggregates
have long-range order and many defects (Figure 7-25a). A total of 20 nanoparticle aggregates
from a binarized SEM image was evaluated according to the method described in section 3.1.4.
The analyzed nanoparticle aggregates have a diameter of = 725+153 nm, a circularity of =

0.875+0.140, and an average aspect ratio of = 1.3+0.30 (Figure 7-25c-e).
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Figure 7-25 (a-b) SEM images of printed magnetic nanoparticle aggregates (Snm Fe3O4) from
an aqueous solution by using the experimental setup III (out-of-plane external magnetic field,
H = 0.37T) with PS-b-P2VP/T-ZnO composite nanoporous stamp (0.9 pm TC) at room
temperature. (a) Large-area top view and (b) detail top view. Histograms of (a) the diameters,
(b) the circularities, and (c) the aspect ratios of 20 stamped magnetic Snm Fe3O4. nanoparticle
aggregates.

Figure 7-26a-c shows SEM images of magnetic 10nm Fe3;Os-ferrofluid nanoparticle aggregates
printed from an aqueous solution with a PS-b-P2VP/T-ZnO composite nanoporous stamp (4.3
um TC) at room temperature. The square lattice of rectangular Fe3Os-10nm nanoparticle
aggregates has long-range order and a limited number of defects (Figure 7-26a). The order of
the stamped nanoparticle aggregates can be seen from detailed magnified SEM images (Figure
7-26b). As seen from the detailed magnified SEM image in Figure 7-26b, the square lattice is
altogether containing dense nanoparticle aggregates.

The surface topography and height profiles of stamped nanoparticle aggregates were
characterized using atomic force microscopy (AFM). Figure 7-26¢-d shows an AFM image to
analyze the stamped nanoparticles aggregates height. The average height of the 7 stamped

nanoparticle aggregates amounted to 59.55+12.91nm measured by AFM. The measurement
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was done with AFM using the contact mode; a line profile was extracted from the measured
data (Figure 7-26d). A total of 18 stamped nanoparticle aggregates in a binarized SEM image
were evaluated according to the method described in section 3.1.4. The analyzed aggregates
have an edge length of = 4.50 = 0.23 pm and an average aspect ratio of = 1.05+0.15 (Figure 7-
26e-g). The plotline profile extracted with Image J along the white line in Figure 7-26a is shown

in Figure 7-26g. The edge length of the stamped square arrays amounted to = 3.98+0.39 um.
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Figure 7-26 (a-b) SEM images of arrays of magnetic nanoparticle aggregates (10nm Fe3zOa-
ferrofluid) printed from an aqueous solution by using the experimental setup III (out-of-plane
external magnetic field, H = 0.37T) with a PS-b-P2VP/T-ZnO composite nanoporous stamp
(4.3 um TC) at room temperature. (a) Large-area top view, and (b) detail top view. (¢) AFM
image (100 x 100 um?) of stamped magnetic nanoparticles aggregates, and (d) line scan of the
white line in c) showing the height of the stamped magnetic nanoparticle aggregates.
Histograms of e) the square dot edge length and (f) the aspect ratio of 18 magnetic 10nm Fe3O4.
Ferrofluid nanoparticle aggregates. (g) Line profile along the white line in Figure 7-26a of the
Fe;04 stamped magnetic nanoparticle aggregates.

7.1.5.3.2.3 Stamping by holey contact surface (HC) composite stamps

Figure 7-27a-b shows SEM images of arrays of rims of magnetic 10nm Fes;O4.ferrofluid
nanoparticles printed from an aqueous solution with PS-b-P2VP/T-ZnO composite nanoporous
stamp (0.9 um HC) at room temperature, which surrounds hexagonal holes. The arrays of
hexagonally arranged holes encompassed by Fe3Os-10nm nanoparticle aggregates rims have
long-range order with some defects (Figure 7-27a). A total of 20 holes from binarized SEM

images were evaluated according to the method described in section 3.1.4. The analyzed holes

have a diameter of = 1.25+0.10 um, a circularity of = 0.97+0.110, and an average aspect ratio

of = 1.1240.08 (Figure 7-27c-e).
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Figure 7-27 (a-b) SEM images of magnetic nanoparticle aggregates holes (10nm Fe3O4.
ferrofluid) printed from an aqueous solution by using the experimental setup III (out-of-plane
external magnetic field, H = 0.37T) with a PS-6-P2VP/T-ZnO composite nanoporous stamp
(0.9 um HC) at room temperature. (a) Large-area top view, and (b) detail top view. Histograms
of (c) the diameters, (d) the circularities, and (¢) the aspect ratios of 20 analyzed holes.

Figure 7-28a-b shows SEM images of a holey film of magnetic 10nm Fe3O4.ferrofluid
nanoparticles printed from an aqueous solution with a PS-b-P2VP/T-ZnO composite
nanoporous stamp (5.3 um HC) at room temperature. The hole arrays have long-range order
with few agglomeration defects (Figure 7-28a). 20 square holes from binarized SEM images
were evaluated according to the method described in section 3.1.4. The analyzed holes have a
diameter of = 5.25+1.02 pm and an average aspect ratio of = 1.05+0.015 (Figure 7-28c-d). The
extraction of the plotline profile obtained with Image J along the white line in Figure 7-28a is

shown in Figure 7-28e. The side edge length of the square holes amounts to = 5.57+0.5 pm.
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Figure 7-28 (a-b) SEM images of magnetic nanoparticle aggregates holes (10nm Fe3Oa-
ferrofluid) printed from an aqueous solution by using the experimental setup III (out-of-plane
external magnetic field, H = 0.37T) with a PS-6-P2VP/T-ZnO composite nanoporous stamp
(5.3 um HC) at room temperature. (a) Large-area top view, and (b) detail top view. Histograms
of (c) edge length, and (d) the aspect ratios of 20 holes in a film consisting of magnetic 10nm
Fe304.Ferrofluid nanoparticle aggregates (e) The plotline profile (white line in Figure 7-28a).

Figure 7-29a-b shows a typical magnetic hysteresis loop for 50 pL of Fe304 (10 nm) ferrofluids
in a vial and Fe3;O4 (10 nm) ferrofluid nanoparticles spin-coated on a silicon substrate. The
spin-coating was done at 1000 rpm for 60 sec. The ferrofluid shows superparamagnetic
characteristics as there is no hysteresis in the magnetization curves (Figure 7-29a-b). Fe304(10
nm) ferrofluid nanoparticle aggregates printed on a silanized Si substrate showed diamagnetic
characteristics. The reason may be a too-small amount of deposited magnetic nanoparticles

aggregates on the silanized Si substrate (Figure 7-29c).
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Figure 7-29 Hysteresis loops of (a) 50 pL of Fe3O4 (10 nm) ferrofluid in a vial, (b) Fe304(10
nm) ferrofluid nanoparticles spin-coated on a silicon substrate, and (c) magnetic nanoparticle
aggregates (10nm Fe;Oq.ferrofluid) printed from an aqueous solution by using the experimental
setup III (out-of-plane, H =~ 0.37T) with a PS-b-P2VP/T-ZnO composite nanoporous stamp
(4.3 um TC) at room temperature.

7.1.5.4 Setup IV

In setup IV, the magnetic nanoparticle aggregates were stamped with the help of an external
magnetic field generated in a vibrating sample magnetometer (VSM) at room temperature (see
section 3.3.4.4.2.4). After infiltration of a PS-b-P2VP/T-ZnO composite stamp with 10nm
Fe;Oq-ferrofluid ink, the stamp was attached to the silanized silicon counter substrate with
transparent double-sided adhesive tape (tesa). The stamp attached to the substrate was glued to
the VSM sample holder rod and placed carefully at the central position between the
electromagnets, as shown in Figure 7-30 a and c for in-plane and out-of-plane geometry

respectively.
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Figure 7-30 (a-b) Schematic illustration of in-plane geometry, and (c-d) out-of-plane
geometry. As shown, the magnetic field lines run (b) parallel and (d) perpendicular to the
counterpart surface. Solid black lines show magnetic field lines. B_, is magnetic flux density,

F is the Lorentz force, and ¥ is velocity of particles. According to the right-hand rule, F is
perpendicular to B and .

7.1.5.4.1 Out-of-plane magnetic field

Figure 7-31 shows the SEM images of magnetic 10nm Fe3O4.ferrofluid nanoparticle aggregates
printed from an aqueous solution with a PS-5-P2VP/T-ZnO composite nanoporous stamp (0.9
um TC) at room temperature. The Fe3;O4-10nm nanoparticle aggregates are largely disordered.
Many bigger aggregates of nanoparticles can be seen. The stamping procedure was ineffective
in the out-of-plane geometry and did not yield precisely stamped spots. The disorder and
agglomeration of the stamped nanoparticles can be seen in Figure 7-31. The reasons may be
the strong magnetic inter-particle attractions, leading to a strong agglomeration and a weak
bonding force with the substrate, making it hard to print magnetic aggregates.[228] The other

reason may be the arrangement of a sample with a VSM sample holder rod, which is vertical;
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however, setups II and III yielded printing results with long-range order in the out-of-plane

geometry, having fewer defects (see sections 7.1.5.2.2 and 7.1.5.3.2).

Figure 7-31 SEM images of magnetic 10nm Fe3O4.ferrofluid nanoparticle aggregates printed
from an aqueous solution using setup IV with a PS-b-P2VP/T-ZnO composite nanoporous
stamp (0.9 um TC) at room temperature using out-of-plane geometry; (a) H~ 0.2 T, (b) H=
06T,(c)H=1.0T,and (d) H= 1.4 T.
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7.1.5.4.2 In-plane magnetic field

7.1.5.4.2.1 Effect of magnetic field exposure time

During the in-plane geometry, the magnetic field exposure time was varied. Figure 7-32 shows
the printing of magnetic nanoparticle aggregates with a magnetic field strength H value of 1.4T
at room temperature in the in-plane geometry under different exposure times for 10 s, 40 s, 70
s, 100 s, 180 s, 300 s, and 600 s. The stamped nanoparticle aggregate arrays show less order
with many defects with increasing magnetic field exposure time. The best reproducibility was

achieved by applying a magnetic field exposure time of 10s. Hence, all results shown below

were obtained with setup IV at A = 1.4T under the magnetic field exposure times for 10 s.
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Figure 7-32 (a-g) SEM images of magnetic nanoparticle aggregates (10nm Fe3;Os.ferrofluid)
printed from an aqueous solution by using the experimental setup IV (in-plane magnetic field,
H = 1.4T) with a PS-b-P2VP/T-ZnO composite nanoporous stamp (0.9 um TC) at room
temperature. The in-plane magnetic field was applied for (a) 10 sec, (b) 40 sec, (c) 70 sec, (d)
100 sec, (e) 180 sec, (f) 300 sec, and (g) 600 sec.

7.1.5.4.2.2 Effect of external magnetic field

To test the effect of the external magnetic field strength, the printing of magnetic nanoparticle
aggregates was done with magnetic field strength H values of 0.2T, 0.6T, 1.0T, and 1.4T at
room temperature in the in-plane geometry with an exposure time to the magnetic field for 10
s. Figure 7-33 shows SEM images of magnetic 10nm Fe;Os-ferrofluid nanoparticle aggregates
printed from an aqueous solution with a PS-b-P2VP/T-ZnO composite nanoporous stamp (0.9
pum TC) at room temperature under different magnetic field strengths. The stamped
nanoparticle aggregates arrays show increasingly better long-range order with few defects
(Figure 7-33d). The best reproducibility was achieved by applying a magnetic field of 1.4T.

Hence, all results shown below were obtained with setup IV obtained with H = 1.4T.
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Figure 7-33 SEM images of magnetic 10nm Fe;O4-Ferrofluid nanoparticle aggregates printed
from an aqueous solution using setup IV with a PS-b-P2VP/T-ZnO composite nanoporous
stamp (0.9 um TC) at room temperature. The external magnetic field strength in in-plane
geometry;(a) H=< 0.2 T, (b) H= 0.6 T, (c) H= 1.0 T, and (d) H= 1.4 T.

7.1.5.4.2.3 Stamping by tip contact surface (TC) composite stamps

Figure 7-34a-c shows the SEM images of magnetic 10nm Fe;Os.ferrofluid nanoparticle
aggregates printed from an aqueous solution with PS-5-P2VP/T-ZnO composite nanoporous
stamp (0.9 um TC) at room temperature. The hexagonally arranged arrays of Fe3Os-10nm
nanoparticles aggregates have long-range order and few defects (Figure 7-34a). The order of
the stamped nanoparticle aggregates can be seen from detailed magnified SEM images (Figure
7-34b-c).

The stamped nanoparticle aggregates surface topography and height profile were characterized

by atomic force microscopy (AFM). Figure 7-34d-e shows an AFM image to analyze the
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heights of the stamped nanoparticle aggregates. The average height of 7 evaluated 10nm Fe;O4

nanoparticle aggregates amounted to 115.74+12.30nm. The measurement was done by AFM

using the contact mode and by extracting a line profile of the measured data (Figure 7-34¢). A

total of 158 stamped 10nm Fe3;Os.ferrofluid nanoparticle aggregates in a binarized SEM image

were evaluated according to the method described in section 3.1.4. The analyzed magnetic

nanoparticle aggregates have a diameter of = 325474 nm, a circularity of = 0.97+0.038, and an

average aspect ratio of = 1.05+0.13 (Figure 7-34{-h).
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Figure 7-34 (a-c) SEM images of arrays of magnetic nanoparticle aggregates (10nm Fe3O4-
ferrofluid) printed from an aqueous solution by using the experimental setup IV (in-plane
external magnetic field, H~= 1.4T) with a PS-b-P2VP/T-ZnO composite nanoporous stamp (0.9
um TC) at room temperature. (a) Large-area top view, and (b-c) detail top views. (d) AFM
image (12 x 12 um?) of stamped magnetic nanoparticle aggregates, and (e) line scan of the
white line in d) showing the heights of the stamped magnetic nanoparticle aggregates.
Histograms of 158 analyzed stamped magnetic nanoparticles aggregates showing (f) the
diameters, (g) the circularities, and (h) the aspect ratios of the Fe3Os stamped magnetic
nanoparticle aggregates.
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Figure 7-35a-c shows SEM images of magnetic 10nm Fe;Oas.ferrofluid nanoparticle aggregates
printed from an aqueous solution with a PS-5-P2VP/T-ZnO composite nanoporous stamp (4.3
um TC) at room temperature. The square lattice of rectangular Fe3O4-10nm nanoparticle
aggregates has long-range order and a limited number of defects (Figure 7-35a).

The surface topography and height profile of stamped nanoparticle aggregates were
characterized using atomic force microscopy (AFM). Figure 7-35c-d shows an AFM image to
analyze the heights of the stamped nanoparticle aggregates. The average height of the 7
stamped nanoparticle aggregates amounted to 164.47+28.29nm. The measurement was done
by AFM using the contact mode and extracting a line profile of the measured data (Figure 7-
35d). A total of 108 stamped aggregates from Figure 7-35a in a binarized SEM image was
evaluated and analyzed according to the method described in section 3.1.4. The analyzed
square aggregates have an edge length of = 4.1+0.23 um and an average aspect ratio of =
1.05+0.13 (Figure 7-35e-g). The line profile along the white line in Figure 7-35a obtained by
Imagel is shown in Figure 7-35g. The side length of the stamped square arrays amounts to =

4.4+0.11 pm.
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Figure 7-35 (a-b) SEM images of magnetic nanoparticle aggregates (10nm Fe3;Os.ferrofluid)
printed from an aqueous solution by using the experimental setup IV (in-plane external
magnetic field, H = 1.4T) with a PS-5-P2VP/T-ZnO composite nanoporous stamp (4.3 um TC)
at room temperature. (a) Large-area top view, and (b) detail top view. (c) AFM image (100 x
100 um?) of stamped magnetic nanoparticle aggregates, and (d) line scan of the white line in
c) showing the height of the stamped magnetic nanoparticle aggregates. Histograms of e) the
square dot edge length and (f) the aspect ratio of 108 magnetic 10nm Fe3O4.Ferrofluid
nanoparticle aggregates. (g) Line profile along the white line in Figure 7-35a of the Fe;O4

stamped magnetic nanoparticle aggregates.

163



Magnetic assisted insect-inspired capillary nanostamping (MA-IICN)

Table 7-1 and 7-2 summarize all results of (10nm Fes3Os-ferrofluid) magnetic nanoparticle

aggregates printed from an aqueous solution using different setups.

Table 7-1 Summary of all results of magnetic nanoparticle aggregates (10nm Fe3O4-ferrofluid)
printed from an aqueous solution. The printing results are with setup II (out-of-plane external
magnetic field, H = 0.33T).and setup III (out-of-plane external magnetic field, H = 0.37T).
The results for experimental setup IV are shown here with (in-plane external magnetic field,
H = 14T, 10 sec exposure time).

Stamp Printing Average diameter | Aspect Height, & of the
Setup d, or edge side ratio, AR stamped spot
length, /

PS-b-P2VP/T- 11 d =~ 675£62 nm 1.1£0.19 44.80+6.58 nm

ZnO (0.9 pm | III d =~ 625+59 nm 1.15+0.13 61.83+£8.83 nm

TC) 1Y% d = 325+74 nm 1.05+0.13  115.74+12.30 nm
PS-b-P2VP/T- 11 I= 425+0.70 pm | 1.1£0.19 42.3344.55 nm

ZnO (4.3 pm III I= 450+023 pum | 1.05+0.15 59.55£12.91nm

TC) v = 4.1£0.23 pm 1.05+0.13 164.4+28.29nm

Table 7-2 Summary of all results of magnetic nanoparticle aggregates (10nm Fe3;O4-ferrofluid)
printed from an aqueous solution. The printing results are with setup II (out-of-plane external
magnetic field, H = 0.33T).and setup III (out-of-plane external magnetic field, H = 0.37T).

Stamp Printing Average diameter d, or edge Aspect ratio,
Setup side length, / AR

PS-b-P2VP/T-ZnO 11 d~1.42+0.062 um 1.075+0.08

(0.9 pm HC) 11 d~1.25+0.10 um 1.124+0.08

PS-b-P2VP/T-ZnO 11 [1=5.19+0.19 um 1.05+0.05

(5.3 um HC) 111 I~ 525+1.02 um 1.05+0.02
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8 Conclusion

In this thesis, patterning methods to fabricate various functional particle patterns were

developed. Two classes of model substrates were selected; topographically patterned and

smooth substrates.

For the first model system, i.e., topographically patterned substrates, direct imprinting was used

to topographically pattern substrates of different materials. These topographically patterned

substrates were then used to self-assemble silica (SiO2) microparticles, which were further

modified in a site-selective way for specific applications.

Different sizes of SiO> microparticles were self-assembled inside the macropores of
macroporous TiO; substrates. The wettability of pTiO; holey films changed from
hydrophobic (Owc4=108.5°+3.1°) to super-hydrophilic characteristics (@wcs = 0°) after
deposition of SiO> microparticles with different diameters into the pTiO, macropores
(pTiO2_Si02). The surface chemistry of self-assembled SiO2 microparticles inside the
TiO2> macropores was modified by three different routes to make the substrates
hydrophobic: (1) adsorption of a) cycloazasilane, b) FDTS, and ¢) 1-dodecanethiol, (2)
Au metal caps coated on the SiO: particles inside the TiO, macropores by thermal
evaporation, and (3) PS-»-P2VP rods attached to the silica particles. All the chemical
surface treatments increased the apparent water contact angles (Owca4), making the
modified substrates more hydrophobic with a maximum apparent Owcs = 134.5°+3.4°
for pTiO:_SiO2(143nm)@FDTS@PS-b-P2VP. pTiO;_ SiO2(143nm)@FDTS@PS-b-
P2VP is substrate fabricated by modifying pTiO2_SiO>(143 nm) template with FDTS
and then PS-H-P2VP rods. For wettability switching from hydrophilic to hydrophobic,
the infiltrated self-assembled SiO> particles were detached from the macropores with
adhesive carbon tape, so that the native hydrophobic state is restored (Owca
~118.5°+£5.2°). For wettability switching from hydrophobic to hydrophilic, the
transition occurred by heating the substrates to 600 °C for 30 mins. High adhesion of
water droplets to the patterned TiO2 and all modified patterned TiO> substrates having
Si02 microparticles were observed for all hydrophobic states, and even upon tilting and
vigorously moving substrates, the droplets remained strongly pinned. Evaporation
dynamics studies of water droplets were performed on all modified surfaces, including

sessile water droplet shape evolution during evaporation. For samples modified with
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either cycloazasilane or with a gold metallic layer, the contact base radius remains
nearly constant until a dimensionless evaporation time (¢*=t. /t.) of 0.8. In the case of
samples modified with either 1-dodecanethiol on the gold film or with FDTS, the
contact base radius remained nearly constant until a dimensionless evaporation time

(t*=t. /t;) of 0.6 so that the constant contact radius (CCR) mode dominated.

In the second example of a topographically patterned surface, macroporous substrates
of the block copolymers PS-H6-P2VP and PS-b-P4VP were fabricated. SiO»
microparticles were deposited inside the macroporous-nanoporous substrates for site-
selective orthogonal modifications to fabricate Janus particles. The modification
method was developed to selectively modify self-assembled SiO> microparticles inside
PS-b-P2VP and PS-b-P4VP macroporous substrates with a continuous nanoporous fine
structure. The top side of the embedded gold-coated SiO, microparticles was modified
with 1-dodecanethiol, and the bottom side of the embedded SiO» microparticles inside
the PS-b-P4VP macropores was modified with APTES using a home-built device. SiO2
microparticles with a diameter of 0.755 um inside a patterned PS-H-P2VP substrate
were modified with = a 20 nm thick gold layer on the top side and K>CrO7 on the

bottom side.

In the third example of topographically patterned surfaces, smooth substrates were
structured with hollow microrings of chitosan (C.S.), chitosan-graphene oxide (CS-
GO), gold (Au), and TiO». Two imprinting pressures with values of = 3.95 kN m™ and
~ 7.87 kN m™ were applied to form the hollow microring patterns. For all investigated
materials, the hollow microrings imprinted with a pressure of 7.87 kN m™ have a
narrower diameter distribution with a larger diameter, and larger widths of the rims,
than to microrings imprinted with a pressure of 3.95 kN m™. The microrings of TiO>
were used as confinement structures for SiO> microparticles. The wettability of TiO»
microrings imprinted with an imprint pressure of 7.87 kN m™ on a Si substrate changed
from hydrophobic (@wc4 ~108.6°+5.37°) to super-hydrophilic characteristics (@wca =

0°) after deposition of SiO2 microparticles with a diameter of 50 nm into the microrings.
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On the second class of model substrates, i.e., smooth silanized Si substrates, magnetic
nanoparticles were stamped. A capillary stamping approach combined with an external
permanent magnetic field or electromagnets was realized to print magnetic nanoparticle-
based inks. PS-b-P2VP/T-ZnO composite stamps with either tip contact surfaces (round or
square-shaped) or with holey contact surfaces having round or square-shaped holes were
used to stamp 10nm Fe;Osferrofluid and Snm Fe3Os magnetic nanoparticle inks. The
advantages of T-ZnO layer 1 are storing aqueous inks for multicycle stamping and the
possibility of supplying inks to stamp contact surfaces from the reverse side. The significant
advantages of the printing method include overcoming the tedious printing of

nanoparticles, the need for re-inking steps, and the simplicity of the method.

e No external force field (setup I) could not significantly result in ordered magnetic
nanoparticle printing. Application of external magnetic fields (setups II, I11, and IV)
resulted in the formation of ordered arrays of magnetic nanoparticle aggregates by
stamping. The magnetic nanoparticle aggregates were directed by placing a
permanent external magnet (setup Il and III) either below (out-of-plane) or parallel
to the counter substrate (in-plane). The stamping quality without many defects did
not improve during the in-plane magnetic field application. The stamped
nanoparticle aggregate arrays showed an increasingly better long-range order with
out-of-plane magnetic fields (setup II and III). The effect of the external permanent
magnetic field was tested by adding additional magnets below the silanized Si
substrates. The values of the magnetic field H (out-of-plane) amounted to =~ 0.18T,
~0.26T, = 0.30T, = 0.33T for setup II and = 0.20T, ~0.27T, = 0.35T, = 0.37T for
setup III, respectively. Long-range order of stamped nanoparticle aggregate arrays
without defects was realized with 0.33T (out-of-plane) for setup II (out-of-plane)
and 0.37T for setup III, respectively.

e With setup IV, magnetic nanoparticle aggregates were stamped with the help of an
external magnetic field generated in a vibrating sample magnetometer (VSM) at
room temperature. The stamping procedure was ineffective in the out-of-plane
geometry and did not yield precisely stamped spots, while in the in-plane geometry,
the stamped nanoparticle aggregates arrays show increasingly better long-range
order with few defects. During stamping in the in-plane geometry, the magnetic

field exposure time was varied with a magnetic field strength value of 1.4T at room
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temperature. In the in-plane geometry under different magnetic field H exposure
times for 10s,40s, 70 s, 100 s, 180 s, 300 s, and 600 s, the best reproducibility was
achieved with a magnetic field H exposure time of 10s. To test the effect of the
external magnetic field strength, the printing of magnetic nanoparticle aggregates
was done with H values of 0.2T, 0.6T, 1.0T, and 1.4T at room temperature in the
in-plane geometry with a magnetic field H exposure time for 10 s. High-quality
arrays of magnetic nanoparticle aggregates were achieved by applying a magnetic
field of 1.4T.

For stamping with PS-H6-P2VP/T-ZnO (0.9 pum tip contact surfaces) composite
stamps, the lowermost average diameter d of magnetic nanoparticle aggregates
stamped (10nm Fe3Os.ferrofluid) amounted to =~ 325+74 nm, and a height of
115.74+12.30 nm was obtained by using setup IV (in-plane external magnetic field,

H~=1.4T, 10 sec exposure time) over the larger surface area.
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10 Appendix

XPS
SEM
AFM
BET
BJH
EDX
NIL
PSuM
MA-IICN
WCA
QCM
VSM

PDMS
PS-b-P2VP
PS-H6-P4VP
EtOH

DMF

HAuCls x H20
KOH

NaOH

10.1 List of abbreviations

X-ray photoelectron spectroscopy

SEM

Atomic Force Microscopy
Brunauer-Emmett-Teller

Barret, Joyner and Halenda
Energy-dispersive X-ray spectroscopy
Nanoimprint lithography

Phase separation micromolding
Magnetic assisted insect-inspired capillary nanostamping
water contact angle

Quartz crystal microbalance
Vibrating-sample magnetometer
Microcontact printing

Janus particles

Janus membranes
1H,1H,2H,2H-Perfluorodecyltrichlorosilane
Average molecular mass by number
Average molecular mass by weight
Polydimethylsiloxane
poly(styrene-block-2-vinyl pyridine)
Poly(styrene-block-4-vinyl pyridine)
Ethanol

Dimethylformamide

Hydrogen tetrachloroaurate (III) hydrate
Potassium hydroxide

Sodium hydroxide
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Si0, Silica

TiO2 Titania

CS Chitosan

GO-CS Chitosan-graphene oxide
K2Cr207 Potassium dichromate

HCl Hydrochloric acid

Fe304 Magnetite

Au Gold

Ti Titanium

T-ZnO Zinc oxide tetrapods

AcAc Glacial acetic acid

APTES 3-Aminopropyl)triethoxysilane
e.g. For example

RT Room temperature

AR Aspect ratio

FTO Fluorine-doped tin oxide-coated glass
mSi Macroporous silicon templates
TC Tip like contact surfaces

HC Holey contact surfaces

184



Appendix

10.2 List of publications

Gazenbiller, Eugen, Qaiser Ali Khan, Beatriz Rico-Oller, Angelika Hackner, Thomas Meer,
Theo Hack, Benedikt Langer et al. "Semiconducting properties of surface-treated titanium

and their effect on peel resistance: Experimental and modelling studies." International
Journal of Adhesion and Adhesives (2021): 103049.

Alarslan, Fatih, Laura Vittadello, Jonas Klein, Qaiser Ali Khan, Christian Kijatkin, Markus
Haase, Helmut Schéfer, Mirco Imlau, and Martin Steinhart. "Thin patterned lithium niobate

films by parallel additive capillary stamping of aqueous precursor solutions." Advanced
Engineering Materials (2021): 2101159.

Eichler-Volf, Anna, Yara Alsaadawi, Fernando Vazquez Luna, Qaiser Ali Khan, Simon
Stierle, Chi Xu, Michael Heigl et al. "Sensitivity of PS/CoPd Janus particles to an external
magnetic field." RSC Advances 11, no. 28 (2021): 17051-17057.

Zahra, Qurat Ul Ain, Qaiser Ali Khan, and Zhaofeng Luo. "Advances in Optical
Aptasensors for Early Detection and Diagnosis of Various Cancer Types." Frontiers in

Oncology 11 (2021): 632165-632165.
Khan, Qaiser Ali, Ahmed Shaur, Tayyab Ali Khan, Yasir F. Joya, and M. S. Awan.

"Characterization of reduced graphene oxide produced through a modified Hoffman method."
Cogent Chemistry 3, no. 1 (2017): 1298980.

185



Appendix

10.3 Curriculum vitae

Qaiser Ali KHAN

E-mail: gaiserali.k@hotmail.com

khan@uos.de
Date of birth: 02. April 1991

12/2017-12/2021 Scientific co-worker
Institute of Chemistry of new materials, Universitdt Osnabriick, Germany

Research topic: Substrate functionalization with functional particle patterns
Supervisor: Prof. Dr. Martin Steinhart

10/2014-09/2017 M.Sc. in Materials science and Engineering
Faculty of Engineering, Christian-Albrechts-Universitit zu Kiel, Germany

Research topic: Electrochemical stability of pre-treated titanium surfaces for aeronautical
applications
Supervisors:  Prof. Dr. Mikhail Zheludkevich, Dr. rer. nat. Daniel Hoche

10/2010-06/2014 B.Sc. in Materials Engineering
Department of Materials Science and Engineering, Ghulam Ishaq Khan Institute (GIKI),
Pakistan

Research topic: Synthesis of graphene by combined chemical and thermal methods and
characterizations
Supervisor: Dr. Yasir Faheem Joya

186


mailto:qaiserali.k@hotmail.com
mailto:khan@uos.de

Appendix

10.4 Declaration

I hereby declare that the presented thesis

“Substrate functionalization with functional particle patterns”

describes my own work unless otherwise acknowledged in the text. The thesis research was
carried out at Institute fiir Chemie neuer Materialien, Fachbereich Biologe / Chemie,
Universitit Osnabriick, Germany, under the supervision of Prof. Dr. Martin Steinhart. All the
sources are cited as a list of references. I further declare that this work has not been submitted

to any other institution for an academic degree purpose.

Qaiser Ali Khan
January 2022, Osnabriick

187



