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1. Introduction

The popularity of functional surfaces with extreme wetting properties and liquid
manipulation capabilities is rapidly increasing, as they offer new perspectives to various
fields, such as microfluidics, analytics, environmental protection, and healthcare.
Ranging from the well-known, lotus-inspired superhydrophobic self-cleaning surfaces
to superhydrophilic antifogging glasses and mirrors, these materials also offer
application possibilities for everyday users.

The elaboration of extreme wetting properties requires not only the right choice
surface chemistry, but the presence of hierarchical, micro- and nanoscale surface
roughness, as well, which — among many possibilities — can be achieved through
enhancing the inherently hydrophobic or hydrophilic surfaces with particulate materials.
Depending on the properties of these roughening agents, the resulting composite
surfaces may possess additional functionalities, such as magnetism, electric
conductivity, optical transparency, or even photocatalytic activity.

In the light of recent years’ epidemic and environmental crises, this latter
property gained increased attention from both academic and industrial researchers, as
semiconductor oxide photocatalysts, such as TiO2 or ZnO and their modified versions
can eliminate harmful organic compounds and microorganisms, without relying on
additional chemical treatment, due to their ability to generate reactive oxidative species
(such as HO®, HOO* or O,%) upon ultraviolet (UV) or visible (VIS) light illumination.

Besides the effect of photocatalyst content on wetting properties, the effectiveness
and mechanism of action of photocatalytic processes is highly influenced by wetting, as
well, therefore studying, and influencing the effect of interfacial parameters on the
photocatalytic reactions are of high importance. Despite the modifications of
photocatalyst particles and the resulting changes in reactivity are already extensively
documented, the wettability alterations and their effects on the photocatalytic
performance of macroscopic composite surfaces and coatings are less studied.

To fill this vacancy in the literature, the aim of my doctoral work was the
preparation and characterization of novel, visible light-active plasmonic Ag-TiO>
photocatalyst nanoparticle-containing composite coatings with different water
wettability and photocatalytic efficiency. In the presented approaches spray-coating and

doctor blade techniques were utilized to prepare composite surfaces with polyacrylate or



silicone matrices. The wettability and photocatalytic performance at the solid/gas (S/G)
and solid/liquid (S/L) interfaces were initially adjusted by changing the roughness via
photocatalyst-addition, and by changing the ratio of matrix components. Surfaces with
real-time thermo- and magnetoresponsivity were prepared, as well, via the addition of
thermoresponsive poly(N-isopropyl acrylamide) (pNIPAAm) polymer and carbonyl
iron microparticles, respectively. To introduce another functionality, a silicone-based
composite coating was enhanced with self-healing ability to provide durable
superhydrophobic character.

The developed multifunctional photoreactive composites may open new routes for

further developments in liquid manipulation, environmental and healthcare scenarios.
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2. Literature background

2.1. Wetting phenomena

The wetting of solid surfaces is a well-developed area of interfacial science and of
major importance [1-5]. Despite the solid theoretical background of this field, some
wetting-related functional applications are still limited, while others are being
discovered (or rediscovered) at emerging areas of interest, such as environmental
protection [6,7], power saving [8] or healthcare [9,10].

As contemporary scientific literature is teeming with surfaces with wetting-related
applications, such as antimicrobial- or self-cleaning coatings, it is increasingly vital to
understand their behaviour and application possibilities in order to create more
advanced systems and to improve the existing ones.

The wettability of a macroscopic solid surface is mostly quantified by the contact
angle (®) [2], described as the angle between the macroscopic plain of the surface and
the tangential of the contour line of the liquid drop, drawn towards the three-phase
(solid, liquid and gas/vapour) connection point. As Fig. 1 a) shows, the overall wetting
characters can be categorized according to different ® ranges. The ® value can range
from 0 to 180°, which means in the case of ®-s, smaller than the intermediate 90°, the
surface is considered well wetted (lyophilic, e.g., hydrophilic), while over 90°, the
surface is non-well-wetted (lyophobic, e.g., hydrophobic). In the case of extreme
spreading of the liquid (®<10°), the surface is superlyophilic (e.g., superhydrophilic),
while in the case of extremely low spreading (®>150°), it is denoted as superlyophobic

(e.g., superhydrophobic).

1 The paragraph is a part of the following publication: Mérai L, Deak A, Dékany I, Janovék L. Adv
Colloid Interface Sci 2022;303:102657. (reference [11])
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Figure 1. Wetting modes of plain surfaces, categorized according to ® values a)
visualization of the Young-equation b) and representation of the sliding angle (s.a.) and

the dynamic contact angles c) [11]

The © values are dependent on the magnitude of interfacial free energies (or
tensions) at the boundaries of the incident phases: this dependence is described by
Young’s equation (EQ. 1), which is visualized in Fig. 1 b). This simplified relation
applies to perfectly plain, energetically homogenous and non-reactive solid surfaces in

mechanical equilibrium:

Ys¢ — YsL — Yig = €0S© (Equation 1.)

The interfacial tension between solid- and gas phases (ysg) works towards the
spreading of the liquid and towards the increase of S/L-contact area, while it is
counteracted by the S/L-interfacial tension (ys.). However, the L/G-interfacial tension
(yLe) can contribute to both, depending on the magnitude of ®, which is usually
determined via sessile-drop method [12-14].
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In a non-equilibrium state, (or under dynamic conditions) the upper- and lower
limits of ® at a particular temperature are called the advancing- (®a) and receding
contact angles (OR), respectively (Fig. 1 c)). These are the so-called dynamic ®-s and
they can be observed upon the movement of liquids on solid surfaces [15-17]. ®a is
mainly dependent on internal the cohesion of the liquid phase, while ®r is proportional
to the adhesion between the solid and liquid phases. Their difference (®a-®r) is the so-
called contact angle hysteresis, which is an important attribute of wettability [18].
Dynamic ®-s can simply be measured applying the tensiometric Wilhelmy-method with
a probe liquid with known surface tension [19], or by increasing or decreasing the
droplet size in a conventional sessile drop setup [12].

Another useful wetting parameter is the so-called sliding angle (s.a.) [20], which
is the particular tilting angle of a surface at which the droplet starts moving downwards,
thanks to its own weight (Fig. 1 c)). The s.a. values of superlyophobic surfaces are
usually referred as roll-off angles since the S/L-contact area in their case is particularly
small [21]. A higher s.a. implies a more wettable surface as less contribution is required
from the gravitational pull (Fg is proportional to sin tilting angle) to overcompensate the
interfacial adhesion. The contact angles at the front (facing the direction of movement)
and at the back of a moving droplet are equal to ®a and Og, respectively: this creates
the possibility to determine dynamic ®-s, based on images of sliding droplets [11] (Fig.
1c¢)).

While wettability is mainly quantified by the mentioned angles and surface
tensions, their values are influenced by three main factors, which are surface texture
(rough or smooth surfaces, see Chapt. 2.2.2. for more details) [22], surface chemistry
(functional groups facing the liquid phase, see Chapt. 2.2.1. for more details) [23] and
external stimuli (such as magnetic field, light, temperature, pH) [24]. While the
wettability is directly affected by texture and chemistry, these both may be influenced
by external stimuli (see Chapt. 2.2.3. for more details). Although, stimulus-responsivity
is in fact, dependent on the composition, it can independently affect wettability, even in
real-time, therefore it is increasingly considered as a distinct influencing factor. Besides
wettability (and stimulus-responsivity), texture and surface chemistry may define other
physical- and chemical parameters, such as antimicrobial- and photocatalytic activity
(see Chapt. 2.3.2), as well.

The yLc values are easy-to-measure via tensiometry, however, ysg or the so-called

surface free energy (ysc multiplied by 1/distance) are implicit quantitities. The existing
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determination methods of ysc are based on the results of ®- or adhesion force
measurements [25]. As surface free energy in general may be affected by several
possible interactions, there is no such thing as a universal approach, therefore the
existing models are applicable under different conditions. For example, the Zisman
method [26] is a one-component method and can only handle dispersive interactions,
therefore its real-world applications are restricted to hydrophobic (low surface energy)
polymer surfaces. It also provides a so-called critical surface tension (yc) value that is in
correlation with, but not equal to the actual yss. However, there are two-component
methods, which can deal with both polar- (or non-dispersive) and dispersive
interactions. The most popular ones among them are the Owens-Wendt-Rabel &
Kaelble [27], or Wu methods [28]. In the case of these, highly apolar test liquids, such
as diiodomethane are applied besides water, therefore contribution of polar interactions
to the occuring wetting can be excluded.

Despite considering more than one type of possible chemical interactions, these
models still fail when wettability is significantly influenced by roughness. To overcome
this limitation, e.g., the theory of Emil Chibowsky (Eq. 2) can be applied, which is

based on contact angle hysteresis [29], according to the following equation:

2
tot _ (1+c050q4y)
Ys© =VYie X
(24€05 Orec+c050O44y)

(Equation 2.),

where the apparent total surface free energy of a solid (ys'") can be calculated knowing
the ®agv and Orec Values of a test liquid with a given yic.

2.2. Factors influencing the wetting of solid surfaces

2.2.1 Surface chemistry

As Young’s equation (Fig. 1 b), Eq. 1) describes, the wettability is dependent on the
relation of interfacial tensions, which are the overall outcomes of both chemical and
physical interactions at an interface. These are mostly the results of hydrogen-bonding
and van der Waals forces, which are in the order of increasing of magnitude: London-
type dispersive interaction, induced dipole-dipole interaction, dipole-dipole interaction,
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and charge-dipole interaction). In general, the excess of apolar surface groups leads to
the dominance of the two weaker interactions, resulting in lower ysc and higher ©,
while in the case of polar surfaces the stronger hydrogen bonding, dipole-dipole or
dipole-induced dipole interactions are dominant, which leads to to higher ysg and lower
contact ® [30].

The yLc of a liquid is based on the same interactions, as well [31]: for instance, the
strong dipole-dipole interactions and hydrogen bonds between water molecules result in
an yLe value of 72.8 mN/m (25 °C) [29], while apolar organic solvents, such as cetane
(n-hexadecane) possess lower yig (27.3 mN/m; 25 °C) [31]. Mercury is an illustrous
liquid due to its extremely high yLc (485 mN/m; 25 °C), which can be attributed to the
presence of metallic bonds [32]. Besides metallic bonds, electromagnetic interactions
can also affect wettability in the case of of ionic liquids [33] or magnetic fluids [34].

A common way of reducing yLc and ysL and to promote wetting is the application
of surfactants [35]. In this case, the decrease of ys. is achieved through surfactant
adsorption [36]: as charged surfaces promote the adsorption of oppositely charged
chemical species, they are popular agents of surface charge neutralization and
hydrophobization [37]. However, multilayer adsorption is also possible, which turns the
surface oppositely charged as it was in the beginning [38]. This weaker physisorption
can also occur at charge-neutral surfaces, rendering them charged [39]. ysL can be
affected by the adsorption of other surface-active molecules, such as polymers [40].

Reactive surface functional groups also influence wettability: for instance, on
oxygen-deficient inorganic oxide surfaces - such as UV-irradiated TiO> - the
dissociative chemisorption of water may occur, resulting in superhydrophilic character
[41].

2.2.2 Surface texture

The applicability of Young’s equation (Fig. 1 b), Eq. 1.) is limited by the assumption
that the wetted surface is perfectly flat, which is a rare occurence in practical scenarios,
in which wettability is also influenced by both the curvature (macroscopic texture) and
the roughness (microscopic- or submicroscopic texture) of a surface. On the
macroscopic scale, the surface inhomogenities may lead to different contact areas
between solid and liquid and therefore different magnitudes of adhesion, while the

presence of (sub)microscopic irregularities may increase the contribution of capillary
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action to the overall wetting character [23]. The effects of roughness on wettability were
initially described by two main models: in the case of the so-called Wenzel surfaces
[42], the liquid completely fills the gaps on the surface, resulting in enhanced contact
area and adhesion, while Cassie-Baxter surfaces [43] possess impenetrable gaps. As a
third option, the so-called impregnating Cassie-state is usually mentioned: these
surfaces have ® and s.a. values similar to those of the Cassie-Baxter surfaces, however,
in their case the liquid penetrates the surface texture [44]. Although, these basic
concepts are useful for visualization, they become inaccurate in the case of multiscale
roughness (e.g., hierarchical micro- and nanoroughness), therefore the initial concepts
were enhanced over time [45], besides new modes of wetting (mainly on liophobic
surfaces) were also observed [44] (Fig. 2).

The most well-known among these wetting states are the so-called rose petal- and
lotuf effects [44]. At first sight, both plant parts are inherently hydrophobic and have
hierarchical roughness, however, the microgrooves of the rose petal surface can be
filled water, leading to higher contact area, adhesion, and s.a., while the microtexture of
the lotus leaf is is filled with air pockets, leading to lower contact area (0.6% of the
macroscopically visible contact surface), adhesion and s.a. In practice, transitions
between these liophobic modes also occur [47], and transition states, such as the so-
called metastable Cassie-state (partially penetrated microstructure) are also possible
[48]. As Fig. 2 shows, the main liophobic states can be categorized based which type of
roughness (micro-, nano- or both) [49] (Fig. 2)

However, these wetting states only have practical importance in the case of water
due to its relatively high yLc (72 mN/m; 25 °C) (as the droplets of a liquid with lower
yLe tend to spread and fill surfacial capillaries at S/L/Air phase connections) and
organic liquids at S/L/L phase connections (e.g., the behaviour of oil droplets on an
underwater oleophobic surface [49,50]).

Despite the presented significant improvements of this field, the Wenzel- and
Cassie-Baxter models are still the fundamental to the representation of roughness-
regulated wetting alterations (Fig. 2 and 3). These models introduce the concept of the
visually observable, apparent contact angle (®app), Which is in relation with the Young-

contact angle (®) and the surface roughness.
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lotus rose rose filled microstructure
Cassie Wenzel Wenzel filled microstructure

Cassie filled nanostructure Wenzel filled nanostructure Wenzel filled micro/nanostructure

Figure 2. Scheme of the nine possible liophobic interactions on a surface with
hierarchical (micro- and nano-) roughness [44] a) Photos and SEM images of a lotus
leaf and an artificial superhydrophobic coating [46] b)
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Figure 3. The five most well-known natural water-repellent surfaces: rose petal
(Wenzel) a) f) butterfly wing (Cassie) b) g) strider leg (Wenzel-Cassie) c) h) lotus leaf
d) 1); gecko skin e) j) [60]

To address the latter one, the Wenzel model (Eg. 3) introduces a roughness factor
(r) to Young’s equation, however, the Cassie-Baxter model (Eq. 4) also introduces the
wetted fraction of surface area (f) in addition. It is also worth to mention, that in the
case of complete wetting (f=1), Eq. 4 becomes identical to Eq. 3.

Ogpp =T X cOSO (Equation 3.)

app

Ogpp =7 XfXcosO+ f—1 (Equation 4.)

The initial determination method of the roughness factor involved contact angle
measurements on both smooth and rough surfaces of the same material, however, there
are more sophisticated methods available, such as laser-scanning confocal microscopy
[43] or contact profilometry [51]. The so-called Wenzel-Cassie-Baxter phase diagram
[52,53] — which plots cosine values of ® and ®sp to — can also be useful in the
examination of roughness-dependent wettability. As it was shown in the previous
examples (Fig. 2 and 3), the Cassie state is superior in terms of low adhesion, liquid-
repellency and low contact angle hysteresis, therefore this wetting mode - non-
surprisingly - has the highest popularity among materials scientists [44].

The relation between roughness and (extreme) wettability was first evidenced
upon examining natural superhydrophobic surfaces (®>150°) via electron microscopy
[54,55]. The main reason behind plants developing natural superhydrophobicity was the
self-cleaning character, which allows the contaminants to be washed away even upon
the slightest contact with water (Fig. 3. d) 1)). Since lotus leaf is very effective in this

regard, the artificial surfaces wusually mimic its surface structure [56,57].
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Besides roughness can amplify the initial hydrophobic or hydrophilic character of a
surface, it can also increase adhesion: a popular example from nature is the gecko skin,
which — despite being superhydrophobic — grants exceptional climbing skills to the
reptile [58,59] (Fig. 3. €) J)).

The aimed surface roughness can be provided applying various additive- (bottom-
up) or destructive (top-down) methods. These additive methods include spray- [61] or
spin-coating [62], solvent-precipitation [63], film-casting [64], chemical vapor
deposition [65], physical- [66] or electrochemical deposition [67], hydrothermal- [68],
or templating methods [69], in-situ polymerization [70], and even 3D-printing [71]. The
destructive approaches utilize different ething methods (chemical- [72], laser- [73] or
plasma [74]). While destructive methods provide better control over roughness besides
exceptional reproducibility, additive methods are more economical, more scaleable and
easier-to-apply. Despite rough composite materials are more popular in wetting-related
applications due to their enhanced properties (see Chapt. 2.3.1.) [75,76], one-
component systems can also be produced in both destructive [77] and additive
processes, such as filtrate deposition [63], foam sintering [78] and templating [79].

Rough surfaces in general are vulnerable to mechanical damage: this can be
avoided by choosing the proper, durable starting materials (e.g., metals [77] or
inorganic solids [80]) or by enhancing the surfaces with self-healing character [81-84].
This property can be elaborated by infusing the matrix material with a ,repairing
agent”, which is preferably a reactive monomer, being able to rebuild the surface upon
being released due to mechanical damage [85] or by utilizing external stimuli, such as
temperature [86].

As a result of damage, a rough superhydrophobic surface may start pinning liquid
droplets [87], which promotes condensation and wetting and therefore leads to limited
applicability in anti-wetting scenarios (anti-fouling, anti-icing, self-cleaninh, anti-
corrosion). The pinning may be prevented by applying slippery liquid-infused porous
surfaces (SLIPS) [87], containing a surface-covering lubricant, which is chemically
inert and wets the solid with higher affinity than the test liquids besides being
immiscible with it. For this purpose, the most efficient combinations are those of,
hydrophobic silicone matrices ad hydrophobic silicone oils [88]. SLIPS are popular in
anti-fouling- [88], anti-icing- [89,90], anti-corrosion scenarios [90] and, while they may
also provide reduced drag and friction [91], self-healing character [92], lower contact

angle hysteresis [93] and more uniform evaporation for the test liquids [94].
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2.2.3. External stimuli

2.2.3.1. The importance of external stimuli

Although, the importance of surface chemical properties and texture in wetting-related
scenarios is generally well-described, the effects of external stimuli are less studied in
this regard. However, the so-called stimulus-responsive materials have been in the focus
of other scientific fields in the last few decades [95,96].

Stimulus-responsive materials can reversibly alter their physical and/or chemical
properties upon exposure to external stimuli, such as temperature- and pH-change, light
or magnetic field, ionic strength etc. Stimulus-responsivity can be achieved in both the
bulk phase and on the surface, therefore it is a popular feature of novel functional
materials. The application of stimulus-responsive materials is already wide-spanning,
enough to think about liquid crystal displays (LCD), intelligent windows [97,98], or
pharmaceutical formulations that exploit stimulus-responsivity to achieve the controlled
release of drugs in a specific target organ and/or at a specific rate [99]. Such drug
formulations mostly consist of materials with pH- or thermoresponsive swelling [100],
however, there are examples of magnetoresponsive formulations, as well. Latter can be
achieved by the help of magnetic particles, such as maghemite (y-Fe2O3) or magnetite
(Fes0a4) [101]. Stimulus-responsivity can also improve in analytics, where the property
can serve as a core mechanism in sensing physical quantities, such as pH or temperature
[102]. In microfluidics, stimulus-responsivity is widely utilized to propel small volumes
of liquids by mechanical response or wettability alteration [103,104].

In the case of 3D materials, the most popular properties to influence are as
swelling degree, density, shape, size [105], optical features, while 2D materials can
have surface properties, such as chemical functionality, charge excess and roughness
[106,107] subjected of stimuli-responsiveness and these may affect wettability, as well
[108-110].
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2.2.3.2. Thermoresponsivity

As it is already well-known, interfacial tension is a temperature-dependent quantity,
however, in practical scenarios of water, temperature only has a negligible effect on the
observable ®-s. The properties of a so-called thermoresponsive material undergo
reversible alteration upon changing their temperature [111,112]. The thermoresponsive
wettability also implies that the temperature-dependency of y in magnitude is also
exceeded upon these alterations.

The most popular and most-studied tool to create thermoresponsive wettability is
poly(N-isopropyl acrylamide) (pNIPAAmM) (Fig. 4): it remains miscible with water at
room temperature, however, over ~32 °C, an entropy-driven precipitation
(intramolecular hydrogen bonds become dominant) and phase separation occurs [113].
This lower critical solution temperature (LCST) is almost identical to the the ~37 °C
temperature of the human body, which implies its applicability at the field of medicine.
The LCST can also be modified by adjusting the molecular mass distibution or by
copolymerization with different monomers. The versatility of pNIPAAm further
improves its application possibilities, as the polymer can be immobilized on various
substrates (through chemical binding or grafting), such as silicon [114], glass [101], or
polymers [113 ] and as the most beneficial monodisperse mass-distribution (narrowest
possible LCST-range) is easily achievable applying living polymerization methods,
such as atomic transfer radical polymerization (ATRP) or reversible addition-
fragmentation chain-transfer (RAFT) [115,116].

pPNIPAAmM-based materials are utilized in fields: besides the popularity of
thermoresponsive drug delivery systems [117], analytical applications are also emerging
[118]. In an example, a thermoresponsive surface was utilized in cell attachment-
detachment scenarios: the cell adhesion was preferred over the LCST, while at lower
temperatures the decoiled pNIPAAmM molecules hindered the adhesion through sterical
hindrance [111].

Although, the field is dominated by pNIPAAm-based materials, other
thermoresponsive polymers with LCST, such as Pluronics, elastin-like polypeptides and
poly(N-vinylcaprolactam) are are also popular in medicine [111]. To prepare materials
with upper critical solution temperatures (UCST), zwitterionic polymer can be applied,
however, their relevance rather low as their application is difficult to implement under

physiological conditions [111,119].
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Figure 4. Structure of poly(N-isopropylacrylamide) (left), its interactions with water,
displayed as a phase diagram (middle; VPTT=LCST) and as schematic images (right)
[120]

Despite thermoresponsive wetting is extensively studied at the scale of colloidal-
and nano systems, there fewer examples for thermoresponsive macroscopic surfaces. As
these wetting transitions are affected by heat transfer, increasing the surface area may
lead to difficulties in maintaining a fest-response heating-cooling cycle (insufficient
heating- and/or cooling power, thermal conductivity, volume of the overall system,
convection etc.), which then may lead to limited reversibility and applicability
[121,122]. The other main applicability-limiting factor is the high cost of the
ingrendients (NIPAAm, chemicals for living polymerization).

pNIPAAmM also set foot at the field of catalysis, as well [123,124].
Thermoresponsive polymers can also be exploited in the thermal separation of a
modified catalysts from a reaction mixture [125]. Despite these photocatalytic particles
are extensively studied, there are less examples for macroscopic thermopresponsive
photocatalytic surfaces in the literature.

In a literature example for particle modification, Jia et al. covered photoreactive
Cu20 nanoparticles in a pNIPAAm shell, which rendered the photoreactivity of the
particles thermoresponsive during methyl-orange degradation tests [126]. The authors
proposed that not only the wetting of the coated particles was affected, but the diffusion
of the dye towards the catalyst surface also became hindered over the LCST, and as a

result, reducing the reaction rates, as well.
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2.2.3.3. Magnetoresponsivity

A plenty of surfaces with both magnetic and superhydrophobic characters are known,
such as magnetic sponges for oil-water separation [127] and coatings for
electromagnetic shielding [128], however, magnetoresponsive wettability is still less
studied than any other stimulus-responsive wetting characters. While a liquid,
containing dispersed magnetic particles can be manipulated by magnetic field [129], the
infusion of solids with such particles offers more favourable routes as the liquid can
remain intact.

The so-called magnetorheological elastomers are capable of reversibly changing
their mechanical properties and shape upon exposure to external magnetic field, such as
the doctor blade-casted coatings of Lee et al. [130] and Sorokin et al. [131], containing
iron microparticles in poly(dimethylsiloxane) (PDMS) matrices. In these composites,
the particles can align with the external magnetic force-field lines, leading to the
deformation of the matrix and to pincushion-like texture with increased roughness and
hydrophobicity. As this behaviour was achieved by applying uncured PDMS or high
amounts of plasticizer (e.g. silicone oils), their sticky nature limits their applicability
and the achievable ®-ranges, as well. To overcome these limitations, permanently
pillar-shaped magnetic structures are also preparable [132] through curing the magnetic
particle-containing (e.g., magnetite, iron, etc.) in matrix prepolymers in a magnetic
field: in this case, the surface structure can be tuned by changing the magnetic flux
density and direction The resulting elastic, pillar-like protrusions can then also be
directed by magnetic field, which thereforemay alter both the surface structure and the
wetting properties, real-time.

In the work of Yang et al., the authors prepared and characterized magnetic pillars
of carbonyl iron and PDMS applying magnetic field-assisted spray-coating [133].
Without magnetic field, the pillars could collapse under the impacting water droplets,
increasing the S/L contact area and adhesion, however, as a magnetic field was
introduced perpendicularly to the substrate surface, the stiffened pillars pinned the
droplets, resulting in smaller contact area and adhesion, and therefore in an apparently
increased hydrophobic character, as well (Fig. 5).
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Figure 5. Preparation of a magnetoresponsive superhydrophobic composite. a)
Reversible switching of wettability and adhesion by external magnetic field b) Images
showing the adjustable stiffness of the micropillars under an external magnetic field,
which can transform the micropillars from the collapsed, water-adhesive morphology to
the stiffened water-repellent state. ¢) [133]

Due to their stimulus-responsive character, these composites may make
sophisticated liquid manipulation tools, as water droplets can be picked up, transferred,
and released losslessly by switching between the two wetting states. This type of
composite also has the advantages of being capable of spontaneous response, while the
starting materials are cheap, and the preparation methods are simple, quick, and
scaleable. However, their applicability my be limited many factors, such as the

improper density, height, or thickness of the pillars.

2.3. Functional composite surfaces

2.3.1. Wettability-tuning of composite surfaces

Composites are in general consist of two or more different materials, namely the
matrices and the fillers: these pairings allow us the utilization of the beneficial
properties of both, while in many cases, they may lead to entirely new advantages.

As the number of possible composite formation routes are virtually limitless, it is

non-surprising that till this day, several composites have already been developed for and
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utilized in wetting-related scenarios, such as microfluidics [129], analytical sensing
[134], oil-water separation [63], antimicrobial [64], or self-cleaning purposes [62].
According to the previously presented general classification scheme, the
wettability of a composite surface also mostly depends on its surface chemistry and
texture, which can be tailored through the proper choice of starting materials, their ratio,
or even by choosing the right preparation method [11]. As an example, applying
hydrophilic or hydrophobic polymers as matrix materials can determine the initial
wetting character [135], while the application of a particulate filler material increase
roughness and/or porosity and therefore may lead to extreme wetting properties [136].
While applying stimulus-responsible materials in composites is gaining ground, their
application in wettability alteration is still less widespread. As the previously presented
examples of pNIPAAmM- and magnetic particle-containing systems show, the desired
stimulus-responsive character can be originated from either the matrix material (e.g.,
PNIPAAm-grafted polymers [117]) or the filler material (e.g., magnetic particles [133]).
Taking these considerations into account, the right choice of composition may lead to

extreme and even tunable wetting properties, as well.

2.3.2. Semiconductor photocatalysts and their application in composite surfaces

Besides the function of wettability alteration through roughness, filler materials can
bring other functionalities to the formed composites, including improved mechanical
and/or chemical resistance, different optical properties (colour, transmittance),
magnetizability or electric conductivity [137]. Another interesting option is the
application of photocatalyst particles as filler materials as they introduce both roughness
and photoreactivity to the resulting composite surface [136].

As humanity is facing global environmental problems, the importance of greener,
chemical-less solutions in environmental protection have increasing importance. In
alignment with this, semiconductor photocatalysis gained increased attention recently,
and materials, such as TiO2> and ZnO and their composites became prioritized in
scientific research. These semiconductors are capable of generating reactive, oxidative
radicals (*°OH, O2*" or ‘'OOH™*) in aqueous media upon illumination [85,138,139], as a
result of the occuring electron-hole separation. These species are then capable of
decomposing organic molecules [63], even through complete oxidation (or

mineralization), resulting in CO2 and H.O as final products. The photoreactivity at the

25



S/L-interface depends on several parameters, such as temperature, A and intensity of the
incident light, while the wettability of the solid surface and its adsorption affinity
towards pollutants are also vital [140,141], especially in the light of the fact, that the
reactive oxygen species have very short lifetime (up to a few us half-life [142]).

The band gap energies (Eg) of the semiconductor photocatalysts usually fall
within the UV-range (Eg>3 eV). As the UV-radiation gives only a small contribution
(~5%) to the overall power output of the solar radiation, tuning of the E4 values to the
visible region may result in higher photocatalytic efficiency in ambient sunlight, which
ultimately leads to greener photocatalysis. The two most notable ways of Eg-tuning are
the doping of semiconductors with other elements (e.g., N, S, | [143]), and the addition
of plasmonic noble metal nanoparticles (e.g., Cu, Ag, Au [144]), which latter can
increase the catalytic efficiency by the means of the inhibition of charge recombination
(electron and hole) through surface plasmon resonance, as well [144] (Fig. 6).

Previously, our research group at the Deparment of Physical Chemistry and
Materials Science of the University of Szeged prepared visible light-active plasmonic
Ag nanoparticle-enhanced TiO2 powder (Ag-TiO2) and applied it (and its composites) in
several photocatalytic experiments, such as in the elimination of different organic
compounds [146], bacteria [147] or even viruses [148]. The effectivity of
pohotocatalysts in such scenarios implies their capability for improving the self-
cleaning nature surperphilic/-phobic surfaces, moreover, photocatalyst particles
themselves can be applied as roughening agents to achieve extreme wettability.

In the light of this, our research group previously demonstrated the roughening
and wettability-altering effects of ZnO-based layered double oxide (LDO) particles on
fluoropolymer films. In the range of 80-90 wt.% LDO loading, the spray-coated
surfaces possessed superhydrophobic character, besides LDO loading-dependent
photoreactivity at the S/G-interface. [136]

As Fujishima and his co-workers discovered in 1997, the TiO. itself possesses
UV-induced superhydrophilicity, as well, due to the formation of surficial oxygen-
vacancies and the concomitant chemisorption of water (Fig. 7) [41].

This extreme wetting character is also utilized in self-cleaning scenarios;
however, it diminishes over time without illumination as the crystalline surface returns
to its original state. Popular aim of new related research is the lifetime-increasing of this
superhydrophilic character besides the elaboration of this state without the need for any
UV-treatment [149].
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Figure 6. Reactions of semiconductor photocatalysts in augaeous medium, and the

schematic representation of the electron-trapping capability of a plasmonic additive,

presented through the example of Au nanoparticle-modified ZnO particles. [145]
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Figure 7. Representation of the wetting transitions of an UV-illuminated, TiO>-

containing surface [41]

While the contemporary scientific literature extensively covers both the topics of

photoreactive composites and surfaces with extreme wettability, the simultaneous

utilizations of these features are less common. Moreover, our knowledge on

photoreactive surfaces with tuneable wettability are even more limited, which may pave

the way towards a yet-unexploited area of materials science.
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3. Motivation and aims

Despite the recent emergence of wetting- and photocatalysis-related research, our
knowledge over the implementation of functional macroscopic composite surfaces and
coatings with both tunable wettability and photoreactivity is still scarce. Considering the
possible high potential of novel multifunctional surfaces, my doctoral work aimed the
preparation and characterization of photoreactive composite surfaces with extreme

and/or tunable wetting properties.

To achieve this goal, | planned to utilize:
e previously developed plasmonic Ag-TiO. photocatalyst nanoparticles as filler
material to enhance composite surfaces with visible-light photoreactivity.
e easy-to-process and easy-to-functionalize polyacrylate and silicone matrix
materials
e scalable, cheap, and simple spray-coating and doctor blade-casting coating
techniques and plain glass substrate surfaces

The main focuses of the research work were the investigation of wettability, structure
and photoreactivity of the model composite surfaces applying different
e photocatalyst loadings
e matrix compositions
o external stimuli, such as temperature and magnetic field using different additives
and surface modification routes
e other functionalities, such as self-healing ability to provide lasting surface

structure and wettability

As it was presented in the introductory chapters, the wettability of solid surfaces
depends not solely on surface chemistry, but it is influenced by surface texture and
external stimuli, as well. Therefore, my doctoral work focused on their effect on the
wettability and photocatalytic performance of photocatalyst-containing composite
coatings. In the light of this - as the schematic representation in Fig. 8 shows - this
thesis discusses the influence of composition (roughening agent and/or photocatalyst-

loading, matrix composition), external stimuli (magnetic field, temperature, mechanical
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damage, and moisture), besides aiming to provide an overview on the overall

functionality of the presented composite surfaces.

Influencing the wetting and photoreactivity of composite surfaces

a

External stimuli \

* Magnetic field

* Temperature

\ * Humidity /

Figure 8. Schematic representation of PhD research goals
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4. Experimental

4.1. Materials

Preparation and characterization of Ag-TiOy/fluoropolymer (Ag-TiO»/FP) composite

coatings

Ag-TiO2 plasmonic photocatalyst nanoparticles (previously synthesized by our
research group [146])

Capstone ST-110 aqueous cationic fluoropolymer (FP) dispersion (solids content:
25 wt.%; pH=4-6; DuPont)

EtOH (abs.; Molar)

methylene-blue (MB; a.r.; Reanal)

Sudan IV (a.r.; Reanal)

N2 (3.5; Messer)

deionized water (d.H20)

plain glass plates

Preparation and characterization of Ag-TiO»/polyacrylate (Ag-TiO»/FP+pHEA)

composite coatings

Ag-TiO2 photocatalyst nanoparticles (previously synthesized by our research
group [146])

Capstone ST-110 aqueous cationic fluoropolymer (FP) dispersion (solids content:
25 wt.%; pH=4-6; DuPont)

2-hydroxyethyl acrylate (HEA,; a.r.; Fluka) and its homopolymer (pHEA; in 5 g/l
aqueous solution)

Irgacure 651 (2,2-Dimethoxy-2-phenylacetophenone; 99%; Sigma)

EtOH (abs.; Molar)

methylene-blue (MB; a.r.; Reanal)

Sudan IV (a.r.; Reanal)

H20: (30%; Sigma)

NaOH (a.r.; Molar)

luminol (97%; Sigma)
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N2 (3.5; Messer)
deionized water (d.H20)

plain glass plates

Preparation and characterization of magnetoresponsive photoreactive composites

(Ag-TiO,+cFe/PDMS)

Ag-TiO. photocatalyst nanoparticles (with 0.5 wt.% Ag content, previously
synthesized by our research group [146])

carbonyl iron (cFe) microparticles (d=0.5-4 um; Sigma)

poly(dimethylsiloxane) (PDMS; Elastosil C1200 A and B component; Wacker)
toluene (a.r.; Molar)

methylene-blue (MB; a.r.; Reanal)

nitrogen (3.5; Messer)

plain glass plates (VWR microscope slides with polished edges)

Synthesis of the 10-undecenyl 2-bromoisobutyrate surface ATRP initiator (INI)

10-undecen-1-ol (98%; Sigma)
triethylamine (a.r.; Fluka)
dichloromethane (a.r.; Molar)

Na>SOs (anhydrous; puriss; Reanal)
2-bromoisobutyril bromide (98%; Sigma)
cc. HCI (a.r.; Molar)

Kieselgel-G silica gel (Reanal)

deionized water (d.H20)

Preparation and characterization of PDMS-gr-pNIPAAmM and Ag-TiO,/PDMS-gr-

pNIPAAmM thermoresponsive photoreactive composites

Ag-TiO. photocatalyst nanoparticles (with 0.5 wt.% Ag content, previously
synthesized by our research group [146])

poly(dimethylsiloxane) (PDMS; Elastosil C1200 A and B component; Wacker)
cyclohexane (99.8%; Carlo Erba)

MeOH (abs.; Molar)

L-ascorbic acid (Molar Chemicals; a.r.)
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CuBr2 (Sigma-Aldrich; 99%)

N,N,N’,N”,N’-Pentamethyldiethylenetriamine (PMDETA) (Sigma-Aldrich; 99%)
10-undecenyl 2-bromoisobutyrate (INI; synthesized for this work)

N-isopropyl acrylamide (NIPAAm) (Sigma-Aldrich; Schnelldorf, Germany;
97%)

deionized water (d.H20)

methylene-blue (MB; a.r.; Reanal)

N2 (3.5; Messer)

plain glass plates (VWR microscope slides with polished edges)

Preparation and characterization of the self-healing Ag-TiO>/PDMS oleogel composites

Ag-TiO2 photocatalyst nanoparticles (with 0.5 wt.% Ag content, previously
synthesized by our research group [146])

poly(dimethylsiloxane) (PDMS; Elastosil C1200 A and B component; Wacker)
silicone oil (viscosity: 45-55 cSt; for melting and boiling point apparatus, Sigma-
Sigma)

dodecyltrichlorosilane (DDSIiCls; 99%; Fluka)

deionized water (d.H20)

methylene-blue (MB; a.r.; Reanal)

N2 (3.5; Messer)

plain glass plates

polypropylene sample holders (laboratory vial bottle caps with polished threading;

cylindrical, V=6 ml)

4.2. Preparation methods

4.2.1. Preparation of Ag-TiO2/fluoropolymer composite coatings (Ag-TiO2/FP)

The Ag-TiO2 photocatalyst with 0.5 wt.% Ag nanoparticle loading was prepared during

the direct functionalization of TiO> particles, which involved the reduction of Ag* ions

adsorbed on the surface of TiO2 by NaBH4. The exact process was previously published

[146]. The solids content of Capstone ST-110 fluoropolymer dispersion (FP) was
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applied as matrix material. The Ag-TiO2/FP photoreactive coatings with d=1.0+0.05
mg/cm? specific mass were elaborated on plain glass substrates, applying spray-coating
technique. During preparation, 40 g/l aqueous dispersions were prepared with different
Ag-TiO/FP ratios (0-100 wt.% Ag-TiO2) which where then evenly sprayed on 2 cm x
2cmand 5 cm x 5 cm glass plates from 15 cm, with the help of an R180 type Airbrush
sprayer (operated with nitrogen at 3 bar).

4.2.2. Preparation of Ag-TiO2/polyacrylate composite coatings (Ag-
TiO2/FP+pHEA)

Ag-TiOz [146] was kept as composite filler, while FP was kept as a hydrophobic matrix
material. The additional, hydrophilic polyacrylate matrix component was synthesized by
the freeradical UV polymerization of 2-hydroxyethyl acrylate (HEA) monomer in
aqueous medium (50 mg/ml), applying Irgacure 651 photoinitiator (0.57 wt%). The
mixture was irradiated by UV light (Q81 lamp, Heracus Gmbh; 70 W; Amax=265 nm;
spectrum can be seen in Fig. Al) for 30 min and the resulting viscous, aqueous poly-2-
hydroxyethyl acrylate (pHEA) solution (nominal polymer content: 50 mg/ml) was
applied in further steps of preparation. The 5 cm x5 cm composite coatings and the 2
cm x 2 cm plain, pure polyacrylate coatings were both prepared via spray-coating. The
specific mass of the layers was set to d=5.5+0.5 mg/cm? During the preparation
process, 40 g/l (32 g/l Ag-TiO2 and 8 g/l polymer) aqueous dispersions were prepared
with different FP/pHEA ratios (the FP content in the matrix of the resulting composites
were 0, 20, 40, 60, 80, 100 wt.%, respectively) and were evenly sprayed on 4 and 25
cm? glass substrates from 15 cm using an R180 Airbrush sprayer (operated with

nitrogen at 3 bar).

4.2.3. Preparation of magnetoresponsive grass coatings (Ag-TiOz2+cFe/PDMS)

1.5-1.5 g portions of the two PDMS components (A and B) were dissolved in 9 ml of
toluene; then 4.5 g of carbonyl iron (cFe) particles (d=0.5-4 um) were dispersed in the
solution alongside 0.5, 1.0 or 1.5 g Ag-TiO> (6.3, 11.8 and 16.7 wt.% nominal Ag-TiO-
loading, respectively) followed by 1 min ultrasonication. The dispersions were then
sprayed (R180 Airbrush sprayer; operated with nitrogen at 3 bar) on 7.6 cm x 2.6 cm

microscope slides, while a permanent magnet (surface magnetic flux density: 0.30 T or
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0.35 T) was placed right behind the substrate. For contact angle measurements, the
grass heights were uniformly set to 3+0.1 mm with the help of a caliper, but in the case
of photocatalytic tests the specific masses were uniformized and set to 63.3+1.6
mg/cm?. The samples were cured at room temperature for 3 h without the removal of
the magnet. [150]

4.2.4. Synthesis of the 10-undecenyl 2-bromoisobutyrate surface ATRP initiator
(INT)

The 10-undecenyl 2-bromoisobutyrate (initiator; INI) was synthesized according to a
modified version of a previously published method [151] (Fig. 9). A magnetic stir bar,
5.9 ml (29.5 mmol) 10-undecen-1-ol, 5.3 ml (38 mmol) triethylamine, and 50 ml
dichloromethane (predried over anhydrous Na2SO4) were added to a round bottom flask
(100 ml) in an ice bath. 3.7 ml (29.9 mmol) 2-bromoisobutyryl bromide were added
dropwise; then, the flask was removed from the ice bath and stirred at room temperature
for 24 h. The solution was washed with 65 ml of 0.5 M HCI and with 65 ml d.H20 three
times; then, the organic solvent was removed with the help of a rotary evaporator. The
solution was run through a column of 60 ml silica gel with 100 ml n-hexane eluent. At
last, the eluent was removed with the help of a rotary evaporator to obtain the product in
the form of 6.08 g (~65% yield) yellowish clear liquid. The chemical structure and the
purity of the product was evidenced by 'H- and *C-NMR spectroscopy [116] in
deuterated benzene (CsHs) solvent. NMR spectral data: *H-NMR (500 MHz, C¢Ds), &
[ppm]: 5.77-5.83 (m, 1H, =CH), 4.98-5.07 (d, 2H, =CH>), 3.97-4.00 (t, 2H, -CH-0),
1.97-2.01 (m, 2H, =CHCH>), 1.75 (s, 6H, -CHj),
1.37-146 (m, 2H, -CH.CH;0), 1.29-1.35 (m, 2H, -CH2CH2CH:0),
1.14-1.23 (m, 10H, -CH2CH2CH,CH,CH,-) ¥C-NMR (125 MHz, Cg¢Ds), & [ppm]:
171.04 (O=C-0), 138.86 (CH=CHy>), 127.74 (CeDs), 114.23 (=CHy), 65.65 (-CH2-0),
55.83 (C-Br), 33.86 (CH2-CH=CHy>), 33.85 (-CHj3), 30.39, 29.42, 29.38, 29.10, 28.96,
28.29, 25.69 (-CH.CH2CH2CH>CH.CH>CH>CH:-) (the spectra can be seen in Fig. A2)
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Figure 9. Synthetic scheme of the 10-undecenyl 2-bromoisobutyrate (INI) ATRP-

initiator
4.2.5. Preparation of PDMS-co-INI and Ag-TiO2/PDMS-co-INI samples

To study the elastic properties of PDMS-co-INI polymers, cylindrical bulk samples
(h=0.5 cm, d=2.5 cm) were prepared with 11:0, 11:0.13, 11:0.25 or 11:0.5 PDMS-to-
initiator mass-to-mass ratios (0, 1.2, 2.2 and 4.3 wt% INI, respectively). The mixtures
were cured at 70 °C for 2 h in an oven, and then the samples were left at rt. for 24 h. To
remove initiator residues, the cross-linked sample were immersed in 40 ml of
cyclohexane for another 24 h, then was washed with 2x20 ml cyclohexane and dried at
rt. for 24 h. For grafting polymerization studies, the doctor blade method (Fig. 10) was
utilized: 2.5%2.5 cm? and 200 um thick PDMS-co-INI and 15 wt% Ag-TiO-containing
AgTiO2/PDMS-co-INI layers (0, 1.2, or 4.3 wt% INI) were prepared on clean glass
substrates, applying a stainless steel Zehntner ZAF 2010.8050 applicator frame. The
polymer films were cured at 70 °C for 2 h in an oven, then were left for 24 h at room
temperature, and then were rinsed with 2x10 ml cyclohexane and dried at room
temperature. For the purpose of photocatalytic tests, 2.5 cm X 2.5 ¢cm, d=19 mg/cm?
spray-coated layers of Ag-TiO2/PDMS-co-INI (1.2 wt% INI, 15 wt% Ag-TiO2) were
prepared: at first, suspensions were prepared with a total amount of 1.5 g of the raw
materials (PDMS, INI, AgTiO) in 10 ml toluene. The mixtures were evenly sprayed on
glass substrates from a 15 cm distance (R180 Airbrush sprayer; operated with nitrogen
at 3 bar).

Movemené

«— Coating solution
substrate

Figure 10. Schematic representation of the doctor blade film casting process and the
photograph of the applied applicator frame
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4.2.6. ARGET-ATRP synthesis of thermoresponsive PDMS-gr-PNIPAAmM and Ag-
TiO2/PDMS-gr-pNIPAAmM samples

To functionalize the PDMS-co-INI and Ag-TiO2/PDMS-co-INI layers (Chapt. 4.2.5.)
with PNIPAAmM, a previously published ARGET-ATRP (Activators Regenerated by
Electron Transfer — Atom Transfer Radical Polymerization) method was applied with
minor modifications [115]. Glass beakers containing the coatings (on glass substrates)
were charged with 0.30, 0.60, 1.25, 2.50, 5.00, 6.25, 7.50 or 10.0 M NIPAAm, 18 mg
CuBr, and 20 ul PMDETA dissolved in 6 ml 1:1 (volume-to-volume ratio)
water/MeOH mixture. As a reducing agent, 28 mg L-ascorbic acid was used in each
case. The polymerization was initiated by adding the reducing agent to the reaction
mixture. After allowing the reaction to propagate at rt. for 24 h, the samples were rinsed
with 6x50 ml d.H20 and dried at rt.

4.2.7. Preparation of the self-healing Ag-TiO2/PDMS oleogel composites

The bulk oleogel samples were prepared in cylindrical polypropylene sample holders
(h=1.2 cm, d=1.6 cm), using DDSIClg, silicone oil and PDMS prepolymers (A and B
components in 1:1 ratio) in 0.10 : 0.37: 0.52 (V:V:V) ratio. The above components
(with or without 25 wt.% Ag-TiO2) were thoroughly mixed and the curing took place
under dry N2 atmosphere for 24 h at rt. to obtain oleogel samples. For the photocatalytic
tests, 10 cm x 10 cm spray-coated layers (d=1+0.05 mg/cm?) of Ag-TiO/PDMS

oleogel were prepared and cured under N2 atmosphere for 24 h at rt.
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4.3. Methods of sample characterization

4.3.1. Scanning electron microscopy (SEM) and energy-dispersive X-ray
spectroscopy (EDX)

The morphology of the composite surfaces was examined by field emission scanning
electron microscopy (SEM-Hitachi S-4700 microscope), applying a secondary electron
detector and 5, 10 or 20 kV acceleration voltage. The elemental analysis was performed
based on energy-dispersive X-ray (EDX) spectra, recorded applying a Rontec QX2 EDS
detector (Bruker).

4.3.2. Transmission electron microscopy (TEM)

To study the morphologies of the photocatalyst nanoparticles, transmission electron
microscopy (TEM) measurements were conducted applying FEI Tecnai G2 20 X-TWIN
and Philips CM 100 transmission electron microscopes, equipped wit tungsten cathodes,
which were operated at 200 kV acceleration voltage.

4.3.3. Contact profilometry

The surface topography of the polyacrylate-containing and self-healing composites were
investigated with the help of a Form Talysurf Series 2 mechanical profilometer (Taylor
Hobson) with resolutions of 0.25 um, 1 ym and 3 nm in X, y and z directions,
respectively. The thickness of the Ag-TiO./FP composite coatings was measured
applying an Elcometer 224 type digital profile gauge. Upon evaluating each of the
surfaces, the root mean square deviations of displacements from the baseline (Rq) were

compared.

4.3.4. X-ray computed tomography

The micro X-ray computed tomography (uCT) analysis of the films was performed with
a Multiscale X-ray nanotomograph (Skyscan 2211, Bruker). In the case of Ag-TiO2/FP

composites, the examined sample volume was 1 mm?3 besides 110 kV acceleration
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potential was applied and a voxel size of 0.343 mm?® was achieved. To obtain
representative images, the micro CT measurements were performed applying thickened
coatings (15.1+1.3 mg/cm?). From the resulting dataset a volume of 0.7 mm x 0.7 mm x
0.1 mm was clipped for further data analysis (porosity determination).

During the examination of Ag-TiO2+cFe/PDMS magnetic grasses, samples with a
base area of 1 cm x 1 cm were prepared and examined. The grasses were stiffened
during the recordings applying a 0.45 T neodimium magnet with 1 cm X 1 ¢cm base area,
placed right below the samples. The applied acceleration potential was 110 kV in this
case, as well, while the pixel resolution was 2 um. Before the recordings, water droplets
were placed on the grass applying a syringe. The height of the grass (3 mm) was
confirmed with the help of uCT images and an internal scalebar of the applied software.

The reconstruction and the data analysis were carried out by NRecon, CTAn and

CTVox softwares.

4.3.5. Nitrogen adsorption measurements

The specific surface area of the Ag-TiO. photocatalyst nanoparticles and the Ag-
TiO2+cFe/PDMS composite with 16.7 m/m% Ag-TiO> content was measured via
nitrogen adsorption at 77 K, applying a Micromeritics gas adsorption analizer (Gemini
2375), and the Brunauer-Emmett-Teller (BET) method [152].

4.3.6. Oscillatory rheology

The elasticity of PDMS and PDMS-co-INI bulk samples was studied via oscillatory
viscometry (Anton Paar Physica MCR 301) at 25 °C, applying a PP20 probe with 1-1.2
mm gap width. The storage- (G’) and loss (G”) moduli were determined while
constantly increasing the load on the samples (0.01-1000% deformation range). The

applied angular frequency was 10 s™.
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4.3.7. Thermoanalytical measurements

The lower critical solution temperature (LCST) of the grafted PNIPAAmM chains on
PDMS-gr-pNIPAAmM layers was investigated via differential scanning calorimetry
(DSC) analysis. The samples were heated from 25 to 50 °C and then cooled back to 25
°C at a heating/cooling rate of 2 °C/min (Mettler-Toledo DSC822e Instrument) in
sealed aluminum sample holders. In the case of each sample, the sample holder
contained 2.0+0.1 mg of the corresponding layer, wetted by 20 ul d.H2O. The applied
carrier gas was dry nitrogen (flow rate: 50 ml/min). The thermogravimetry (TG)
measurements were performed applying a Mettler Toledo TGA/SDTA 851e instrument:
the samples with ~10 mg initial weight were heated from 25 to 500 °C (heating rate:
5 °C/min. The carrier gas was dry synthetic air (4.5) (flow rate: 50 ml/min). The
obtained thermoanalytical data was processed using STARe software in both cases.
4.3.8. Magnetic flux density measurements

The magnetic flux density of the applied bar magnets was measured applying an
AlphaLab Model GM2 DC Magnetometer.

4.3.9. Static contact angle and sliding angle measurements

To measure the apparent static contact angles (®) of the composite surfaces, the
common sessile drop technique was applied, using a laboratory drop analyzer
(EasyDrop, Kriiss) and d.H2O as probe liquid at 25.0+0.5 °C and 100% relative
humidity (evaporating water source in the closed Peltier sample chamber) in the case of
most samples. The temperature was kept constant with the help of the TC40-MK2
Peltier Temperature Assembly (Kriiss) and a TC3013 Digital Thermometer (Kriiss).
During the measurements, 8+1 ul water droplets were placed on the samples with the
help of syringe, equipped with a stainless steel needle (d=0.5 mm). The ® values were
obtained upon using the camera of the goniometer, as the drop contours in the registered
images were evaluated by the DSA100 software. To determine a characteristic contact
angle value of a particular surface, 5 (polyacrylate-containing and self-healing
composites) or 8 (stimulus-responsive composites) parallel measurements were

performed and the resulting values were averaged.
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In the case of Ag-TiO2/FP+pHEA composites, ® values were recorded 15 minutes
after the drop placement, while in other cases, freshly deposited (t=0 s) and 1 min old
droplets (in the case of thermoresponsive surfaces) were analized.

In the case of Ag-TiO.+cFe/PDMS, the magnetic field-dependence of ® values
was measured while a 0.30 T bar magnet was placed under the samples to maintain the
vertical stiffening of the composite grass. To align and stiffen the strands horizontally,
the magnet was turned by 90°. The s.a. were measured using a custom-made tilting
cradle and the camera of the drop analyzer.

To measure the temperature-dependency of the apparent static contact angles on
PDMS-gr-pNIPAAmM and Ag-TiO2/PDMS-gr-pNIPAAmM layers, contact angles were
measured at 25.0£0.5, 40.0£0.5, 50.0=0.5, and 60.0%=0.5 °C. The ® values were

measured right after the drop placement (initial ®) and after 1 min (quasi-equilibrium
©)

4.3.10. Dynamic contact angle measurements

The dynamic ©-s were determined applying the previously introduced Kriiss EasyDrop
instrument, and the so-called embedded-needle sessile drop measurement technique
[12]. Preceding the measurements, the tip of the applied d=0.5 mm stainless steel needle
was rubbed with parafilm to render it hydrophobic and less adhesive to the test liquid
upon embedding. During these measurements, the size of the water droplets were firstly
increased through the needle, until reaching a maximum ® value (@adv). The drop size
was then reduced by embedding the needle and pumping up the liquid, until it reached a
stable minimum value (@rec). The obtained dynamic ®-s were then evaluated according
to the theory of Chibowsky [29] and the apparent total surface free energies (ys°") were
calculated according to EqQ. 2, applying the yLc value of deionized water (yLc=72.0
mN/m; 25 °C)

The dynamic contact angles and the corresponding y°tt values were determined at
both 25 and 50 °C (d.H20 v.c=60.76 mN/m at 50 °C) in the case of the Ag-
TiO2/PDMS-co-INI and the thermoresponsive Ag-TiO2/PDMS-gr-pNIPAAM layers.
The @av and (Orec) values of the polyacrylate-based coatings were also measured
applying the Wilhelmy plate method [19], using a Kriiss K100 force tensiometer, 19.5
mm x 12.8 mm x 0.3 mm steel probes, spray-coated with 1.0£0.05 mg/cm? (Ag-
TiO2/FP) or 5.3£0.5 mg/cm? (Ag-TiO2/FP+pHEA) on both sides and 6 mm/min
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immersion speed at 25.0+0.5 °C. The obtained data was evaluated using LabDesk 3.2
software, according to the transposed Wilhelmy-equation (Eqg. 5), where @ is the
calculated dynamic contact angle, F is the force, exerted to the immersed modified
probe by the liquid, L is the wetted length (L= 2 x (probe thickness + probe width)) and
yLG IS the liguid surface tension. Upon immersing the plate the ®aav, While upon pulling
out ®rec Values could be measured.

The total apparent surface free energies (ys°') were also calculated based on these
dynamic contact angle data, according to Eq. 2 [29], applying the y.c value of
deionized water (72.1 mN/m at 25 °C)

@ = arccos(F X L™t x y; ) (Equation 5.)

4.3.11. UV-VIS diffuse reflectance spectroscopy

For the optical characterization of the polyacrylate-based composites and their
components and Sudan IV photodegradation studies VIS diffuse reflectance (DR)
spectra were recorded with the help of a CHEM2000 UV-VIS (Ocean Optics)
spectrophotometer and an integrating sphere.

The self-assembly of the upper silicone layer on Ag-TiO2/PDMS oleogel
composites was followed by conducting VIS DR measurements, during which the
sample specimens were left in a closed container with 100% relative humidity. The
spectra were recorded in every 2 s for 4.6 h, then the obtained absorbance values (A=700

nm) were compared and plotted as a function of polymerization time.

4.3.12. X-ray photoelectron spectroscopy (XPS)

The X-ray photoelectron spectra were recorded applying a SPECS instrument with a
PHOIBOS 150 MCD 9 hemispherical analyzer (SPECS; FAT-mode, 40 eV pass energy
for the survey and 20 eV pass energy for the high-resolution spectra). The excitation of
the samples was performed using the Al Ko (hxv=1486.6 eV) emission of the double
anode at 150 W. During the spectra recordings, charge compensation (0.5 eV; 0.3 mA)
was applied to set the position of the O 1s reference line to 532.00 eV binding energy
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value, which is characteristic to the Si-O-Si environment [153]. The spectral data were

processed with the help of CasaXPS and Origin softwares.

4.3.13. Nuclear magnetic resonance spectroscopy (NMR)

The NMR-spectra of the INI were recorded with the help of a Bruker DRX 500 device
(Bruker; Berlin, Germany), using deuterated benzene (CesDs) as solvent and the
characteristic CsDs signal as the internal standard. The *H-decoupled *C-NMR spectra
were recorded at 125 MHz applying J-MOD pulse-sequence. The data was processed

using MestReC software.

4.3.14. Raman microscopy

The Raman-spectra and the Raman-intensity heatmaps were obtained appliying a
Thermo Fisher Scientific DXR Raman microscope. A laser-light of 780 nm wavelength
was applied as excitation light source, with 24 mW applied maximum power. During
measurements, 50x magnification and an aperture of 25 um was used. The size of the
mapped surface area (200-3300 cm ! Raman-shift range) was 30 pm x 30 pm, while the
vertical and horizontal step size was 1 um. Both the instrument operation and the
evaluation of the results were carried out utilizing the software OMNIC for Dispersive

Raman 8.2.

4.3.15. Determination of EtOH (g) photodegradation efficiency of Ag-TiO2/FP, Ag-
TiO2/FP+pHEA and Ag-TiO2/PDMS-oleogel via gas chromatography

The photoreactivity of the layers at the S/G-interface was studied during ethanol (as
model volatile organic compound or VOC) photodegradation tests, applying a LED
light source (GE Hungary, Amax=405 nm; Fig. A3). The concentration of EtOH (g) was
followed via gas chromatography (Shimadzu GC-14B). During the experiments, 5 pl
EtOH was injected into the reaction chamber (25.0+0.5 °C), containing 5 cm X 5 cm
coatings, fixed at 5 cm from the LED lamp. At this distance, the measured intensity of
the radiation was 24.3 mW/cm? (measured applying a Thorlabs PM100 instrument). The

c/co values were plotted as a function of illumination time, where c is the concentration
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of EtOH (g) at a given time (t) and co is the initial concentration (co=0.36 mM). The
apparent first-order reaction rate constants (k', given in min?t) were determined,

according to the following equation (Eq. 6):

In (Ci) =—k'xt (Equation 6.)

0

4.3.16. Determination of Sudan IV photodegradation efficiency via UV-VIS diffuse

reflectance spectroscopy

The photoreactivity of the 80 wt.% Ag-TiO,-containing Ag-TiO2/FP films (r-FP) were
verified during Sudan 1V photodegradation expereiments, applying a LED light source
(GE Hungary, Amax=405 nm; Fig. A3): 50 ul droplets of 0.020 g/l (52.6 uM) Sudan IV
solution (solvent: n-hexane) were placed on the surface, that was then illuminated from
5 cm for 90 min, at 25.0+0.5 °C). The dye stain degradation efficiency was determined
with the help of the recorded diffuse-reflectance spectra (see Chapt. 4.3.11.) and the
previously determined calibration curve, based on the nominal specific mass of the dye
stains (mg/cm?) and the recorded absorbance values at A=520.97 nm (Fig. A4). Each of

the measurements were repeated two times.
4.3.17. Determination S/L-photoreactivity via UV-VIS spectrophotometry

The photocatalytic activity of the composite coatings was also studied at the S/L
interface. Hydrophilic methylene-blue (MB) in d.H>O and hydrophobic Sudan 1V dye in
organic medium (abs. EtOH) were chosen as model pollutants to evaluate the
photocatalytic activity of the composite surfaces. The dye concentration was determined
via spectrophotometry, applying a Red Tide SHIMADZU UV-1800 instrument. The
experiments were conducted directly in a quartz cuvette, containing the r-pHEA- or r-
FP-coated glass plate (3 cm x 0.9 cm), immersed in the 3 ml solution ofthe model
pollutant. After a 30 min adsorption time in dark, the absorbance spectra were recorded
after 0, 10, 20, 30, 40, 50, 60, 75 and 90 min of blue led LED-light illumination (GE
Hungary, Amax=405 nm; Fig. A3). The initial concentration of the dyes were 0.025 g/l
(65 uM) and 0.002 g/l (6.25 uM) in the case of Sudan 1V and MB, respectively.
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4.3.18. Determination of photoreactivity of Ag-TiO2+cFe/PDMS at the S/L-
interface via UV-VIS spectrophotometry

The photoreactivity of the magnetoresponsive grass composites was studied at the S/L-
interface. The coated glass plates were placed in plastic Petri dishes with the diameter of
9.0 cm; which were then carefully filled with 50 ml of 0.002 g/1 (6.25 uM) aqueous MB
solution, and were kept in dark for 30 min to achieve adsorption equilibrium. The plates
were then illuminated for 300 min, applying a blue light LED (GE Hungary, Amax=405
nm; Fig. A3) [20] from 5 cm distance. During illumination, the MB solution was
agitated at 50 rpm. The concentration of MB was determined by regularly sampling 3.2
ml portions of the MB solution with the help of an automated pipette and recording their
absorbance spectra, applying a Red Tide SHIMADZU UV-1800 instrument. The MB
concentration was determined according to the previously recorded calibration curve
and the obtained absorbance values at A=660 nm). After recording each spectra (~1
min), the samples were transferred back into the experimental solution. The experiment
was repeated with vertically tiffened grass, as well (0.30 T external magnetic field, bar
magnet placed below the Petri dish. The MB degradation was also conducted without
photocatalythic surface (MB photolysis) and with pure Ag-TiO; in the same nominal
amount (0.208 g) as it was incorporated in the examined composites. All experiments

were performed 3 times

4.3.19. Determination of photoreactivity of Ag-TiO2/PDMS-gr-pNIPAAmM at the
S/L-interface via UV-VIS spectrophotometry

Methylene-blue (MB; co=2 mg/l or 6.25 nM) photodegradation test were run at the S/L-
interface. 2.5x2.5 cm? 19 mg/cm? specific mass spray-coated layers of Ag-
TiO2/PDMS-gr-pNIPAAmM (1.2 wt% INI; 5 M NIPAAm) were placed in a V=85 ml
custom-made stainless steel reactor, equipped with a heating mantle and a quartz
window at the top. The MB solution in the reactor was kept in continous flow, using a
peristaltic pump with tubing of 15 ml overall volume; therefore 100 ml MB solution
was used in each of the experiments. Prior to the photocatalytic tests, the thermostated
reactor (25, or 50 °C), containing the composite layer (fixed on a clean microscope slide
by 1x1 cm? double-sided adhesive tape) and the 100 ml MB solution was kept in dark

for 40 min to ensure the adsorption equilibrium of the test molecule. The Ag-

44



TiO2/PDMS-gr-pNIPAAmM samples were illuminated by a blue-light LED lamp
(Amax=405 nm, General Electrics Hungary; Fig. A3) for 300 min, placed at a distance of
5 cm from the layers. 3 ml portions of MB solution were regularly sampled from the
reactor with the help of a syringe, and the concentration decrease was monitored via
spectrophotometry (Red Tide SHIMADZU UV-1800 instrument), applying a previously
recorded calibration curve for absorbance values at A=660 nm. The sampled portions of
the MB solution were injected back into the reactor after the ~2 minutes-long spectra
recordings. This sampling process resulted in less than 1% overall liquid volume
decrease in the reactor after 5 hours of irradiation. Each photocatalytic experiment was

conducted 3 times.

4.3.20. Luminometry measurements

The reactive oxigene-containing radicals, formed at the S/L-interface, during the
illumination of Ag-TiO2/FP+pHEA coatings were quantified applying a Sirius L Single
Tube luminometer (Berthold Detection Systems, Germany): the layers were placed in
40 ml, continously agitated (50 rpm) d.H20, while being illuminated by an UV-lamp
(15 W low pressure Hg gas lamp, Amax=365 nm, LightTech) (Fig. A3), placed 5 cm
above the samples. 100 ul samples were taken regularly and were added to the cuvette
of the instrument, already containing 100 pl luminol solution (c=1.69 uM; also
containing 5 mM NaOH). The H20»-equivalent radical concentrations were determined
on the basis of the measured chemoluminescent intensities, obtained in RLU/s (Relative
Light Unit) and the previously recorded calibration curve (applying 0-5 mM H.O>
solutions) (Eq. 7; Fig. Ab)

RLU/s value after 30 s .
CH202 = / 41866f mM  Equation 7.

The reaction between the luminol and the reactive radicals is schematicly depicted in
Fig. 11.
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Figure 11. Proposed mechanism of the reaction of luminol and reactive oxigen-

containing radicals [154]
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5. Results and discussion

5.1. Characterization of the filler and matrix materials

5.1.1. Ag-TiO2 plasmonic photocatalyst

While the composition of photoreactive composites can vary on a broad scale, regarding
both the photocatalytic fillers and matrix materials, the main selection criteria for this
research were the availability, processibility and applicability, latter with a big emphasis
on the photocatalytic efficiency and sustainability.

Previously, our research group gained expertise in the preparation and
characterization of plasmonic nanometal-modified visible light-photoreactive TiO-
catalysts, such as Ag-TiO2 and Cu-TiO2, which were proven to be effective in the
neutralization of different VOCs and microorganisms (Staphylococcus aureus,
Escherichia coli, Pseudomonas aeruginosa [147]). As it is visible in the DR spectra of
Fig. 12 a), the TiO2 (anatase) has an Eg value of 3.22 eV, which falls into the UV-range,
while the Ag-TiO2 has an E4 value of 3.08 eV, indicating excitability by visible-light.
As the TEM image of Fig. 12 b) shows, the catalyst itself consist of P25 TiO>
nanoparticles (dmean=50 nm), decorated with dmean=5 nm Ag nanoparticles (Fig. 12 b)),
formed during the chemical reduction of Ag* ions by NaBH4 [145].

As our research group published earlier, the silver nanoparticles on the TiO:
photocatalyst resulted in a plasmonic absorbance peak in the visible light region with a
A maximum of 450 nm [46,155]. Thanks to this, the obtained band gap value (Eg) of
Ag-TiO was lower (3.08 eV) than that of the original P25 TiO> (3.22 eV), therefore it
showed increased photocatalytic activity under blue (Amax=405 nm) LED irradiation. In
the case of this noble metal-semiconductor composite photocatalyst, visible light is
harvested via surface plasmon resonance, attributed to the Ag nanoparticles, while the
metal-semiconductor interface takes part in charge separation (generation of holes and
electrons). The nominal surface Ag-concentration was set to 0.5 wt.%, because as it was
previously evidenced, the highest photocatalytic efficiency is achievable at 0.5 wt.% Ag

content in the examined composition range (0-1wt.% Ag) [156].

47



o
©

luv vis
0.7
Amax= 405 nm
]
0.6 - '
]
I
—~ 051\  AgTO,
=
L‘;’ 1
5 04 - I:
< i
(1 R
(1]
{14
0.2 1 \my
\
(1 P25-TiO,
011 N
i\
] ’
0 2+

350 450 550 650 750
A (nm)

Figure 12. UV-VIS DR spectra of the commercial P25 TiO>, the Ag-TiO2 and the
emission spectrum of the applied blue LED lightsource a) TEM-image of Ag-TiO>
nanoparticles b) [146,155]

The detailed XPS analysis of Ag-TiO2 was also presented in previous works,
based on the evaluation of Ti 2p, O 1s and Ag 3d regions of the original and Ag-
enhanced TiO [155]. The spectrum of Ag-TiO: indicated the presence of silver oxides
as the 3ds>» component was positioned at 367.8 eV [156], which is in good accordance
with the fact, that metallic Ag is prone to oxidation on the surface of TiO; (forming
Ag20) [157]. It is also worth to note that the determined (XPS) surface Ag content
(0.119 at%) was in good accordance with the nominal Ag content (0.125 at%), as 95.5%
of the initial Ag amount was detected [155]. Similar results were obtained by
Chaudhary and co-workers also came to a similar conclusion upon studying their own
Ag-functionalized TiO, photocatalyst [158].

The immobilization of Ag-TiO: in transparent polymer films did not result in
significant changes in Eg values (3.06-3.08 eV), which is beneficial regarding its
application in photocatalytic composite coatings. As the photocatalyst itself was already
well-studied and available in higher quantities, it was chosen as composite filler
material.
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5.1.2. Capstone ST 110 perfluorinated polyacrylate (FP)

The applied matrix materials were chosen based on their wettability, processibility and
compatibility with the filler particles: as a hydrophobic matrix component, the solids
content of a commercially available aqueous fluoropolymer dispersion (Capstone ST-
110, denoted as FP) was selected. The Capstone ST-110 has good film-forming ability
and contains fluoropolymer latex particles (Fig. 13), consisting of fluorinated alkyl-
metacrylate and dialkyl-ammonium metacrylate acetate salt monomers. Thanks to the
latter one, the latex particles may possess positive surface charge and good dispersibility
in acidic aqueous medium (dispersion pH: 4-6, provided by aliphatic organic acids),
which is benefficial in terms greener spray-coating applications. Despite the net positive
surface charge, the spray-coated smooth layers of the polymer possess hydrophobic
character (®=105°).

Figure 13. TEM image of Capstone ST-110 latex particles [159]

5.1.3. Poly(2-hydroxyethyl acrylate) (pHEA)

As a hydrophilic matrix component, poly(2-hydroxyethyl acrylate) (pHEA) was
selected [160]: the polymer was synthesized according to the scheme in Fig. 14,
applying a UV-photoinitiated radical polymerization method (Chapter 4.2.2.) in
agueous medium. Then, the resulting polymer solution could be mixed with the FP
dispersion to produce various polymer- and composite coatings. The spray-coated
smooth layers of the pure pHEA possess hydrophilic character with ®=27.4°. According
to the recorded UV-VIS DR spectra (Fig. 15), neither the pHEA, nor the FP showed
significant optical absorbance in the visible region, which is preferable for

photocatalytic applications.
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Figure 15. UV-VIS DR spectra of smooth pHEA and FP polymer films.

5.1.4. Poly(dimethylsiloxane) (PDMS)

For the preparation of stimulus-responsive composites, poly(dimethyl siloxane)
(PDMS) was applied as a matrix material due to its hydrophobicity, elasticity, chemical
stability and processibility. Thanks to these properties, PDMS is a popular ingrendient

of stimulus responsive systems and microfluidic devices [161]. Moreover, it can be
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infused with organic liquids, such as silicone oils to form oleogels, which then can be
applied to prepare advanced self-healing surfaces, as well [82,88].

In this work, the commercially available Elastosil C1200 (Wacker) two-
component PDMS elastomer was utilized: as it can be seen in Fig. 16, the A-component
(crosslinker) contains silicone hydride prepolyer and vinyl-terminated silicone
oligomers, while the B-component (catalyst) also contains silicone hydride, blue dye

and the Pt-complex catalyst, which promotes crosslinking.

Elastosil C1200-B

/Sl\o SI\O Sll\o I | o~
| Pt-complex catalyst | Ssio s
. -complex catalys —

Elastosil C1200-A . Sl ]

(crosslinker) = s
[lo.|

A AN O y
[ |
Vinyl-terminated silicone ‘ Crosslinked PDMS ‘
oligomer

Figure 16. Components of Elastosil C1200 PDMS elastomer and the scheme of their

crosslinking

After mixing components A and B, the curing takes place according to Fig. 16
[26]. The elastic (storage moduli; G’) and viscous (loss moduli; G) properties of the
obtained bulk samples with different crosslinker content were determined via oscillatory
viscometry (Chapt. 4.3.6.): as it is displayed in Fig. 17 a), different crosslinker content
leads to different characteristic modulus vs. deformation curves. The maximum
elasticity is reached at 1 : 1 (mass-to-mass) ratio (Fig. 17 b)), while increasing either the
concentration of either one of the components, the moduli drastically decrease,
indicating a more liquid-like, viscous character.

To prepare stimuli-responsive surfaces with reversible enough shape and wetting
transitions, high elasticity is vital: as the 1 : 1 proportion (also recommended by the
manufacturer) provides the highest G’ value and superior elasticity, this composition

was applied in the further experiments.
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Figure 17. The measured storage (G”) and loss moduli (G”) of the PDMS matrix as a
function of the applied deformation a) The effect of cross- linker (component A)
content G” and G” valuess b) [150]

5.1.4. Other starting materials and the applied composite preparation techniques

The magnetoresponsive surfaces were elaborated using spherical carbonyl iron (cFe)
microparticles (d=0.5-4 um), as magnetic filler, due to their previously reported high
compatibility to PDMS matrices [133]. The cFe also has the advantage of
ferromagnetism over the popular ferrimagnetic iron oxides (maghemite and magnetite).

The thermoresponsive character was elaborated upon grafting PDMS with
poly(N-isopropyl acrylamide) (pNIPAAm), which - as it has already been presented in
Chapt. 2.2.3.2. - is the most studied thermoresponsive polymer.

As a substrate surface for the prepared coatings, plain glass was selected as it
generally provides high adhesion, it is cheap and can be easily cut into the desired shape
and size applying simple hand tools (e.g. diamond glass cutter knife).

The coatings were mainly applied on the glass using spray-coating or doctor blade
techniques. Spray-coating is a fast, cheap and scaleable method, which is essential in
producing large numbers of composite coatings with the same specific mass: achieving
this is preferred for the sake of a comparison of photoreactivity, as objective as possible
(polyacrylate-containing coatings). The preparation of magnetoresponsive composites
was also based on spray-coating: the magnetoresponsive surface structure formed as a

result of introducing a permanent magnet to the glass substrate, leading to the magnetic
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force field-directed deposition of the components [133]. The also fast and cheap doctor
blade method was applied during the preparation of PDMS-based surfaces, as the aim
was the elaboration of a more uniform layer thickness and a smooth surface (self-

healing coatings, pNIPAAm-grafted surfaces)

5.2. Regulation of wetting and photoreactivity by photocatalyst loading

- characterization of Ag-TiO2/FP composite coatings

5.2.1. Wetting properties of Ag-TiO2/FP composite coatings

As it has already been shown earlier (Fig. 2 and 3), when it comes to wettability,
surface morphology has an importance, equal to that of the chemical composition.
Therefore, upon designing photoreactive composite surfaces with desired wettability,
the surface-roughening effect of the applied photocatalyst filler should also be taken
into account.

To study the effects of photocatalyst-loading on photoreactive composite coatings,
at first, the Ag-TiO: filler was dispersed in FP matrix in different quantities via spray-
coating.

As Fig. 18 a) shows, the measured ® values vary with the photocatalyst-loading.
The pure and smooth FP coating possess a relatively high ® value (105.0°), indicating a
hydrophobic, Teflon-like wetting character. However, the measured ® values increased
with increasing Ag-TiO2 content (from left to right) till 80 wt.%, indicating decreased
wettability, which is in good accordance with the Wenzel [42,43,47,53] and Cassie-
Baxter [43,47,53] models. However, as the Ag-TiO. content was increased further to
100 wt.%, the photocatalyst film without polymer coating showed superhydrophilic
character (®=~0°), which is in good accordance with the generally good water-
wettability of TiO> particles [162]. The hydrobhobicity peaked at around 40-80 wt.%
photocatalyst content, while even reaching superhydrophobic character (® values of
~150.0°) [136].

Besides static ® measurements, the total apparent surface free energies (ys**) of
the coatings with different compositions were also determined, based on the measured

Oav and Orec values (according to Eq. 2 [29]), obtained during Wilhelmy plate
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measurements [19]. The smaller plot of Fig. 18. a) displayes the measured ®agy and Orec

values, belonging to the flat FP sample, besides the v values are shown in Fig. 18 b)

as a function of Ag-TiO; loading. The measured values were in accordance with the
results of static ® measurements. Without Ag-TiO, and considerable roughness, the
smooth FP coating has relatively low v5° (27.3 mJ/m?), which indicates a Teflon-like

character [163]. However, the FP-free pure Ag-TiO2 coating possesses a significantly

higher ys° value (71.9 mJ/m?), which is also indicative of the superhydrophilic
character of the semiconductor material [164]. Therefore, it has been proven that the
wetting character of coatings, made solely of Ag-TiO2 and FP can be tuned from
superhydrophopic to superhydrophilic, only by changing the filler : matrix- ratio.
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Figure 18. Measured ® a) and calculated ys'* b) of Ag-TiO2/FP composite coatings as a
function of photocatalyst loading (The dashed lines are for visualization only, as no

mathematically accurate correlation was made). The inserted diagraph in a) shows the

Oadv and Orec Values of the pure FP coating, determined during Wilhelmy-plate

measurements [85]
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5.2.2. Morphology of Ag-TiO2/FP composite coatings

The experienced wetting behaviour of FP-based coatings can be associated with the
surface texture, provided by the roughening effect of the photocatalyst. The captured
SEM images of Fig. 19 indicate increasing surface roughness with increasing
photocatalyst content: Fig. 19 a) shows the relatively smooth surface of the pure FP
layer, however, the composite films are decorated with quasi-spherical microscale
aggregates (d=5-40 um) of the primer Ag-TiO2 nanoparticles (Fig. 19 b)-d)).

The profilometrically obtained Rq values are also shown in Fig. 19. The Rq of
pure FP was determined to be 3.7+0.9 um, however, the rough composites with 20, 40
and 80 wt.% Ag-TiO2 showed increasing Rq values (5.2+1.5, 7.8+1.9 and 15.2+1.2 um,
respectively).

At higher magnifications, nanoroughness could also identified, indicating that the
5-40 um spheroidal microstructures themselves formed because of primary Ag-TiO:
particle-aggregation (dmean=50 nm) during the coating process. This phenomenon led to
considerable surface roughness both in micro- and nanoscale (Fig. 20).

The picture of Fig. 19 e)-h) shows the SEM image (e), and the EDX elemental
distribution of carbon (f), titanium (g) and carbon/titanium (h) on the superhydrophobic
surface with 80 wt.% Ag-TiO> content (this layer composition will be denoted as r-FP
from now on). As it can be seen, at this relatively high photocatalyst loading both the C
of the polymer (green) and the Ti of the photocatalyst (red) were observable by EDX,
which indicates an only partial coverage of the photocatalyst particles by the FP matrix.
As it will be presented in the followings, this dual presence and relatively homogenous
distribution of the catalyst and the FP resulted in surfaces with simultaneous
photoreactive and superhydrophobic characters.

Besides surface roughness, porosity is also crucial both in terms of
wettabilityalteration and in terms of photoreactivity. As it was also evidenced by micro-
CT images (Fig. 21), the spray-coated superhydrophobic r-FP composite film consists

of adhered microspheres, however, the nanoroughness was only observable via SEM.
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Figure. 19. SEM images ofof FP-based coatings with the increasing Ag-TiO> loading:
0 wt.% a), 20 wt.% b), 40 wt.% c), and 80 wt.% d), with the profilometric Rq values
were also inserted. A SEM image e), and EDX elemental mapping for carbon f),
titanium g) and carbon/titanium h) content of the r-FP surface (80 wt.% Ag-TiO3) [85]
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Figure 20. SEM images of smooth spray-coated FP surface (top row) and the r-FP

composite at different magnifications [85]
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Figure 21. uCT images of an Ag-TiO2/FP (r-FP) coating; external view (left) and

density mapping (right; vacancies are displayed in black) from the same angle [85]

This structure provides high porosity, increased surface area and photocatalyst-
accessibility which are beneficial for photocatalytic applications. However, it is also
important, that the penetration depth of UV irradiation (254 nm) in the case of porous
TiOz layers is merely at the magnitude of a few micrometers [165], therefore the radical
formation may take place only on the very surface of the ~100 um thick coating. The
overall porosity of the r-FP layer was determined to be 74.8%: the reconstructed image
can be seen on Fig. 21. This obtained relatively high porosity value is significantly
higher than those of other sprayed photoreactive surfaces in the literature [166-168],
however, it is important to note that uCT provides the sum of closed- and open porosity,

while the related publications mostly provide open porosity data.

5.2.3. Photoreactivity of Ag-TiO2/FP composite coatings

After the examination of wetting- and morphological properties, the photocatalytic
performance of Ag-TiO2/FP composite coatings was also studied.

At the S/G interface EtOH (g) was applied as test pollutant, as its
photodegradation is an extensively studied process and mostly follows the ethanol —
acetaldehyde — acetic acid — formaldehyde — formic acid — CO: route [63,169].
Despite the many intermediates, for the sake of simplicity, only the EtOH concentration
was measured during the degradation experiments.

After 90 min blue LED light irradiation, the layers consist of pure photocatalyst
completely decomposed the initial amount (co=0.36 mM) of the model compound at the

S/G interface, while the composite coatings showed lower reaction rates (Fig. 22 a)).
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This is in accordance with the lower accessibility of the Ag-TiO2, due to the
surrounding polymer matrix. Among the composites, the EtOH decomposed at the
highest rate in the case of superhydrophobic r-FP layers, moreover, an increase was
observed regarding the apparent first-order reaction rate constants (from k’=0.0034 min
! to k’=0.0495 min™) with increasing Ag-TiOz content (Fig. 22 a)). For the sake of
validation, reference photodegradation experiments were also conducted without
catalyst (pure FP) and in with an r-FP coating in dark: during this latter measurement,
the composite showed low activity (k’=0.0013 min). Based on these results, it can be
concluded that the presence of the photocatalyst was vital to achieve higher
photodegradation efficiency.

a) S/G-interface b) S/L-interface
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Fig. 22 EtOH (g) (co=0.36 mM) photodegradation by the help of Ag-TiO2/FP composite
surfaces and blue LED light (Amax=405 nm). Relative concentrations as a function of
illumination time with the determined apparent first-order reaction constants
(In(c/co)=—k’t) a) and the photodegradation of Sudan 1V (co=0.020 g/l or 52.6 uM) on r-

FP coatings as a function of LED-illumination time b) [85]
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The photocatalytic behavior of the r-FP coatings was also studied at the S/L interface
during dye adsorption and degradation tests of model pollutants with different
polarities. 50-50 ul portions of organic Sudan IV (0.020 g/l in hexane) and aqueous MB
(0.50 g/1) solutions were pipetted on the surface of the r-FP coating. The droplets of the
organic Sudan IV solution spreaded completely and the dye was adsorbed on the
coating, while the droplets of MB solution rolled off the surface without wetting and
staining the composite coating (inserted pictures of Fig. 22 b)). Based on the
concentration (0.02 g/I) and the volume (50 pl) of the Sudan IV solution and the 1.1 cm?
area of the resulting dye stain, the specific surface concentration of the adsorbed dye
was calculated to be 1.1 pg/cm?. The photoinduced degradation and fading of the dye
stains (photos in Fig. 22 b) was quantified based on diffuse reflectance spectra
(calibration curve is shown in Fig. A4): the initial specific surface concentration (1.1
ug/cm?) was reduced below 0.1 ng/cm? (~90% photodegradation efficiency) as a result
of 90 min LED light irradiation. Together with the results of reference measurements,
this implies the photocatalytic oxidation of Sudan 1. The photodegradation of Sudan
IV by the help of P25 TiO2 was studied in detail by Aarthi et al. [170].

It can be concluded that at the S/L interface, the photoactivity of the
superhydrophobic r-FP coating was dependent on the polarity of the model molecules
and the solvent: while the discoloration of apolar Sudan IV stains were efficient, the
MB in aqueous solution remained intact due to the inadequate wetting and adsorption
(The molecular structure comparison of the model pollutants can be seen in Fig. A7).
The observed polarity-dependent wetting and photodegradation could be interesting in

water treatment scenarios, where the polarity of the pollutants may vary.
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5.3. Regulation of wetting and photoreactivity by matrix composition -
characterization of Ag-TiO./FP+pHEA composite coatings

5.3.1 Wetting properties of Ag-TiO2/FP+pHEA composite coatings

As it has been shown in the previous chapter, roughening hydrophobic fluorinated
polyacrylate coatings by the addition of Ag-TiO photocatalyst led to superhydrophobic
character, while the photoreactivity of the catalyst was also influenced by the polymer
matrix. To achieve the mentioned extreme water-repellency and the highest possible
photoreactivity, the photocatalyst-loading was previously maximized at 80 wt.% (r-FP
surfaces).

As | already chose the filler-loading, that leads to surface roughness, sufficient for
elaborating extreme wetting characteristics, my next aim was to study the influence of
changing matrix composition. For this purpose, hydrophilic poly(2-hydroxyethyl
acrylate) (pHEA) (Fig. 14) was chosen as a second matrix material (Chapt. 5.1.3.). The
effect of matrix composition on wettability was studied in the cases of both the sprayed
pure polymer films and the Ag-TiO2-containing composites through static
® measurements. Fig. 23 displays the initial ® values as a function of matrix
composition. As it can be seen, the increasing FP content resulted in increasing
®, which means the pure polymer coatings became more hydrophobic. The pure pHEA
coating has a relatively low © (27.4°), implying a hydrophilic character, however, at 20
wt.% fluoropolymer content the ® reached 60° and further increased to 105° at 100
wt.% FP. ©® measurements also confirmed that the 80 wt.% Ag-TiO2-containing
coatings (r-FP and r-pHEA) have ehanced wettability, compared with the initial
polymer surfaces, and even superhydrophilic behavior (=0°) was achievevable at 100
wt.% pHEA matrix (r-pHEA). The ® of smooth polymer layers ranged from 27.4 to
105.0°, however, the wetting character could be broadened by the addition of surface-
roughening Ag-TiO. (= 0°-150.9°), which indicates the enhancement of wetting
character.

Besides static ® measurements, the FP, pHEA, r-FP and r-pHEA composite
coatings were subjected to advancing (®a.a) and receding (®rec) contact angle
measurements (Fig. 24 a)), as well [12]. In the case of the superhydrophobic r-FP

coating, increasing droplet volume resulted in the reduction of ® from ®75u=165.2° to
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Oadv =O23.00=150.6°. This latter value is almost equal to the initial ® (150.9°), which
was determined after 15 min contact time, indicating the steady state condition in the
case of the initial static ® (Fig. 23.). The decrease in ® upon drop enlargement can be
attributed to the porosity of the coating: as the droplet penetrates the micro-/ and or
nanostructure, a proposed Cassie-to-Wenzel wetting transition occurs. Upon
determining ®re, the measured O gradually decreased with decreasing drop volume,
resulting in a final value much lower (®rec=125.0°) than ®=150.9°. This is probably a
consequence of both the partial polymer-coverage of the hydrophilic photocatalyst
particles and the already mentioned high porosity, which can retain the liquid front.
In the case of the pure FP coating, the measured ®adv and Orec were ~110° and ~45°,
respectively, while in the case of pure pHEA film ®an~35° and Orec~24°. However, in
the case of the superhydrophilic r-pHEA coating, the applied protocol was unable to
provide adequate dynamic contact angle data due to the immediate spreading of water

droplets, which also confirmed the superhydrophylic character.
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Figure 23. Apparent static water ®-s of smooth polyacrylate layers and photocatalyst-
containing rough composite coatings as a function of the FP content of the polymer
matrix (T=25+0.5 °C) [139]
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Figure 24. Measured (embedded needle) dynamic water contact angles of smooth pure
polyacrylate layers (FP and pHEA) and 80 wt.% Ag-TiO-loaded rough composite
layers layers (r-FP and r-pHEA) as a function of the drop volume (T=25+0.5 °C) a) and
the v'° values calculated according to Chibowsky (Eg. 2 [29]) b) [139]

As in the previous chapter, the corresponding surface free energies (ys'") were
also determined based on ®adv and Orec data, with the help of the model of Chibowski et
al., (Eq. 2) [12,29]. The ys°* values of pure FP and pHEA coatings were determined to
be 19.8+5.2 and 55.7+2.3 mJ/m?, respectively. The first value compliments with our
previous results (Chapt. 5.2.1.) and with the literature [163], while the second higher
value rather indicates hydrophilic character. The roughening-induced changes of s is
shown in Fig. 24 b). The increased roughness of a composite with 80 wt.% Ag-TiO: led
to drastic changes regarding ys': in the case of high energy (hydrophilic) pHEA matrix
the vs° was increased to 72.1+0.2 mJ/m?, while in the case of low-energy FP, ys was
decreased to 2.3x1.7 mJ/m? These results align with the previously observed
enhancement of wetting character through the introduction of surface roughness.

The dynamic ®-s were also determined applying the Wilhelmy method [19]. Each
of the plots in Fig. 25 a) are recorded during distinct ® measurements. Before

explaining the results, it should be noted, that the dynamic wetting characterization of
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superhydrophobic and porous surfaces is difficult and can easily be misinterpreted
[171,172], as a reliable dynamic measurement requires homogenous sample, relatively
smooth surface, and symmetric shape [19], which are altogether difficult to achieve. In
case of a good run, both the slope values of the advancing and receding sections of the
® vs. immersion depth plots are nearly zero and are equal: this also means, that the top
and the bottom sections of the hysteresis loops should be parallel to each other, which is
also an indicator of ideal samples and measurements [19].

In the case of the smooth FP coating, these conditions are fulfilled (@agv= ~118°;
Orec= ~33°), however, the r-FP showed irregular hysteresis loop, which is attributed to
the rough and heterogeneous surface. The obtained ®.v=180° should also be handled
with skepticism as there are no examples for experimentally obtained ®, exceeding
180°. However, the water-repellent character of the r-FP coating is shown in the
inserted topmost image of Fig. 25. a): the immersion of the superhydrophobized
Wilhelmy-plate resulted in dented water surface. On the contrary, meniscus climbed up
on the plate in the presence of the superhydrophilic, porous r-pHEA coating due to
capillary attraction (®agv= ~20°; @rec= ~17°).

In conclusion, dynamic ® measurements also proved the composition-dependence

of wettability and the roughness-induced expansion of wetting ranges upon roughening.
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Figure 25. Measured (Wilhelmy-method) dynamic water contact angles of smooth pure
polyacrylate layers (FP and pHEA) and 80 wt.% Ag-TiO»-loaded rough composite
layers layers (r-FP 40, r-40% FP and r-pHEA) as a function of plate immersion depth

(T=25+0.5 °C) [139] a) and the ys*" values calculated according to Chibowsky (Eq. 2
[29]) b)

5.3.2 Surface morphology and porosity of Ag-TiO2/FP+pHEA composites

As it was already presented via the SEM-images of the previous chapter (Fig. 20) the
photocatalyst-free pure polymer coatings have smooth surface, which was also
evidenced by mechanical profilometry (Fig. 26.): the measured Rq values of the smooth
pHEA and FP coatings were 2.1+0.8 and 3.7+0.9 um, respectively. As it was previously
shown, the photocatalyst-loaded composites were decorated with quasi-spherical (d=5-
40 um) microscale-aggregates of the primer Ag-TiO2 nanoparticles (Fig. 19. d), e) and
f)), which is reflected by the the determined Rq values of the r-pHEA and r-FP
composites (11.7+£2.2 and 15.2+1.2 um, respectively), while the nanoscale roughness is

provided by the unique photocatalyst nanoparticles.
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Figure 26. Profilometric curves of smooth polyacrylate (pbHEA and FP) and their 80
wt.% Ag-TiO2-containing rough composites (r-pHEA and r-FP) [139]

This structure also ensures high porosity and accessibility, which is advantageous
in photocatalytic applications. However, it is also worth to note again, that the reported
penetration depth of UV light (254 nm) into porous TiO> film is just a few micrometers
[173], therefore the radical formation is only considerable on the very surface porous
coatings, as their average thickness of was measured to be 91.3+10.4 um. Besides
thickness measurements, the nominal coating thickness was also estimated to be
19.3+3.2 um, knowing the applied specific surface amount (5.3+0.5 mg/cm?) and the
previously determined densities of the ingrendients (pag-tioz: 4.32 g/cm?3; polymers:
~1.10 g/cm?®). The difference between the two values can be attributed to the high
porosity, calculated to be roughly 78.9%, which is in good accordance with the

previously measured 74.8% value (Chapt. 5.2.2.).
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5.3.3. Photocatalytic properties of Ag-TiO2/FP+pHEA composites

After the wetting- and morphological studies, photocatalytic behaviour at both S/G- and
S/L interfaces was also investigated. The photoreactivity of semiconductor composite
can be influenced by man factors, as texture, wetting character, and adsorption affinity
towards the target chemical species are equally important [174,175].

As a result of 90 min of blue LED light illumination (Amax=405 nm), pure coatings
of Ag-TiO2 were capable of decomposing ~100% of EtOH (g) at the S/G interface
(co=0.36 mM), while the composites showed moderate reaction rates (Fig. 27. a)).
Moreover, the apparent first-order decomposition rate constants (k) increased with
increasing FP-content (and with increasing hydrophobicity) (Fig. 27. b)). The efficiency
of direct photolysis (~12%) was exceeded in the case of all examined composites,
regardless of their composition and the r-FP coating was capable of decomposing
almost as much EtOH (88.3%) as pure Ag-TiO2 films (99.4%). Therefore, the
photoreactivity of these composite surfaces was evidenced at the S/G-interface applying
EtOH as model VOC.
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Figure 27. EtOH (g) (co=0.36 mM) photodegradation (blue LED, Amax=405 nm) on Ag-
TiO2/FP+pHEA composites; c/co as a function of illumination time a) and the

determined apparent first-order rate constants for first-order decay (Eq. 6) b) [139]
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The photoreactivity of was also studied at the S/L interface, applying UV-VIS
spectrophotometry (Fig. 28 and 29) and MB as test molecule. Methylene-blue (MB) is
a popular model compound in the evaluation of photodegradation efficiency, as it is
easy-to-quantify via VIS spectrophotometry [175]. At neutral pH and in the presence of
enough oxigen, the sole reason of the decolorization of MB solutions is the
photocatalytic mineralization [175]. While using MB, the emission of the applied light
source required to be low in the A=350-480 nm range to avoid direct photolysis [180]:
this condition is fulfilled as the applied blue LED has an emission maximum at A= 405
nm (Fig. A3). Moreover, as the point of zero charge (PZC) of TiO: is at pH~6, therefore
the adsorption of the positively charged MB molecules (Fig. A7) is promoted on the at
pH~7 [176].

During the experiments, the aqueous MB solution could not spread on the
superhydrophobic r-FP coating (see inserted photo in Fig. 29 a)) and therefore only
17.3% of the initial concentration (co=0.002 g/l) was decomposed after 90 min

illumination.
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Figure 28. UV-VIS absorbance spectra of MB (co=0.002 g/I; 6.25 uM; d.H20) and
Sudan IV (co=0.025 g/l; 65 uM; abs. EtOH) solutions during the photodegradation of
dye molecules under blue LED irradiation (Amax=405 nm) a) and photos of the
superhydrophobic r-FP composite- and dye solution-containing cuvettes, taken after
different illumination times b) [139]
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Figure 29. Photodegradation (Amax = 405 nm) of MB (c0=0.002 g/I; 6.25 uM; d.H20)
and Sudan 1V (c0=0.025 g/I; 65 uM; abs. EtOH) by superhydrophobic r-FP a) and
superhydrophilic r-pHEA b) composites, represented by relative concentration vs.

illumination time curves (c/co vs. t). The inserted photos show the behaviour of the two

solutions on the superhydrophobic surface [139]

However, the photodegradation efficiency almost reached 80% in the case of the
hydrophobic Sudan IV (co=0.25 mg/ml; in abs. EtOH), which can be attributed to the
better wettability of the superhydrophobic coating towards the hydrophobic medium
(Fig. 29. a)), and the resulting increased contact area between the photocatalyst and the
dye-solution. When the r-FP coating is immersed into bulk aqueous medium, a layer of
air bubbles remains attached to the surface, minimizing the size of the wetted area
[177]. This layer can be seen in Fig. 28. b), in the photo taken at t=0, however, it later
(t=90) gets removed due to convection (in this scenario, as a result magnetic stirring).

These experiments were applying superhydrophilic r-pHEA composites, as well:
in their cases, the results were the opposites, as the MB degradation was complete
during the 90 min illumination period, while 91% of the initial amount of Sudan IV
remained intact. As the superhydrophilic r-pHEA layer was well-wetted by both the
organic and aqueous media, these results can be explained by the different polarities and
adsorption affinities of the model pollutants [172,178].
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According to the luminometry results (Chapt. 4.3.20.), the photocatalytic
behaviour of the composite films at solid/water-interface can also be explained by their
inherent ability to produce reactive oxygen-containing radicals in composition-
dependent concentrations. As Fig. 30 a) and b) show, the luminometrically determined
free radical concentrations (expressed as H2O2-equivalent) increase with the increasing
hydrophilic pHEA content of the matrix, which non-surprisingly means that the more
wetted a surface is, the higher is the achieved radical concentration and therefore the
photodegradation efficiency, as well.

It should also be noted that the photodegradation (and the resulting loss of wetting
character) of the polymer matrix by the forming reactive oxidative radicals could mean
a problem during long-term irradiation. The effects of this degradation can be overcome
by elaborating self-healing character [83,84,86], by applying other, more resistant
matrix materials (such as elemental sulfur [179]) or by applying durable composite
catalysts [180].
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Figure 30. Luminometrically measured H2O.-equivalent concentrations of the evolved
reactive radicals during the UV-illumination of Ag-TiO2/FP+pHEA composite coatings
as a function of time (the dotted curves are for visualization only) a) and the

“saturation” values of the radical concentrations after 60 min illumination. b)
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5.4. Regulation of wetting and photoreactivity by external magnetic

field - characterization of Ag-TiO2+cFe/PDMS grass composites

5.4.1. Morphology of magnetoresponsive Ag-TiO2+cFe/PDMS composites

As it was presented before, the wettability of a solid is mostly defined by its surface
texture and composition, however, in the case of the previously prepared coatings, these
conditions were well set and relatively permanent (excluding the effects of chemical
and mechanical degradation). In the case of Ag-TiO.+cFe/PDMS magnetic grass
composites, | chose to adjust surface morphology by directing the pillars using external
magnetic field: the grass stiffens vertically when the field, perpendicular to the substrate
is introduced, resulting in ordered texture, decreased contact area and adhesion between
the aqueous phase and the composite, which means higher apparent ®-s and lower s.a.
values [132]. To provide reversible shape- and wetting transitions, the elasticity is a
crucial [129-131].

To achieve proper elasticity, a two component, PDMS elastomer (Elastosil C1200
A&B; Wacker) was used as a matrix material, in the previously determined A:B=1:1
(m : m) ratio (Chapt. 5.1.4.). To form elastic, hydrophobic composites with dual
magnetoresponsivity and phoreactivity, the PDMS was loaded with 50.0-59.2 wt.% cFe
microparticles (d=0.5-4 um; Fig. 31.) and 6.3-16.7 wt.% Ag-TiOz, respectively.

Figure 31. Demonstration of the magnetizability of cFe particles with the help of a bar

magnet a) and SEM image of cFe particles b) [150]
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The Ag-TiO.+cFe/PDMS composites were prepared on glass substrates,
exploiting the combination of spray-coating and magnetic field-directed self-assembly,
which latter can be attributed to the fact, that magnetic particles also direct each other
by their own magnetostatic forces in external magnetic field: these systems achieve
free-energy minimum through the formation of ordered structures [133, 181], which in
this instance are the Ag-TiO2+cFe/PDMS strands.

Despite spray-coating is a simple, quick, and scaleable coating method, the
product quality is affected by many parameters [182]. The volume of the nebulized
droplets (and therefore the surface protrusions, as well) is mainly dependent on the
viscosity and the yLc of the applied dispersion [183], the nozzle geometry, the applied
pressure and the sprayed amounts are also crucial [182,183]. To achieve reversible
wetting transition with a magnetic grass composite, the proper strand density and
geometry (thickness and height) is essential [133], as the distance between the single
strands have to be short enough to produce the desired rough surface in the presence of
magnetic field, which then results in pinning contact between the strands and the water
and therefore a seemingly (super)hydrophobic behaviour. Based on a previous study,
these factors are mostly influenced by the applied magnetic flux density (can even be
varied by changing the distance between the substrate and the permanent magnet) and
the size of the nebulized droplets [133]. While higher flux density usually leads to
denser grass [133], the self-assembly is also affected by the magnetostatic interactions
between the unique particles, therefore the nebulized drop volume becomes more
important as thinner strands attract less nebulized particles than the ones formed upon
the drying of bigger droplets.

Yang et al. thoroughly studied the influence of these factors on wettability [133].
Their results imply, that the best way to achieve reversible wetting transitions is the
application of a spraying dispersion, containing cFe, PDMS and toluene in an
approximately 4.5 : 3 : 7.8 (mass-to-mass-to-mass) ratio, respectively, and the optimal
sprayed volume of this dispersion to achieve the optimal grass height of ~2 mm is 3-4
ml. While grass density is important to achieve pinning contact and hydrophobic
character in magnetic field, the proper grass height is essential for the collapsed, or
randomly oriented state (without magnetic field). The starands have to be high enough
to be able to provide increased contact area and adhesion upon collapsing under water
droplets (O T magnetic field), however, -according to my observations- even higher

grasses may not be capable of reversible wetting transitions.
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Before enhancing a magnetic grass composite with photocatalytic properties, the
possible effects of the photocatalyst particle loading over the mentioned parameters has
to be considered first. Fortunately, the conducted experiments indicated, that the
composites could be loaded with Ag-TiO2 nanoparticles without the loss of reversibly
switchable wetting character. A spraying formula, similar to the published composition
[133] was applied (4.5 : 3 : 9 = cFe : PDMS : toluene; mass-to-mass ratio) besides the
addition of 0-16.7 wt.% Ag-TiO.. As the SEM images of Fig. 32 show, the strands
became thicker, and their surfaces became rougher upon increasing the Ag-TiO2
loading: the formed spherical-like protrusions are similar to those of the Ag-
TiO2/polyacrylate composite surfaces (Chapt. 5.2.2.). The grass-density was also
reduced upon photocatalyst-addition, as it increased the dispersion density, and
therefore the volume of nebulized droplets, as well. As the hydrophilic Ag-TiO> has low
dispersibility in toluene, the upper limit of the nominal photocatalyst content was set to
~16.7 wt.%. Above this value, extreme aggregation was experienced, leading to the
undisered mechanical vulnerability of the final product. In these cases, the adhesion to
the glass substrate was insufficient: the strands were peeled off by the applied magnetic
field, therefore reversible wetting transitions could not take place. As the dispersibility
of cFe has higher dispersibility in both in toluene and in the PDMS matrix, the
aggregation and the formation of surface irregularities are less significant without

photocatalyst (Fig. 32).
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Figure 32. Strands of grass composites (in SEM images) with 0 and 16.7 wt.% nominal

Ag-TiO: content, cured under 0.35 T magnetic field [150]
5.4.2. Wetting properties of Ag-TiO2+cFe/PDMS composites

To quantify the magnetic field-dependent wettability of Ag-TiO2+cFe/PDMS
composites, ® and s.a. measurements were conducted applying a 0.30 T magnetic field
(by the proper placement of a permanent bar magnet) with force field lines directed
vertically or horizontally to the glass substrate. Both sample series (sprayed and cured

in 0.30 T and 0.35 T magnetic fields) were examined and the results are displayed in
Fig. 33.
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Figure 33. Scheme of the three wetting states and the corresponding drop images of

Ag-TiO2+cFe/PDMS composites with 16.7 wt.% Ag-TiO> (top) and apparent water

contact (continuous lines) and sliding angles (dotted red lines) on magnetic grasses
(cured under 0.30 T or 0.35 T magnetic fields) at the corresponding wetting states, as a

function of the nominal photocatalyst loading [150]

As it was previously presented, the enhancement of the magnetic grasses with Ag-
TiO2 photocatalyst nanoparticles increases surface roughness. As a result of this (Fig.
33), the vertically stiffened strands (in the middle) have increasingly hydrophobic
character, and even superhydrophobicity (150.9°<®<163.6°) can be achieved applying
higher photocatalyst content (>6.3 wt.%). However, upon the removal of the magnet,
the strands can be compressed by the impacting droplets, besides the ®-s show a slight
decrease as the photocatalyst content increases, which is a possible result of the
increased overall surface area and the decreased grass density (Chapt. 5.4.1.) However,
it is important to consider, that the measured ®-s are apparent values only, as the

droplets do not actually spread, but rather penetrate the grass. By other words, a higher
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grass with lower density allows deeper penetration, that provides increased contact area
and adhesion between the composite and the liquid [133]. This phenomenon was also
observed during x-ray uCT measurements: as Fig. A8 shows, the drop shapes are
clearly visible due to the better contrast of uCT.

As it was mentioned before, grass density and wettability can also be dependent
on the magnetic flux density: according to Fig. 33, also shows that the achievable ®-
and s.a. ranges were broader if a magnetic flux density of 0.35 T was applied, instead of
0.30 T. In vertically stiffened state (middle), the increasing Ag-TiO2 loading, and
roughness led to increasing ®, as well, while the line contact mode of random
orientation (left) has lower ®-s as the contact area and adhesion increased [133].

Latter claim was evidenced by the exceptionally high s.a. value of 180° (Fig. 33,
left), which was achievable regardless of the applied photocatalyst content (in the 0-
16.7 wt.% range). However, upon vertical stiffening, the s.a. gradually decreases with
increasing Ag-TiO loading.

Besides studying the vertically stiffened- and randomly oriented states, the ®-s
and s.a.-s were also measured on horizontally stiffened composite strands (Fig. 33, on
the right). This was achievable through turning the bar magnet by 90°, resulting in force
field lines parallel to the substrate surface. Considering wettability, the horizontal- and
vertical alignments are alike, as the rough-sided horizontal composite strands possess
®-s almost identical to those of the vertically stiffened ones (Fig. 33, in the middle),
which indicates similarities in the spacings between the tips of vertical strains and
between the surface protrusions on their sides.

Although, the already presented literature example [133] describes broader s.a.
ranges (e.g. 8-180°) in the case of the application of higher magnetic flux density during
preparation (4.5 T), the examined flux density range (0.30-0.35 T range) had only a
minor effect on wettability and led to narrower ranges.

However, thanks to the still broad s.a. ranges and the fast-response reversible
switching, the Ag-TiO2+cFe/PDMS composites (regardless of the composition) are
capable of picking up and releasing water droplets. As Fig. 34 shows, without magnetic
field the randomly aligned strands (s.a.=180°) pick up a water droplet from a
superhydrophobic r-FP coating, while upon the introduction of the 0.30 T permanent
magnet, the droplet is released by the stiffening grass (=163.9+£2.9°, s.a.=32.0+7.4°)
(Fig 33). This catch-release cycle is repeatable, regardless of the applied preparation
conditions (0-16.7 wt.% Ag-TiO2 or 0.30-0.35 T magnetic field), which provides robust
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and versatile liquid manipulation capability and the subsequently presented visible light

photoreactivity, as well.

Figure 34. Water droplet catch-release cycle of an Ag-TiO>+cFe/PDMS coating (16.7
wt.% Ag-TiO2) [150]

Besides the presented ® values of droplets (Fig. 33.), the magnetoresponsive
wettability was also studied with bulk aqueous phase. As the images in Fig. 35. show,
the position of a non-wetting region of the composite surface can arbitrarily be changed

by changing the position of a 0.30 T bar magnet below the sample.

Magnet under sample

R  of t Without magnet
(vertically stiffened grass) Smova gumagne (randomly oriented grass)

Figure 35. Magnetoresponsive wettability of an Ag-TiO2+cFe/PDMS composite,

demonstrated applying bulk aqueous phase [150]

5.4.3. Magnetic field-tailored photocatalytic properties of Ag-TiO2+cFe/PDMS
composites

In the followings, | studied the relation between the magnetoresponsive wettability and
the photoreactivity of the composites during MB photodegradation experiments. As it
was previously presented, the r-FP coating could only degrade ~20% of the MB in
aqueous solution after 90 min illumination (blue LED-lamp; Amax=405 nm) (Chapt.
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5.3.2.), while in the case of Ag-TiO,+cFe/PDMS composites with 63.3+1.6 mg/cm?
specific mass and 16.7 wt.% nominal photocatalyst content, the hydrophobic character
also led to moderate efficiency, which was also influenced by the external magnetic
field (Fig. 36): without magnet, the grass collapsed under the liquid (Fig. 35), resulting
in higher wetted area and higher photocatalytic efficiency (47.6+5.1% after 300 min),
while when a 0.30 T magnet is placed under the sample, the photocatalytic efficiency
was significantly lower due to the porr wetting and the pinning contact. Fig. 36 a)
shows the absolute concentration changes with the corresponding adsorbed amount of
MB, while Fig. 36 b) shows the relative (c/co) changes in MB solution concentration
during LED light illumination.
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Figure 36. Changes is the absolute a) and relative b) concentrations of MB (co=2 mg/I
M) during its photodegradation (blue LED; Amax=405 nm) by the help of Ag-
TiO2+cFe/PDMS composites (63.3+1.6 mg/cm?; 16.7 wt.% Ag-TiO2) with different
grass orientations. The direct photolysis of MB and the photocatalytic efficiency of pure

Ag-TiO: are also displayed as references. [150]

The calculated photodegradation efficiencies were 42.1£3.5% (random
orientation) and 22.4+3.3% (vertically stiffened), respectively after the 300 min
illumination (Fig. 36 b)). Based on the preparation procedure, the nominal Ag-TiO>
content of these samples were 0.208 g, therefore the MB degradation test were repeated

repeated with this amount of pure Ag-TiO: as reference. During these tests, the pure
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Ag-TiO2 nanopowder completely decomposed the applied amount of MB (co=2 mg/I
M), which is non-surprising as the well-dispersed, hydrophilic photocatalyst particles
have higher accessible surface area (BET surface area of 53.5 m?/g) than the composites
(0.15 m?/g). However, the photolysis of MB turned out to be insignificant (Fig. 36), and
therefore it only had a minor contribution to the decolorization of MB solutions.

Thanks to the magnetoresponsive wetting and photoreactivity, the Ag-
TiO2+cFe/PDMS composites may seek further applications as sophisticated liquid

manipulation tools.

5.5. Regulation of wetting and photoreactivity by temperature -

characterization of Ag-TiO2/PDMS-gr-pNIPAAmM composite coatings

5.5.1. Characterization of pNIPAAmM-grafted PDMS (PDMS-gr-pNIPAAM)

PDMS is an ideal candidate as a base material to form thermoresponsive surfaces as it is
easy-to-process, has beneficial easy-to-tune elasticity, high chemical and mechanical
resistance and its crosslinked networks can easily be enhanced by covalently bound
ATRP-initiators to promote surface pNIPAAm-growth, which leads to the desired
thermoresponsive wetting characteristics.

In this work | applied 10-undecenyl 2-bromoisobutyrate (initiator; INI) as a
PDMS-compatible ATRP-initiator, that has well-described synthetic methods and
characteristics in the literature [151,184].

As Fig. 37 a) shows, the INI is covalently bound to the PDMS-network by the
Pt-complex catalyst content of the applied two-component Elastosil C1200 PDMS:
besides keeping the optimal (1 :1 = m : m) ratio between the two PDMS-component
(Chapt. 5.1.4) the increasing amount of added INI can result in a drastic decline of
crosslinking density and therefore, elasticity. According to a previous study, the optimal
m : m ratio between the PDMS and the INI is 11 : 0.13 (1.2 wt% INI), and the
recommended upper limitis 11 : 0.5 (4.3 wt% INI) when Sylgard 184 PDMS is applied:
if the INI content is increased above this level, the resulting copolymer might have
viscous characteristics [114]. The results of our oscillatory rheology measurements (G’

and G” vs. deformation curves in Fig. 37 b)) on bulk PDMS-co-INI samples support
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these statements: it can be seen on Fig. 1 c), that the storage- (G’) and loss moduli (G’”)
of the copolymers at 1% deformation show decreasing tendency with increasing INI
content, indicating a more viscous character as the crosslinking density decreases. The
G’ values range from 141000 Pa to 5660 Pa and the G” values range from 18000 Pa to
2640 Pa with increasing INI content in the examined composition range (0-4.3 wt%
INI).
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Figure 37. Synthetic scheme of PDMS-gr-pNIPAAM a) characteristic storage (G’) and
loss (G”) moduli of PDMS and PDMS-co-INI (4.3 wt% INI) samples vs. the applied
deformation b) as well as the evolution of G’ and G” of PDMS-INI as a function of INI
content at 1% deformation c) [185]

However, in our case the apparent elasticity and mechanical stability of PDMS-
co-INI (4.3 wt% INI) bulk samples and thin films were still acceptable to conduct
contact angle (®) measurements, and therefore this composition was also used in the

following wetting studies to produce higher surface pNIPAAmM-densities.
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XPS measurements were also performed to charaterize the composition of the
prepared surfaces (Fig. 38). The survey scans (Fig. 38 a)) reveal similar chemical
composition for the PDMS-co-INI, PDMS-gr-pNIPAAmM and Ag-TiO2/PDMS-gr-
pPNIPAAmM films. The main chemical species present can be attributed to the PDMS
matrix (C: 49.4 at%,; O: 24.2 at%, Si: 26.3 at%; Br: 0.1 at%), with binding energies in
good accordance with previously published results (Table Al and A2) [184,186]. The
high resolution scans reveal faint Br 3d core lines (~70.22 eV) which indicate the

presence of covalently bound INI in the copolymer surfaces (Fig. 38 b)).
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Figure 38. XPS-spectra of doctor blade-casted PDMS-co-INI, PDMS-gr-pNIPAAmM
and Ag-TiO2/PDMS-gr-pNIPAAm films (4.3 wt% INI; 5 M pNIPAAmM) a) indication of
the Br 3d peak in all three samples b) Ti 2p peak from the XPS-spectrum of the Ag-
TiO2/PDMS-gr-pNIPAAmM film c) [185]

The 200 um thick, doctor blade-casted PDMS-co-INI layers (1.2 or 4.3 wt% INI) were
charged with different concentrations (0.30, 0.60, 1.25, 2.50, 5.00, 6.25, 7.50 or 10.00
M) of NIPAAmM monomer solution during ARGET-ATRP grafting to achieve the

desired thermoresponsive characteristics of the resulting PDMS-gr-pNIPAAmM layers
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(Fig. 37 a)). The successfulness of the grafting process is evidenced during the
application of various spectroscopy methods on PDMS-gr-pNIPAAmM (4.3 wt% INI; 5
M NIPAAmM) films. As the Raman-spectra of Fig. 39 show, the peak — characteristic to
the double bond of NIPAAmM — at 1622 cm™ Raman-shift [134] diminishes during the
grafting process, however, the 2958 cm™ peak of the isopropyl group (C-H symmetric
streching vibration) remains in the spectrum of the final product with high relative
intensity, indicating the formation of the grafted polymer chains with relatively
homogeous distribution (at 1 pm lateral resolution) on the surface. This was evidenced
via the relative intensity-mapping of the 2958 cm™ peak (Fig. 39). On the contrary, the
XPS-spectra of the PDMS-gr-pNIPAAmM layer does not indicate the presence of
nitrogen atoms (Fig. 38 a)) (possibly due to the low sensitivity of the technique towards
nitrogen [187]) in the sample, and the elemental composition appeared to be very
similar to the PDMS-co-INI films’, however, the Br 3d peak at ~ 70.22 eV binding
energy diminishes after the grafting step, which can be attributed to the consumption of
the surface initiator (Fig. 38 b)). Latter can be explained by the fact, that as ATRP is a
radical polymerization process, the polymer chains which are terminated by -Br are
statistically less in number, since Br-radicals and growing polymer chain radicals are
also capable of homologous recombination. [188]

The presence of pNIPAAm-associated surface nitrogen content was evidenced by
EDX-spectroscopy (Fig. 40 a) and b)): as a result of monitoring the nitrogen K, (0,396
eV) line, the nitrogen content of the surfacial layer was given to be 17.5+£6.3 % and
homogenously distributed along the surface in the case of PDMS-gr-pNIPAAmM films,
which is in good accordance with the results of Raman-mapping (Fig. 39) The
differences between the XPS and EDX elemental analysis results can be explained by
the previously mentioned low sensitivity of XPS towards nitrogen [187] and the
different depth-profile capabilities of the two techniques: as the photoelectrons (XPS)
are originated from the upper ~10 nm layer of the surface, the X-ray photons (EDX) can

provide information on the composition of the upper 1-2 um [189].
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Figure 39. Raman-spectra of the NIPAAm, the initial PDMS and the PDMS-gr-
pPNIPAAM copolymer and the Raman-intensity heatmap of the peak with 2958 cm
Raman-shift along the surface of a PDMS-gr-pNIPAAM film (4.3 wt% INI; 5 M
NIPAAM) [185]
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To enhance the thermoresponsive layers with visible light photocatalytic
activity, Ag-TiO2 photocatalyst nanoparticles were incorporated into the PDMS-gr-
pNIPAAM copolymer matrices.

By dispersing 15 wt% Ag-TiO. in the doctor blade-casted and spray-coated
layers of PDMS-co-INI matrix, Ag-TiO2/PDMS-co-INI composite layers were
prepared. Grafting these layers with pNIPAAm results in the formation of the so-called
Ag-TiO2/PDMS-gr-pNIPAAm surfaces. As Fig. 40 b) shows, the EDX-spectrum of Ag-
TiO2/PDMS-gr-PNIPAAmM (1.2 wt% INI; 5 M NIPAAm) indicates the presence of
titanium on the surface in a moderate amount (~1 at%). This is in good accordance with
the recorded XPS-spectra and elemental analysis (Fig. 38 c), Tables Al and A2), as the
Ti 2pap peak is visible at 461.76 eV binding energy value greatly shifted to a more
positive value from the literature value of Ti(1V) in TiO2 (Ti 2ps;z = 458.5 eV) [189].
This can be attributed to specific charging of the incorporated TiO> into the polymer
matrix coupled with the low signal intensity. The derived Ti content from these is 0.2
at% (where the theoretical value is 0.7 at%). Similar to the previous results (Fig. 38),
the XPS spectrum of Ag-TiO2/PDMS-gr-pNIPAAmM (1.2 wt% INI; 5 M NIPAAmM) still
does not contain any peaks related to surface nitrogen, however the element could be

detected during EDX measurements in this case, as well (Fig. 40). According to the
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recorded SEM-images (Fig. 4), the incorporated photocatalyst nanoparticles also
enhance the surfaces with considerable surface roughness, which affected the surface
wetting properties, as it is detailed in the following section. The detailed results of the

XPS and EDX elemental analyses are shown in Table A2 and A3.
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Figure 40. EDX-spectra and SEM-images of PDMS-gr-pNIPAAmM and Ag-
TiO2/PDMS-gr-pNIPAAmM surfaces (1.2 wt% INI; 5 M NIPAAm) with the distribution

of nitrogen and titanium [185]
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5.5.2. Thermoresponsive and composition-dependent wetting of PDMS-gr-
PNIPAAmM and Ag-TiO2/PDMS-gr-pNIPAAmM coatings

As it is already well known, the pNIPAAmM owes its thermoresponsive wetting
characteristics to its LCST at ~32 °C, above which an entropy-controlled precipitation
occurs. In the case of our PDMS-gr-pNIPAAm (4.3 wt% INI) films, the heat effect of
the desolvation of surface PNIPAAm-chains can be measured by DSC in the case of
samples, prepared applying higher monomer concentrations (>2.5 M NIPAAm) during
grafting: Fig. 41 a) indicates, that the measured LCST on the pNIPAAm-grafted
polymer surfaces is somewhat higher (endothermic peak at ~34 °C) than in the case of
the two-component pNIPAAmM-water systems (~32 °C) [121], which can be attributed to
the applied relatively high (2 °C/min) heating- and cooling speed during the DSC
measurements. However, it is noteworthy that the temperatures of the peak maxima of
the heating and cooling (exothermic peak of dissolution at 29-30 °C) processes give the
expected average of ~32 °C. The heat-effect of the dissolution could only be detected
when samples with higher (>2.5 M) monomer concentration were examined. Moreover,
the prepared surfaces showed excellent thermal stability up to more than 300 °C in air
atmosphere (TG-curves of Fig. 41 b)), which indicates their applicability in broad

temperature ranges.
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Figure 41. a) DSC-curves of PDMS-gr-pNIPAAmM (4.3 wt% INI; 1.25,2.00 and 5 M
NIPAAmM) films and b) TG-curves of PDMS-co-INI, PDMS-gr-pNIPAAM (4.3 wt%
INI; 5 M NIPAAmM) and their composites containing 15 wt.% Ag-TiO, [185]
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After proving the presence of pNIPAAmM chains on the PDMS surfaces by the
means of DSC and the other analytical methods, the pNIPAAm-influenced wetting
properties were also studied in details.

To quantify the thermally induced changes in wetting characteristics, ®
measurements were conducted on the pNIPAAm-grafted surfaces at 25, 40 and in some
cases at 50 and 60 °C, applying the sessile drop technique. According to my
observations at room temperature, the water droplets on the pNIPAAmM-containing
surfaces initially possess ®-s similar to the ones, characteristic to the pure smooth
PDMS surfaces (~105°), but they gradually decrease over time until reaching a
minimum quasi-equilibrium value, after approximately 1 min. As Fig. 42 shows, this
contact-angle decline is dependent on the grafting monomer concentration, as higher
NIPAAmM concentrations presumably lead to longer PNIPAAmM-chains and therefore,
increased adhesion and wettability towards the sessile water droplets (up to 31.9° ®
difference between the 1 min wettabilities at 25 °C). The time-dependency of ® and
non-immediate spreading of the droplets could be explained by the gradual solvation of
surface-bound pNIPAAmM chains, which is attributed to the solvent-induced
reorientation [190,191]: in a non-wetted state, the hydrophobic bakcbone of the polymer
is oriented towards air, while the ageous medium interacts with the hydrophilic amide
goups, causing the observed hydrophobic-to-hydrophilic transitions over time. At 40 °C
this ® decrease is less significant (4.6°) as the temperature is above the LCST and the
solvation of pNIPAAM does not occur (Fig. 42).

An another ®-influencing factor is the rate of droplet evaporation: Fig. 42 also
shows that above 40 °C, the increased evaporation-rate results in more decreased ®
values after 1 min time intervals. Fig. 42 also evidences the expected thermoresponsive
wetting characteristics of the PDMS-gr-pNIPAAm surfaces: the equilibrium © values
are higher above the LCST, which means a more hydrophobic character as the surface-
bound pNIPAAmM chains and the water become immiscible with eachother (®-s ranged
from 48.0° to 108.7°).
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Figure 42. ® values of doctor blade-casted and spray-coated PDMS-gr-pNIPAAmM
layers and ®-s of spray-coated Ag-TiO2/PDMS-gr-pNIPAAm layers (4.3 wt% INI) as a

function of NIPAAm concentration in the grafting mixture, both at 25 and 40 °C with

example O vs. T diagraphs at constant monomer concentration (right column) [185]
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In the case of Ag-TiO2/PDMS-gr-pNIPAAm films, the same wetting tendencies
can be observed (Fig. 42), however the ® values of the spray-coated layers in general,
cover a broader range (even at lower pNIPAAm monomer concentrations) with the
changing temperature: this can be explained by the increased surface roughness due to
the addition of the photocatalyt nanoparticles [136]. As the addition of Ag-TiO>
particles decreased the adhesion between the PDMS- films and the glass substrates, the
maximum applicable NIPAAmM monomer concentration was proven to be 7.5 M in the
grafting mixtures: above this concentration, the polymer films detached from the
substrates. This detachment can be attributed to the increase in surface waviness during
grafting (it can be observed in Fig. 40), and the resulting decrease in the contact area
between the films and the substrates.

This maximum acceptable concentration of NIPAAmM was proven to be even
lower (5 M) in the case of spray-coated Ag-TiO2/PDMS-gr-pNIPAAm layers (Fig. 42)
as the photocatalyst particles are more homogenously dispersed in these systems, which
can result in a more significant decrease of film-substrate contact area and adhesion,
which can lead to the detachment of the layers. This more homogenous distribution of
the photocatalst particles is reflected in the results of ® measurements: as it can be seen
on Fig. 6, the ® standard deviations (represented by the error bars) are smaller than in
the case of doctor blade-casted films (Fig. 42). Moreover, the spray-coated films have
higher achievable ® values (even 117.5° at 0 min) over the LCST (Fig. 42), which also
proves the roughness-enhanced hydrophobic character.

Besides the presented ® values of different Ag-TiO2/PDMS-gr-pNIPAAmM (1.2
wit% INI) layers, the ® values of 4.3 wt% INI-containing films were also measured and
in their case the similar trends were observed. As the overall apparent mechanical
stability of the 1.2 wt% INI layers was proven to be better than their 4.3 wt% INI
counterparts’, we decided to utilize these compositions in the following MB
photodegradation tests, therefore the wetting properties of 4.3 wt% INI-containing

systems were not studied and discussed in details.
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5.5.3. Thermoresponsive photocatalytic performance Ag-TiO2/PDMS-gr-
pNIPAAM coatings

As the rate of heterogeneous photocatalytic reactions at the S/L-interface could be
dependent on many factors, including the wetting character of the solid, the above-
presented thermoresponsive wetting characteristics could - non-surprisingly - influence
the photocatalytic performance of spray-coated Ag-TiO2/PDMS-gr-pNIPAAm films, as
well, which was proved by MB-photodegradation tests below (25 °C) and above (50 °C)
the LCST of surface pNIPAAM.

The upper limit of the photocatalyst content of the examined composite layers
(d= 19 mg/cm?) was set to 15 wt% due to the extreme decline in mechanical durability
and adhesive properties we experienced in the case of films with higher Ag-TiOz-
amounts. The PDMS : INI -ratio was also proven to be a critical when it comes to
durability: as the incorporated nanoparticles and their aggregates also lower the
crosslinking density, compositions with higher PDMS : INI-ratios are preferred in order
to provide adequate mechanical integrity and adhesion to the supporting glass surface.
Therefore, only spray-coated Ag-TiO2/PDMS-gr-pNIPAAM (1.2 wt% INI; 5 M
NIPAAmM) layers were prepared for MB-photodegradation tests to avoid as much
damage as possible during the experiments.

The recorded relative concentration (c/co) vs. illumination time curves can be
seen on Fig. 43. As Fig. 43 a shows, the photolysis of MB unsurprisingly has a higher
reaction rate at 50 °C than at 25 °C. The thermosresponsive photocatalytic behaviour of
Ag-TiO2/PDMS-gr-pNIPAAmM films is indicated by the differences between the MB-
photodegradation efficiencies of the illuminated films and the photolysis (the direct
photodegradation of MB) at different temperatures. Fig. 43 c) shows that the
photodegradation efficiency of the layers is the same as the efficiency of the photolysis
at 50 °C, while there is a 15.5 % difference between the efficiency of Ag-TiO»-assisted
photocatalytic degradation and the photolysis at 25 °C (Fig. 43 c)). This practically
means the nullification of the photocatalytic effect of Ag-TiO2 nanoparticles.

As it can be seen in Fig. 43 a), the determined 15.5% difference in
photodegradation efficiency can be considered as significant as the standard deviations
of the relative concentrations (represented by the error bars), determined during 3

parallel measurements for each sample and temperature do not overlap.
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Figure 43. Photodegradation of MB on the S/L-interface upon Ag-TiO2/PDMS-gr-
pPNIPAAmM (1.2 wt% INI; 5 M NIPAAm) composite surface under blue LED
illumination (Amax= 405 nm) at 25 a), 50 °C b) and at both temperatures after the
substraction of the photolized concentration (MB co= 2 mg/l = 6.25 mM) c) The

corresponding curves for MB photolysis are also presented [185]

According to an example for thermoresponsive photocatalytic particles from the
literature, the nullification of photoreactivity can be explained by the hindered diffusion
of the water-soluble dye molecules to the photocatalyst surface as the covering
pNIPAAmM-chains collapse and block the surface at temperatures over the LCST [126].
This proposed mechanism is depicted in Fig. 44. However, it is also important to note,
that in similar photoreactive coatings the surface of photocatalyst particles is mostly
covered in the matrix material [179] (also depicted in Fig. 44), which may photodegrade
over time, resulting in a gradually increasing photodegradation efficiency towards the

model pollutants as the photocatalyst particles become more exposed to incident light.
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Figure 44. Proposed behaviour of the AgTiO2/PDMS-gr-pNIPAAmM composite surfaces
in aqueous MB-solutions. The figure also represents the partial coverage of

photocatalyst particle surfaces by the matrix material [185]

To support the obtained contact angle and photodegradation efficiency data, the
ot OF the examined composites was also determined. As Fig. 9 a) shows, the advancing
(®adv) and receding (®rec) contact angles at different temperatures do not differ
significantly in the case of Ag-TiO./PDMS-co-INI (Fig. 45 a)), however, the dynamic
®s on Ag-TiO2/PDMS-gr-pNIPAAmM (Fig. 45 b)) increase as the temperature is
elevated from 25 to 50 °C. The calculated (ys°") values are in good accordance with the
wetting and photocatalytic experiments: while the ys* of Ag-TiO2/PDMS-co-INI shows
a slight decrease upon temperature-increase (from 7.54+0.42 to 4.71+0.47 mJ/m?), this
decrease is more emphasized in the case of Ag-TiO/PDMS-gr-PNIPAAmM (from
42.12+5.75 to 8.22+1.25 mJ/m?) (Fig. 45 c)). This surface free energy difference can
also be the reason behind the different photodegradation efficiencies, as higher energy
surfaces promote wetting and the adsoportion of photocatalytic substrates, in general.
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Figure 45. ® values as a function of drop volume on Ag-TiO2/PDMS-co-INI and a) on
Ag-TiO2/PDMS-gr-pNIPAAM (5 M NIPAAM) layers at 25 and 50 °C b) and the '
values as functions of temperature and the grafting NIPAAm concentration (0 M for

Ag-TiO2/PDMS-co-INI) c) [185]

On the other hand, the observed photogedradation efficiencies may also be
influenced by the temperature-dependent UV-VIS absorbance and thermal degradation
of the MB solutions [192,193]. To examine this possibility, the UV-VIS spectra of the
dye solutions were measured at both 25 and 50 °C and after 5 hours of 50 °C heat
treatment. As Fig. A9 a) shows, the relative intensities of absorption peaks were barely
influenced by the temperature in the 25-50 °C-range, however, a minor increase in the
absorption around A= 405 nm was observed Fig. A9 b), which may contribute to the
higher rate of direct MB-photolysis at 50 °C (Fig. 43). As the spectrum of the MB
solution did not show changes either after the 5 h 50 °C treatment (Fig. A9), the thermal

degradation during the photocatalytic experiments can be considered negligible.
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5.6. Self-healing ability and photoreactivity - characterization of Ag-
TiO./PDMS oleogel composite coatings

Due to their porosity and roughness, superhydrophobic surfaces are generally
vulnerable [194]. The mechanical wear of superhydrophobic materials may lead to
increased water-sticking (increasingly hydrophilic character) [195]. To overcome this
limitation of their applicability, one can improve mechanical resistance by choosing
appropriate materials [179] or by elaborating a self-healing character, like the one we
can observe in the case of lotus leaf [196] (Fig. 46). To achieve this, the moisture-
mediated hydrolysis-condensation polymerization reaction of dodecyl-trichlorosilane
(DDSICI3) was selected, while the DDSIClz was initially dispersed in a silicone oil-
infused PDMS oleogel matrix (20 : 70 :100 = DDSICls : silicone oil : PDMS;
volumetric ratio). After the surface migration of these silane molecules, they undergo
hydrolysis by the ambient moisture and condensation-driven self-assembly to produce a
hydrophobic surfacial siloxane layer [197]. During my work, a soft, hydrophobic
oleogel, consisting of 52.6 wt.% PDMS and 36.8 wt.% low-viscosity silicon oil (50 cP)
was chosen to allow the rapid dissufion of DDSIiCls from the bulk gel to the gel/air-
interface.

As Fig. 46 shows, rough siloxane layers could form on the surface of bulk oleogel
samples, even after two times complete mechanical removal of the previous layer. This
regenerative behaviour is similar to the one of the lotus leaves, that can regrow their

protrusions after their mechanical removal.

Lotus leaf

: damage

: regeneration of plant tissue and
wax crystals

Silicone oleogel

: self assembly of surfacial
siloxane layer

0

: complete removal of surfacial layer

DDSICI, : silicone oil : PDMS=20:70:100(V:V:V)

Figure 46. Self-healing of the lotus leaf (top) and the bulk DDSiClz-infused PDMS
oleogel (bottom) [85]
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As the initial soft oleogel was blue due to the dye-content of the PDMS, and the
formed silicone layer was white, the formation of the upper layer was easy-to-follow,
applying DR spectroscopy. Fig. 47 a) shows the recorded spectra, while Fig. 47 b)
displays the extracted absorbance values (at A=700 nm) as a function of time. The
results revealed that the formed brighter silicone layer evolved relatively quickly, as
after about 1.5 h, the slope of the A vs. t curve increased (from -0.136 to -0.023 hl),

indicating a nearly steady state condition.
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Figure 47. UV-VIS DR spectra of a DDSiCls-infused PDMS oleogel, recorded after
certain time intervals following the gel formulation a) and the recorded absorbances at

A=700 nm with the images and ® values of the initial formulated gel and the final
product b) [85]

The surface morphology of the synthesized samples with- and without the self-
assembled siloxane protrusions was also studied. Fig. 48 shows the surface prophiles of
a cured PDMS oleogel and the DDSIiCls-infused oleogel after the formation of rough
surficial layer (oleogel with self- assembled siloxane layer). While the self-assembled
siloxane layer was micro-rough (Rq=0.4+0.1 um) with a ® value of 124.7°£3.2°, the ®

of the smooth (Rq=0 um) PDMS oleogel was only 57.9°+£5.3°, indicating the more
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hydrophobic nature of the formed siloxane layer. To achieve hierarchical roughness and
superhydrophobic character, the oleogels were infused with 25 wt.% Ag-TiO.. (Ag-
TiO2/PDMS oleogel), which further increased Rq to 13.8+1.4 um and © to 151.6°+1.9°,
achieving superhydrophobic character. The above discussed surface textures are also
visible in the SEM images of Fig. 48.

I 50 pm Ag-TiO,/PDMS oleogel (25 wt.% Ag-TiO,)

Re= 13.8+ 1.4 ym n

O=151.6£1.9°

PDMS oleogel with siloxane layer O=124.743.2°
R,= 0.4+ 0.1 ym

PDMS oleogel
R/~ 0 pm
q
- 0= 57.9+5.3°

Vertical displacement + offset (um)

0 500 1000 1500 2000
Vertical displacement (um)

Figure 48. Respective profilometric curves, contact angles and SEM-images of the
initial oleogel, the oleogel with siloxane layer and the 25 wt.% Ag-TiO2-loaded oleogel

composite [85]

The photocatalytic properties of the self-healing Ag-TiO2/PDMS oleogel were
also studied at the S/G-interface. As Fig. 49 shows, Ag-TiO2/PDMS oleogel (oleogel
with 25 wt.% Ag-TiO2) decomposed EtOH with ~50% efficiency, compared with the
(k’=0.0112 min') pure Ag-TiO; coating (k’=0.0495 min™*) after 90 min irradiation. This
clearly indicated the photocatalytic activity of the coating besides the above presented
superhydrophobic and self-healing character. However, at Ag-TiO- loadings higher than
25 wt.% the mechanical integrity of the composites was very low, rendering them
unable be used as coating materials due to the aggregation Ag-TiO; particles and the

increasingly viscous character.
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Figure 49. EtOH (g) (co=0.36 mM) photodegradation on Ag-TiO2/polymer composites
(blue LED light; Amax=405 nm) as the function of illumination time. Besides the
photodegradation curves of the Ag-TiO2/PDMS oleogel samples (25 wt.% Ag-TiOy),
the degradation curves of r-FP, pure oleogel and Ag-TiO> layers are also displayed in

comparison [85]
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6. Summary

Nowadays, photoreactive interfaces and surfaces with extreme and/or tunable
wettability are of high interest. During my doctoral work, | addressed the need for both
functionalities by preparing various composites on the basis of visible light-active
plasmonic Ag-TiO> photocatalyst nanoparticles, polyacrylates and PDMS.

At first, | presented that the wetting properties (®= 105.0°) of the smooth
(Rg=3.7£0.9 um), low energy (ys'=19.8+5.2 mJ/m?) FP fluoropolymer coating could be
increased by the addition of Ag-TiO. The coatings with different Ag-TiO2/FP-ratio
showed composition- and therefore roughness-dependent (Rq=3.7+0.9-15.2+1.2 um)
wettability, ranging from superhydrophilic- (pure photocatalyst; ©®=0°) to
superhydrophobic (80 wt.% photocatalyst; ®=150.9°) (ys°'=6.5-71.9 mJ/m?) character.
The extreme wetting properties were the results of the hierarchical micro- and nano-
roughness. The also highly porous (74.8 %) composites exerted visible light
photoreactivity at the S/G interface: based on EtOH (g) photodegradation tests (blue
LED; Amax=405 nm), higher Ag-TiO2 loadings resulted in higher decomposition rates
(from k’=0.0034 min? to k’=0.0495 min). The superhydrophobic, 80 wt.% Ag-TiO,-
containing surface adsorbed and photodegraded the apolar Sudan IV dye at the S/L-
interface (0.92 mg dye/cm?, 90 min irradiation time), while the non-wetting nature of
aqueous MB solution hindered the photooxidation of this hydrophilic dye.

Besides keeping the 80 wt.% photocatalyst-loading, required for achieving the
extreme, superhydrophobic wetting behaviour, in the followings, | investigated the
effect of different matrix compositions on wettability and photoreactivity. As an
additional, hydrophilic polyacrylate matrix component, pHEA was selected.

The wetting character of the smooth pHEA (®@=27.4°, ys°'=55.7+2.3 mJ/m?) and
low energy FP (©=105.0°, y=ys°'=19.8+5.2 mJ/m?) coatings got highlighted, as their
surface roughness was enhanced by the photocatalyst particles. In the case of the rough
r-pHEA and r-FP coatings, superhydrophilic (©=0°, y5°>72.1£0.2 mJ/m?) and
superhydrophobic characters were experienced, respectively, while the wettability of the
composites was proven to be tunable by adjusting the matrix composition. The
photocatalytic properties in these cases were also composition- and wettability-
dependent: the determined EtOH(g) degradation efficiencies varied between 51.3% and
88.3% (0 and 20 wt.% overall FP content). At the S/L interface, the photodegradation
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efficiency was also dependent on the polarity of the test dyes and their solvents: while
the superhydrophobic r-FP composite photodegraded the hydrophobic Sudan 1V dye
(dissolved in abs. EtOH), the r-pHEA surface could photodegrade the MB in aqueous
medium. The above-all advantage of these surfaces over previous photoreactive
composite coatings is the matrix composition-dependent wettability, which could be
interesting in water treatment scenarios, where the polarity of the pollutants varies on a
broad scale.

As the popularity of microfluidic and liquid micro-manipulation techniques shows
an increasing trend, the need for the development new functional surfaces with
stimulus-responsive wettability is also emerging. This need was addressed through the
preparationof PDMS- and carbonyl Fe-based composite grass coatings with
magnetoresponsive wetting and visible light-photoactivity were prepared, applying a
magnetic field-assisted spray-coating self-assembly technique. The composites
possessed variable ®- and s.a. ranges, depending on both the external magnetic field-
and the Ag-TiO: loading, which latter enhanced the surfaces with considerable
roughness. The achievable wetting ranges (with or without external magnetic field)
were found to be broadening (in a magnetic field, perpendicular to the surface: 55°
<O<147.4° - 56.5°<0 <163.6°) with the increasing Ag-TiO; loading (0-16.7 wt.%).

The presence of Ag-TiO: also led to visible light-photoreactivity: during blue
LED-illumination (Amax=405 nm), the composites could decrease the MB-concentration
(co=2 mg/l) at S/L-interface, at rates, depending on the external magnetic field. Without
a magnet, the apparently hydrophilic (6=56.5+0.5°), randomly oriented grass decreased
the initial MB concentration by 42.1£3.5% in 300 min, however, the degradation
efficiency of the superhydrophobic (©=163.6+2.9°), vertically stiffened grass (in 0.30 T
magnetic field) was only 22.4+3.3%. Moreover, utilizing the real-time tunable
wettability the magnetic composites could be used for lossless droplet transportation,
which prospects their application as multifunctional tools in liquid manipulation
scenarios.

Besides magnetoresponsivity, the thermoresponsive property of pNIPAAmM was
also utilized: the prepared multifunctional Ag-TiO2/PDMS-gr-pNIPAAmM coatings were
proven to be thermoresponsive (temperature: 25-50 °C) with real-time tunable wetting
properties (®: 50.7°-108.9°) and tunable visible light-photoreactivity (blue LED-light;
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A=405 nm) at the S/L-interface during MB degradation experiments. The wettability
also turned out to be dependent on the concentration of the grafting NIPAAm-monomer.

These prepared magneto- and thermoresponsive systems are among the first
examples of marcoscopic composite surfaces with both stimulus-responsive wetting and
photoreactivity. For example, these combined features may have promising future in
photocatalysis-assisted membrane filtration or decontamination scenarios, where the
well wetted state provides increased decomposition rates, while the liobhobic state may
provide antifouling nature and self-cleaning character, allowing easier cleanup and
increased reusability.

Finally, the outer surface of PDMS-oleogels was also rendered self-healing and
hydrophobic, utilizing the humidity-mediated polymerization of DDSICl;z to form
micro-roughened surficial layers. This mechanism could provide quick
superhydrophobic recovery under ambient conditions, and therefore long-term
durability to artificial superhydrophobic coating materials. The missing nano-roughness,
and the superhydrophobic character was also achieved with the help of Ag-TiOg,

rendering the composites photoreactive, as well.
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7. Osszefoglalas

A fotoreaktiv-, valamint az extrém ¢&s/vagy szabalyozhatdé nedvesedésti feliileteket
napjainkban fokozodo érdeklddés dvezi. Doktori munkam soran lathatd fényben aktiv,
plazmonikus Ag-TiO- fotokatalizator nanorészecskékbdl, poliakrilatokbol és PDMS-bél
kiindulva hoztam létre egyszerre mindkét emlitett funkcioval rendelkez6 kompozit
feliileteket.

Elsoként bemutattam, hogy a vizsgalt perfluorozott poliakrilatbol (FP) késziilt
hidrofob (©=105,0°; v5°'=19,8+5,2 mJ/m?), sik (Rq=3,7£0,9 um) filmek nedvesedési
karaktere Ag-TiO2-vel torténé érdesitéssel fokozhato. A kapott bevonatok Ag-TiOz/FP-
arany fliggvényében valtozo feliileti érdességgel €s az érdességtdl (Rq=3,7+0,9-15,2+1,2
um) fiiggd nedvesedéssel rendelkeztek a szuperhidrofiltdl (tiszta fotokatalizator; ®=0°)
a szuperhidrofobig (80 m/m% fotokatalizator; ®=150,9°) terjedé O-tartomanyban
(ys°'=6,5-71,9 mJ/m?).

Az extrém nedvesedési karakter megjelenése a porlasztasos uton kialakitott filmek
hierarchikus feliileti mikro-, illletve nanoérdesség kovetkezménye. A nagy porozitdsu
(74,8 %) bevonatok a Sz/G-hatarfeliileten lathaté fény-fotoreaktivitassal is
rendelkeztek: kék fényli LED-lampaval (Amax=405 nm) végzett EtOH(Q)-
fotodegradacios tesztek soran a bevonatok fotoreaktivitasa az Ag-TiOo-tartalom
ndvelésével fokozhatonak bizonyult (k’=0.0034 min?-t8l k’=0.0495 min-ig terjedd
tartomanyban).

Sz/F-hatarfeliileten végzett tesztek soran az apolaris Szudan IV szinezék jol
adszorbealodott és teljes mértékben fotodegradalddott a 80 m/m% Ag-TiO»-t tartalmazo
szuperhidrofob bevonaton (0,92 mg szinezék/ cm?, 90 perces megvilagitas), mig a vizes
oldat formajaban felilletre vitt hidrofil metilénkék (MK) adszorpcidja és
fotodegradacioja ezen a feliileten mar nem volt kivitelezhetd.

Az extrém, szuperhidrofob nedvesedési karakter eléréséhez sziikséges 80 m/m%
fotokatalizator-tartalom megtartdsa mellett a tovabbiakban a kompozit matrix
Osszetételének valtoztatasanak nedvesedésre és fotoreaktivitasra gyakorolt hatasa kertilt
mindsitésre, pHEA, mint hidrofil matrixalkoto poliakrilat felhasznalaséaval.

Mind a nagy feliileti szabadenergiaju, hidrofil sik pHEA- (©=27,4°, ys°'=55,7+2.3
mJ/m?), mind pedig a hidrofob sik FP (©=105,0°, y=y5'*=19,8+5,2 mJ/m?) polimerfilm

nedvesedési karaktere is hangsulyosabba valt a fotokatalizatorral valo érdesités
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hatasara, igy a kapott r-pHEA és r-FP filmek szuperhidrofil- (@=0°, y>ys°'=72,1+0,2
mJ/m?), valamint szuperhidrofob karakterre tettek szert, emellett a matrix dsszetételének
valtoztatasaval a nedvesedés hangolhatonak bizonyult.

E bevonatok fotokatalitikus sajatsagai szintén Osszetétel- és nedvesedésfiiggének
adodtak: a meghatarozott EtOH(g) fotodegradacids hatasfokok 51,3-88.3%-nak adodtak
(0 és 20 m/m% FP-tartalom). A Sz/F-hatarfeliileten tapasztalt katalitikus hatékonysag
fliggott a modell szennyezOk és az olddszer polaritasatol: mig a szuperhidrofob r-FP
kompozit a hidroféb Szudan IV-et (absz. EtOH-s oldatban) fotodegradalta nagy
hatasfokkal, addig az r-pHEA a vizes kozegben oldott metilénkék bontasa soran
bizonyult hatékonynak. A  bevonatok Osszetételfiiggd nedvesedésének és
fotoreaktivitasanak egy potencialis felhasznalasi teriilete lehet a vizkezelés, ahol a
sz€les skalan mozgo polaritasu szennyezok lebontasaban nyujthatnak megoldast.

A mikrofluidika és a folyadékmanipulacio térnyerésének koszonhetden egyre
nagyobb igény mutatkozik 0j, stimulus-reszponziv nedvesedésti funkcionalis feliiletek
kialakitasa irant. Ennek fényében olyan karbonil-Fe és PDMS-alapu kompozitokat
hoztam 1ére magneses térben torténd porlasztasos filképzéssel, melyek magneses térrel
szabalyozhatd nedvesedéssel ¢s lathatd fény-fotoreaktivitdssal rendelkeztek. A
bevonatok nedvesedési- és szakadasi szogei a kiilsé méagneses térrel és fotokatalizator-
tartalommal szabalyozhatonak bizonyultak: az Ag-TiOo-tartalom ndvelése (0-16,7
wt.%). feliiletérdesité hatast, ennél fogva pedig az elérhetd nedvesedési tartomany
kiszélesedését eredményezte (feliiletre merdleges magneses térben: 55° <®@<147,4° ->
56,5°<0@ <163,6°)

A fotokatalizator-tartalom a bevonatoknak lathatd fény-fotoreaktivitast is
kolcsonzott: metilénkék (co=2 mg/l) Sz/F-hatarfeliielten végrehajtot fotodegradacioja
(kék fényi LED-lampa; Amax=405 nm; t=300 min) soran magneses tér jelenléte nélkiil a
mig a magneses térrel (0,30 T) kimerevitett, rosszul nedvesedé (©=163,6+2,9°) flivel
alacsonyabb, 22,4+3,3%-os degradacios hatasfokot értem el.

A kompozitok valés idében szabalyozhatd nedvesedésiiknek koszonhetéen
veszteségmentes folyadékcsepp-szallitasra IS alkalmasak, igy akar multifunkcios
folyadékmanipulécios eszkdzokkeént is felhasznalhatok.

A magnetoreszponziv  viselkedés mellett termoreszponziv. pNIPAAm

felhasznalasaval is kialakitottam kompozit bevonatokat: az Ag-TiO2/PDMS-gr-
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PNIPAAmM filmek termoreszponziv (25-50 °C), ojtasi NIPAAM-
monomerkoncentraciotdl is fiiggd nedvesedési karakterrel (©: 50,7°-108,9°) és lathatd
fény-fotoreaktivitassal — rendelkeztek (kék LED, Amax=405 nm; metilénkék
fotodegradacio Sz/F-hatarfeliileten).

Mindemellett, a kialakitott magneto-€s termoreszponziv rendszerek az
irodalomban bemutatott stimulus-reszponziv nedvesedéssel és fotoreaktivitassal
rendelkez6 makroszkdpikus kompozit feliiletek elsé képviseldi kozt tarthatok szamon. E
tulajdonsagok kombinacidja felhasznalhaté lehet példaul ontisztulo feliiletek és
membranok alkalmazasa soran, ahol a jol nedvesedd allapot megndvelt fotodegradacios
hatasfokot, mig a liofob allapot Ontisztuld jelleget, ezaltal pedig nagyobb fokl
tisztithatosagot és ujrafelhasznalhatosagot biztosithat.

Végezetiil, bemutatasra keriilt az is, hogy a PDMS-oleogél alapi bevonatok
feliiletén, DDSICI3 paratartalom hatasara végbemend polimerizacidja révén mikroérdes,
ongyogyuld hidrofob réteg alakithatd ki. A szuperhidrofob karakter kialakitasahoz
hianyz6 nanoérdesség Ag-TiO2 nanorészecskék hozzaadasa révén keriilt kialakitasra,

igy a kapott kompozit rétegek fotokatalitikus tulajdonsaggal is rendelkeztek.
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9. Appendices
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Figure Al. Emission spectrum of the UV light source, applied in the photoinitiation of

HEA polymerization
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Figure A3. Emission spectrum of the LED light source, applied in photocatalytic

experiments
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Figure A4. DR spectra of Sudan IV dye spots with different specific mass on r-FP
surfaces a) and the calibration curve, determined accordign to the measured absorbance
values at A=520.97 nm b)
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Figure A5. Luminometric calibration curve for the quantification of free radicals

(Relative Light Unit/s vs. H2O2 concentration)
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Figure A6. Emission spectrum of the UV light source, applied during luminometry

measurements (15 W low pressure Hg gas lamp; Amax=365 nm; LightTech, Hungary)
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Figure A7. Structural formulas of Sudan IV and MB
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Figure A8. X-ray CT images of water drops on randomly oriented (left) and vertically
stiffened (right) magnetic grasses with 16.7 wt.% nominal Ag-TiO content [150]

a) 1.2 4 o b) 0.2 -
) —25°C ) 0.18 - —25°C
1 { —25°C (after 5 h 50 °C) 0.16 - ——25 °C (after 5 h 50 °C)
| —50°C 0.14 - —50°C
.0.12
E
s 0.1
< 508 | A= 405 nm
0.06
0.04 - |
.
002 — ——
0 +——m—————F—F— 7
200 400 600 800 370 380 390 400 410 420 430 440 450
A (nm) A (nm)

Figure A9. Normalized UV-VIS spectra of co= 2 mg/l (6.25 uM) MB solution at 25 °C,
50 °C and at 25 °C after 5 hours of storage at 50 °C a) and the absorptions at

wavelengths near the emission wavelength (A=405 nm) of the applied LED lightsource
b)
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Table Al. Characteristic XPS peaks of PDMS-based doctor blade-casted layers (1.2
wt% INI; 5 M NIPAAM)

Peak maxima (eV)

Sample
C1s O 1s Si 2p3r2 Br3dsez | Ti2pse

PDMS-co-INI 284.56 532.00 101.80 70.22 -

PDMS-gr-pNIPAAmM 284.45 532.00 101.75 - -

Ag- TiO2/PDMS-gr-

284.35 532.00 101.76 - 461.76
pNIPAAM
Literature value 532.00
284.38 101.79 70.50 458.50
[115,186] (BE ref)

Table A2. Elemental composition of different PDMS-based doctor blade-casted layers
(1.2 wt% INI; 5 M NIPAAmM) based on XPS spectral data

Elemental composition (at.%6)
Element
PDMS-co-INI PDMS-gr-pNIPAAmM Ag-TiO./PDMS-gr-
pPNIPAAM

Silicon 26.3 26.7 26.0
Oxygen 24.2 24.0 23.6
Carbon 49.4 49.3 50.2
Bromine 0.1 - -
Titanium - - 0.2
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Table A3. Elemental composition of different PDMS-based doctor blade-casted layers

(1.2 wt.% INI; 5 M NIPAAm) based on EDX spectral data.

Elemental composition (at.%0)

Element AQ-TiO/PDMS- |  PDMS-gr- | Ag-TiO//PDMS-
PDMS-co-INI
co-INI pNIPAAM gr-pNIPAAmM
Silicon 7.9 13.8 6.5 9.3
Oxygen 85.8 60.3 44.8 72.2
Carbon 6.3 25.7 31.2 6.3
Nitrogen - - 175 12.0
Titanium - 0.2 - 0.2
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