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A Ampere

AgNP Silver nanopatrticle
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L Liter
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1 Introduction and theoretical background

1 Introduction and theoreticalbackground

Nowadays, functional materials with complex structures draw more and
more concerns for their wide application fields. Among them,
superhydrophobic materials showed diverse properties, such as anti
fouling, antiicing, and seitleaning.[** According to the studies on
natural supehydrophobic creatures, sufficient surface roughness and low
surface energy are two essential matters to design and prepare artificial
superhydrophobic material&:% To combine these principles in ostep,

the electrospinning technique is applied. Elespmning is a well
developed method to create nanofibers out of polymer solutidAshe
resulted nonwovens are very porous, and build up the mataed
roughness; raanwhile, the random oriented nanofibers offer an
additional roughness imano/micro-scale. [#19 By choosing proper
materials with low surface energy, superhydrophobic nonwovens could
be prepared in a quite simple proced$:? However, most of the
electrospun superhydrophobic materials are prepared with organic
solvents, which codlcause lots of health and environmental issiiEs®

To realize a sustainable procedure, the green electrospinning technique,
where water is applied as the solvent, comes into concetf?d
Furthermore, the electrospun nonwovens obtain a tdionensional
structure. To expand the application areas, a three dimensional matrix is
essential due to its high surfate-volume ratio.[?#29 |t is of interest to
prepare a threedimensional matrix through electrospinning, or use the

electrospun nanofibers to build up such matrixes.



1 Introduction and theoretical background

1.1 Superhydrophobic stface from nature to artificial

The famous example Mother Natureof superhydrophobic surfagethe
lotus leaf (Figure 11). 2739 Water droplets roll away from leaf surface,
and variouscontaminationsare also collected and removexdong with
them. This famous phenomenon is wikelown as seltleaning ability or
lotus effect, which is driven by the superhydrophobici#y® Barthlott
and Neinhuis stated for the first time in 1997, a wettable le&hibits
usually smooth microstructure; on contrastie water repellent surface
in most plantspossessesurface sculpture, which in most cases are wax
covered papillpse epidermai® Thehierarchical structure of cuticles over
leaves minimizes the contamination of leav&srface with water droplets.
[4. 3740 With the combination of these two characters, the lotus leaves
have contact angles as high as 1@0fda small sliding angle around. 2

Hence, it exhibits an excellent watezpellence effect.

Figurel-1. Waterdropletssit on the surfaces of lotus (A) and bamboo (B) leaves.

In animal world, there are also examples exhibiting spectacular anti
adhesion property to water. The superhydrophobicity of legs of a water
strider allows it to float and move freely on water surface. There are
numerous oriented setae and they lild up a hreedimensional

hierarchical structure!*¥ The feathers of some birds, such as pigeons,

prevent them from wetting, as a result of thieerarchicalstructure and

2



1 Introduction and theoretical background

the wax material*> 4 dzZ u] E}eSEU SUE }( *}u puss E(o
surface are like roof tiles, the scales overlap with each other and arrange
regularly. 3 Besides of the waterepellence function, this kind of

structure is also used by some animals in the desert to collect wéter.

D}« < 1] Sepfe has also the similatructure, and this enables its antifog

functionality. 4

With knowledge from nature examples and the consadiem of design
principlesof water-repellent surface, lots oértificial superhydrophobic
materials are achieved by tegiown or bottomup approachesl's 4652
Usually the two kinds of approaches are combined together to fabric
superhydrophobic surfacesSilicon cone arrays with controllable
morphologies were prepared by using colloidal lithography. With the
adjusting of the diameters and the size of silicon arrays, the
hydrophobicity of the substrate is tunabléd To mimic the structure of
ule<u]s ke, soft lithography was used. With this method, micro
hemisphere and nanosphere structures were created and thereby the
water-resistance is strongly enhanced. This surface prevent microscale
moisture from condensing on the artificial eye surface, arftbwed
excellent antifogging property.[*¥ Polystyrene (PS) nanopillars were
fabricated with different tip geometes. The adhesive property of water
to the surface is tunable by altering the tip geometries. The concave PS
tips have the highest adhesion, and the flat tips with aligned nanotube
surface exhibits lower adhesion to water. All the surfaces showed
superhydophobicity with contact angles higher than 150 With
anodic aluminum oxide (AAO) template extrusion method,
superhydrophobic surface composed of higgnsity polyethylene (HDPE)
nanofibers was fabricated?® Chemical vapor deposition (CVD) is used to
3



1 Introduction and theoretical background

directly prepare a rough surface or to coat a hydrophobic thin layer over
a rough substratel® 58 Well-aligned InGaN nanotips were successfully
fabricated by CVD and after different modification it showed tunable
surface wettability.®” The initial nanotips were hydrophilic and after
oxidation, it could be completely wetted. With a post modification of
octylphosphonic acid (OPA), it showed a contact angle of 154° This
superhydrophobic surface became hydrophilic again and was completely

wetted again.

When the liquid droplet contacts with theubstrate surface a contact
angle between substrate and droplet can be measured. According to

Young Equation,

L ALA A Y YYYYYYYYYYYYX~ie
%C

SZ z}uvP }vsS S VvPo } }( ecu}}SZ cpCE( }puo (
S, Vrelate to liquid, solidv = A %} @E %Z * U v v E % E « vie §Z
tension Figure 12). 58 If the contact angle is less than 90°, the surface is

classified as hydroplnc. Hydrophobic surface obtains a contact angle

more than 90° %% The secalled superhydrophobic surface has a

contact angle more than 150° and this special surface could be achieved

by adding roughnesinto the smooth surface. In this case, the surface
roughness factor should be taken into account for the calculation of

contact angle of rough surface, where roughness factsrthe ratio of

actual surface area to the apparent area. For these rougfases there

are two wetting states: Wenzel and CasBixter Figure 13). [* 6%64
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Figurel-2. Schematicallyllustration of the contact angle of the liquid droplet on a
solid surface according to Young Equation.

Figurel-3. Two wetting models of the liquid droplet on a solid surface.

In the Wenzel wetting model, the liquid droplet penetrates into the
surface and the interface is a homogenous surface. Its contace asgl
closely related to the contact solid surface area. The contact angle in

Wenzel model}w could be calculated by equation 2.
..'@ LN...'aYYYYYYYYYYYYYY~Te

The roughness amplifies the original hydrophobicity or hydrophilicity of a
smooth surface. Foa hydrophobic surface, the increasing of surface

roughness leads to a more hydrophobic one. That means, the water
contact angle will be even larger than the smooth surface. For a

hydrophilic surface, it becomes more hydrophilic with higher roughness.

In contrast, model the water droplet in the Cas@exter state is sitting
on the surface, but does not penetrate into the surface. Therefore, the

5
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interface composes not only of the solid phase but also vapor phase, it is
a heterogeneoussurface. The contactingle is related to the two
Ju%}v v3eX dZ ee] [+ 0 A A %o Jve Z}A 8§} o0 po 3

}ceon a composite surface as below,
e, LB... 5 ERB ... YYYYYYYYYYX~ie

where f; and f> represent for the surface areal fraction of phase 1 and
phase 2.}1 and }» are the contact angle for the homogenous phase 1 and
2, respectively. Usually, one of the phases is air and it has a water contact
angle of 180°. For a twaomponentssurface, theareal fraction of air
could be described as-f), when the other has the fraction &f So the

equation 3 could be simplified to equation 4,
.. '@, LB.. ' &ES;FSYYYYYYYYYYXX~Q-

The areal fractiorf is always smaller than 1; and with an increasing
roughnessf will be further reduced. Therefore,.. ‘&, js always smaller
than ... ‘a For the CassiBaxter model, higher roughness leads to higher
contact angle, regardless of the hydrophobicityhydrophilicity of the

solid phase.

According to the two wetting states, the roughness of substrate is very
important. On the other hand, the hydrophilicity/hyaphobicity of
substrate material should also be emphasized for a superhydrophobicity.
These ardhe two design principles for an artificial surfade.order to
realize thisthe roughness of surfaces should be increadddanwhile,

the surface material should have less surface free energy, or lower surface

energy, when no adsorption happens at tmeifaces.[> 65 132133 \ijth
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the combination of high roughness and low surface energy materials,

surface could exhibit superhydrophobic property.

Superhydrophobic surfaces are wkitlown for their highwater contact
angle and low roll off angles, which are the key issues ofctehing
properties. Coaxial electrospinning of Ti@ispersion as shell and
cellulose acetate as core material is carried out by Bedford and Stéckl.
Due to the welknown plotocatalystTiQ, the fiber mats became self
cleaning under certain indoor lighting conditions after deacetylation of
initial electrospinning nonwovens. As compared to other kinds of
compositions, such as pure cellulose nanofibers, To@ded cellulose
nanofibers, cellulose as core and ¥¢2llulose as shell; it showed the
best photocatalytic property. This work introduced a new access to
preparing sekcleaning materials by facile coaxial electrospinning, which

Is also environmentdiiendly.

Accordingto the definition of superhydrophobic surface, the contact
angle is very high and the water droplet could not penetrate into the
surface, therefore, it is soalled norwettable materials.[*? Take this
advantage, new application fields could also be found, such as
anticorrosion, antice/frost. Jerome and coworkers created
superhydrophobic aluminum surfaces with outstanding anticorrosion
performance by electrospinning of fluorinated diblockotymer solution.

61 The two blocks composed of polyacrylonitrile (PAN) and poly
(heptadecafluorodecylacrylateo acrylic acid). The surface energy of
fluorinated block is very low and therefore this panft blocks brought
hydrophobicity into the chains. Meanwhile, the carboxylic acid acts as

anchor to fix the polymer film onto the aluminum surface after annealing.
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On the other hand, the PAN showed good thermal. The use of PAN block
could keep the stabilitpf surface structure during annealing at 2@0All

the surfaces showed superhydrophobic behavior before and after
annealing. The film of polymer could also slightly influence the
superhydrophobicity, as thicker films the performance is better. The
superhydrophobic surface showed adhesion and corrosion inhibition

properties. Also thicker films exhibited better results.

Another important concept using superhydrophobic surfaces are SLIPS,
which represents for slippery, liguidfused porous surfaces SLIP& is
well-studied method to create anice or antifrost surfaces. Aizenberg
and coworkers produced SLiB&ted icephobic aluminum surfacésl A
water-immiscible liquid is infused into chemically functionalized
nanostructure surface and this lubricant layer is very stable,-gltnaoth

and lowhysteresis. Ihas a high affinity to infiltrated liquid and could keep

it in place. Condensed water droplets will slide off from this surface before
frozen, therefore the ice accumulation reduced dramatically. It could be
used in refrigeration and aviation industry other fields, where an

icephobic surface is desired.

The hydrophobic nature of materials, the superhydrophobic surfaces is
oleophilic, so that it could also be used for watek separation, such as

to remove oil pollution in the sed®*’Y Through coaxial electrospinning

of PCL core and Teflon shell, superhydrophobic nonwovens could be
created and this fiber mat is both superhydrophobic and oleophdfic.

On the other hand, electrospinning could also produce nanofibers with

porous morphology; this could also help to separate water from{3il.

Besides the functions mentioned above, superhydrophabaterials
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could also be applied for biomedical field, such as substrates for protein
adsorption, cellular/bacteria interactions, drug delivery and diagnostic

applications, etcl3> 7288

1.2 Electrospinning technique for preparation of superhydrophobic
materials
Electrospinning shown iRigure 14 is a versatile method to prepare thin
fibers from liquidsor melts both in small or large scalés5¢ 8%9 The
diameter of these thin fibers could be several nanometers to micrometers.
Electrospinning is suitable to preananofibers with complex structures.
For electrospinning a polymer solution is loaded in a syringe and with a
liquid pump, this solution will form a Taylor cone at needle!#{#4 High
voltage is applied between electrodes awmith this electrical field, the
taylor cone is charged. As the stretch force is larger than the surface
tension of liquid, a jet of polymer solution was emitted and formed thin
fibers. When the molecular cohesion is large enough, the thin beam will
no bre& and endless thinner fibers could be produced. Furthermore, the
fiber diameters could be influenced by other parameters, such as polymer
properties, viscosity and conductivity of polymer solution, distance
between needles and collector, and even ambienunmidity and

temperature.®3 3
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Figurel-4. Schematicallyllustration of a typical electrospinning setup.

Mostly, polymer dissolves in organic solvents, which are usually toxic and
highly flammable. Therefore, the usagef @rganic solvents in
electrospinning is not sustainable. With this consideration, green
electrospinning becomes a hot topic. In this case, water is used as solvent
in green electrospinning. Besides, there are other methods to enable a

green electrospinnig. 23

Oneof the methods to enable a green electrospinning process is emulsion

electrospinning. As compared to solution electrospinning, the

preparation of a stable emulsion is difficult. Three components should be

satisfied: a water phase, a water not miscible salvand an emulgator.

Except of emulsion electrospinning, there is alsoasoo  "epe% Vve]}v
0 SE}*%]vv]vP _U ]S ] o0} PE v o0 SE}*%]vv]v

Stoiljkovic and coworkers, they used a latex suspension of polystyrene

and polyacrylateso make nanofibers®®®7 Emulsion polymerization

could produce a pmary suspension directly and with help of a certain

amount of template polymers, such as PVA, nanofibers with good stability

against water could be made. Another method to get a stable suspension

IS to make a secondary suspension, by dissolving a polyinsdy in

10
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organic phase and after adding of water and removal of organic solvent,
a stable secondary suspension could be form&lIn work of Sun and
coworkers, they prepared a secondary suspension of biodegradable block
copolyester.®¥ In their study, there is no used of surfactants and the

resultednonwovens is also water stable.

As shown above, the electrospinning could provide multistage roughness,
not only the macroscopic roughness of nonwovens but also the
microscopic roughness between each nanofiber. Besides with using of
hydrophobic materialswe could combine higher surface roughness and
lower surface energy in one simple step. This enriches the surface
hydrophobicity dramatically and opens a new access to prepare

superhydrophobic surfaces.

In work of Agarwal and coworkers made superhydropbaolainwovens of
homo- and copolymer of fluorinated styrene (PFS) and styrene (©%).

By dissolving polymers in organic solvents such as tetrahydrofuran (THF)
and Dimethylformamide (DMF), they could producanafibers with
different morphologies by tuning the composition of homand
copolymers in electrospinning solution, such as particles, particles
connected by nanofibers and fibers. Homopolymer of fluorinated styrene
showed overall outstanding superhydrogbicity with particle structure
and particles connected by nanofibers structure. The water contact angle
is 160° or even higher, and the raiff angle is 0°. Fothe copolymer of
styrene and fluorinated styrene, they found that the fluorinated part
shouldbe not less than 30 mél as compared to the PS backbone. And

these copolymers produced morphology of particles connected by

11
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nanofibers and their roll éfangles were also only 0° and the water

contact angle is extreme hard to measure accurately.

Furthernmore, superhydrophobic surface could also be made by blend PS
homopolymer with P80-PDMS copolymef? The electrospinning used

also organic solvents THF and DMF. With a microphase separation, PDMS
microdomains dispersed in PS matrix and segregated to surface and
reduced the surface energy. The water contactkPo }v SZ (] @&Eu S[-

surfaceis higher than 163°.

All the examples mentioned above are all out of organic solvents. Because

}(SZ ]& S}A]1SC v (0o uu ]Jo]sC §Z (Jv1s]}v }( M"PC
come to cmcern, where the solvent is water and therefore the
electrospinning system is environmentally friendly. Until now, there are

not a lot works in this field so the purpose of this work is to fill this empty

space. In the work by Doimoto et al, superhydropitoburface out of

water solution could be produced® In his work,fluorinated acrylate

polymer is produced by emulsion polymerization and after
electrospinning and podtreatment, superhydrophobic surface could be

prepared.

1.3 Threedimensional structures prepared by electrospinning

Comparing twedimensional structures, th#hree-dimensional ones have
higher specific surface and porous structures. ThHd@eensional
structures draw more and more attention and are applied in many fields,
such as packaging, constructions, scaffolds for tissue engineering, drug
loading and deliery systems etd1%%104 Scaffolds for tissue engineering
should have special characteristics, such as biocompatible and

bioresorbable, threadimensional and high porous structures,

12
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appropriate surface chemistry for cell attachment and growth, certain
mechanical properties and so d¥® Usually, the scaffolds could be made
of polymers, synthetic or natural, organiz inorganic. As a result of
different materials, there are different methods to create three

dimensional scaffolds for tissue engineering.

As mentioned before, electrospinning technique could produce
nanofibers or nonwovens with special morphologiPsof. Greiner and
coworkers used electrospun fibers and freeze drying technique and
successfullycreated ultralight and multifunctional sponges in a very
simple way!1%¢ At first, the initial dectrospun nanofibers were cut into
short fibers with desirable fiber length and dispersed into solution. Then
following with freezedrying of the dispersion, sponges composed of short
electrospun nanofibers were prepared. The sponges are ultralight and
have threedimensional network, can uptake liquid and also showed
hydrophobic properties, because the main composed material i$'ir.
This technique opens a new access to make tlliesensional etwork

of electrospun nanofibers and there is also no limit of polymer sources.
[107108 The popsity could be tuned with changing the freeze rate during
freezedrying procedure. The sponges made of polyimide short fibers
showed thermal insulating property, and after loading this sponge with
silver nanowires, it also showed electrical conductivity #me sponge is
still compression resistanc&%1°d Theultralight sponges are also used

as drug carriers for a controllable release systétfl.

Besides, polymers could also form a thisienensional scaffold from
organic solvents with help of solveoasting particulatdeaching

technique. After vaporization of solvents and salt leaching in water, three

13



1 Introduction and theoretical background

dimensional polymer scaffolds with expected pore size could be created.
26, 111113 However, the organic solvents are usually not biocompatible and
may cause other healthy issues. In order to get rid of usage of them, gas
foaming techniqgue came into concefft>4 With this method, gas such

as carbon dioxide CQs used to form the poroustructure inside of
polymer matrix. Nowadays, the thresimensional printing technique is
really well developed and with this technique thrdamensional scaffolds
could be prepared!?> 15111 Except the methods mentioned above,
solventfree techniques are also used to make thdienensonal
structures.*%”: 118 Expanded PS was used as matrix and then ultralight
poly (paraxylene) foams and open cell spasywere produced by

chemical vapor deposition.

Aerogels have thredimensional structureand highly porous materials,
which composed mainly of air and therefore aerogels are very ligfi.

21 This kind of materials have ultra high spiecsiurface and the pore size
could also be tuned, to fulfill different applications such as scaffolds for
tissue engineering, catalyst supports, thermal isolatietg. Ding and
coworkers combined electrospinning with freeze technique, three
dimensional ufra light aerogels could be produceéd?*?d The aerogels
showed outstanding properties, such as deformation resistance, thermal
insulation, electric conductivity etc. The density could be tuned and
desirable threedimensional shapes could also be created. Nanofibers

functioned not only for the crosslinking, but also for thgh porosity.

14
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1.4 Flocking technique as a thregimensionalcoating method

Flocking is a wetleveloped process in textile industB?4 The first prove

of flocking technique in history could be traced back to 1000 BC in china
and they fixed natural fibers with resin. In middle ages in France, people
used this method to decorate their stuff$2d The first electrostatic flock
process showed up in 1936 and the further developed since 1950. With
development of preparation of fibres and appearance of varied adhesives,
flocking became an inddrial process and could be widely used to change

appearancesshapes and even physical propertig&?

There were two kinds of typical flock processes: mechanical or
electrostatic. Mechanicdlock process was the first flocking technique,
and during this process short fibres fell down and stuck onto the
substrates. In order to get a better distribution of flock fibers and to fix
the flock fibers better, the substrates were shaked in a vibratiwtion.

This kind of process was not suitable for flat textile surfaces but rather for
molded articles. With an electrostatic flock process, the short flock fibres
were put in an electrical field and therefore charged. As known, if a
particle is positivecharged, it will attract to the negative electrode, a
negative charged particles goes to positive electrode. When the
substrates are put on counter electrodes and jomated with adhesive,
the short fibres will fix on them, therefore we could get a three
dimensional coating. Usually in industrial field, these two techniques were

combined together to make a better coating.

According to the preparation processes of flock short fibers, the materials
could be classified into two kinds: milled/na@alibrated fock or

cut/calibrated flock. The milled/noralibrated flock could be made of

15
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natural cotton or synthetical polymer fibres and most used to imitate
natural leather products. Because of the milling process, this kind of flock
fibres has no universal lengthhe cut/calibrated flock fibers were mostly
made of synthetical polymer fibres and the length of each fiber is almost

the same thanks tthe cutting process.

200+

| I utilization of the flocking technique in different fields
180
160
1404

1204

Number of Publications

1962 1968 1974 1980 1986 1992 1998 2004 2010 2016
Year

Figure 15. Number of publications per year concerning titdization of the flocking
technique in different fields (based on a SciFinder search on 10.08.2018 with the
keyword: flocking; the number of patents is also included.)

16
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10+ e ' .
Il utilization of nanofibers as flock materials
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Figure 1-6. Number of publications per year concernitige utilization of nanofibers
in theflocking techniqugbased on a SciFinder searchldn08.2018vith the keyword:
v ovi(] €& v (o} I]JvP_V SZ vpu & }( % S vSe ]e o0} ]Jv Oop O

If we look the flocking layer in detall, it could be considered as eethre
dimensionaimatrix with lot of air space between fibers. Therefatayas
widely studied in tissue engineering and could be applied as scaffolds.
Figure 15 and 1-6 showed the published works since 1962 by using
flocking technique to build up the scaffold€4 As comparing to scaffolds
made by other mthods, this technigie offers higher compressive
strength and also high porosity?¢ 128129 Themembrane of crosfinked

and mneralized collagemwas usedassubstrate and gelatin as adhesive.
Thepore size in flock scaffolds could be simply adjusted by changing the
flocking time and those pores are higher interconnected. Walther and
coworkers showed using flock technology and made highly oriented

scaffolds from Polyamide 66 fibres for cartilage tisemgineering!?®
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1 Introduction and theoretical background

They also used mineralized collagen as substrate and gelatin as adhesive.
Thisscaffolds had high surfage-volume ratio and made seeding and

migration of cellsnuch easier than other common scaffolds.

Besides as scaffolds for tissue engineering, this technique could also be
used for other application. As is known, the design principle of a
superhydrophobic surface includes two main parts: surface roughness
and materials with low surface tensioiWVith this flock technique a really
rough surface could be made out of nytén6 flock fibersi**® The fibers
were coated with poly acrylic acid and followed with perfluorooctylamine
and the water contact angle changeain less than 10°td.78. Instead

of using vertical standing structure of flock fibers to create the three
dimensional matrix, thalignedflock fibers could be pressed them into a
film.[*34 With this process they could make fibeginforced polymer films
with a laminate structure and improve the wear properties of this hybrid

plastics.
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2 Aim and Concept of the Thesis

2 Aim and Concept of the Thesis

The overall aim of the following chapters is to establish various surface
modification methods, both for twalimensional and threelimensional
structures. The twalimensional nonwovens prepared through green
electrospinning exhibits outstanding propertiedased on its
superhydrophobicity (Chapterlll). In addition, threedimensional
polymer matrixes, which are fabricated through flocking technique,
show versatile functionalities (Chaptd¥). Furthermore,the use of
electrospun nanofibers as flocking matds for fundamental research
into the preparation of more complex thre#gimensional structurefias

been established in chapté&f.

, -0'60
&S

Chapter Ill |Chapter IV

2D Superhydrophobic | 3D Multifunctional
Nonwovens via Green Electrospinning | Platform via Flocking Technique

[ Polymer )\ « Anti-frict
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2 Aim and Concept of the Thesis

The concept of chaptetll was the preparation ofwater-repellent
nonwovens out of water dispersion byregn electrospinnig. The
existingstudies aboutthe fabrication of superhydrophobic nonwovens
via electrospinning are mainly out of organic solvents, which are not
sustainable. In this worka dispersionof poly(perfluorodecylacrylate)
particleswas prepared through emulsn polymerization. Followed
green dectrospinning of this polymemanofibers with rough surface
morphologieswere manufatured. The original nonwovens weoverall
hydrophilic due to their compositions. However, the nonwovens turned
to superhydropholix after the solgel treatment. The resulting
nanofibers exhibited unique morphologies; instead of particles,
numerous pores appeared on the nanofiber surfaces. This enhances the
areal fraction of air inside the twdimensional nonwovens. The
nanofiber conposition, parameters during electrospinning and-gel

treatment did influence the superhydrophobicity of the nonwovens.

Chapter llI-Superhydrophobic Surface via Green Electrospinning

STEP Ill P )\ S ;5?
. J f e
Superhydrophobic Nonwovens >

”
ff.ﬂ
=]

- -
STEP |
Emulsion Polymerization of Fluorinated Acrylate Jt=:

Fig. 21. Concepual illustration of chapter 3superhydrophobic surface creating by a
green electrospinning process and witlontrol of parameters the hydrophobicity
could be adjusted.

20



2 Aim and Concept of the Thesis

Lotus leaves are known for isgltcleaningproperty, which is also called
lotus effect. The secret of this phenomenisnat the basis athe surface
morphology of lotus leaves. Lots of papillaemicrometer size rise from

the surfaces, and create the roughness; meanwhile, the leaves are
covered with waxike materials, which can reduce the surface enehgy.
contrast to lotus leaves, the superhydrophobic nonwovens consist of
numerous nanofiberswhere micropores around 50 nm in diameter are
found on the surface. Thehierarchical structure of electrospun
nanofibers and the micropores contribute to the surface roughness,
both in macroscopic and microscopic scales respectively. Furthermore,
the silokane layer from sejel treatment reduces the surface energy.
Due to the differencs, we defined this kind o$tructure  ~ v@]Sue

structure.

Fig. 22. Schematidllustration of surface morphologies dbtus structure and antt
lotus structure. Lotus structure rough surface due to lots of papillaédnti-lotus
structure numerous microporesdistributingalong thesurface provide additionally
roughnessn microscopic scaldBotheffects can lead to superhydrophobicity.
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2 Aim and Concept of the Thesis

By virtue of the limit of a two-dimensional structure, a three
dimensional matrix can bring moradvantagesand can be applied in
many other fields. In chaptdW, flocking technique from textile industry

Is the fundamental methodhereto create a threedimensional polymer
matrix. Tle resultingrough three-dimensional coatingire composed of
numerous fibers; in addition, there are lots of spaces between fibers,
which are defined as pores for this special structure. Asrssequence

the three-dimensional coating has higher porositydahigher areao-
volume ratio. According to the chaptét, the two design principles for a
superhydrophobic material are high surface roughness and low surface
energy. Since the thredimensional coating is already rough, an
additional hydrophobic coatmis introduced into the system, to reduce
the surface energy. Moreover, the roughness of the thdamensional
coating enables its anfriction effect, and it can also be applied as a
drug release system due to its high specific area. To enlarge the
applcation possibilities, an additional copper layer is brought to the
three-dimensional coatings. The resulting metal flock matrix shows good
electrical and thermal conductivity. Meanwhile, the obtained metal flock
matrix can be either hydrophobic or hydropb depending on the
copper densities. Furthermore, the metal flock matrix can absorb certain
wavelength, and convert theghoton energy into thermal energy;
therefore, it is also possible to use this matrix in the endrggvesting

facilities.
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2 Aim and Concept of the Thesis

Chapter IV-Multifunctional Platform via Flock Technique

_e”

Flock Technique

Fig. 23. Conceptual illustration of chaptdiv: creating three dimensional polymer
matrix by flocking technique and with different post treatment to build up a
multifunctional platform.

Electrospinning can produce naitwérs with complex morphologies. It is

of interestto combine electrospinning and flocking techniques to create
a new threedimensional coating with complex morphologies. Moreover,
various polymer nanofibers can be produced by electrospinning; their
different chemical properties can also introdun®re applications into

the three-dimensionalcoating systens, such as hydrophobicity, anti
bacterial property thermal resistance, and so on. To begin with, the
electrospun nanofibers are cut into shofibers with a stand mixer.
However, the existing cutting methodsinnotproduce short fibers with

a similar aspect ratio of commercial flock fibers. The only solution to
reduce the aspect ratio is to increase the nanofiber thickness, which is
realized byfabricationof yarn fibers. The yarn fibers, also produced by
electrospinning, consist of thousands of nanofibers. Their diameters are

usually inthe rangeof several micrometers tonillimeters The endless
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2 Aim and Concept of the Thesis

yarn fibers are cut into 1 mm length with different cutting mdsldt is
studied to use short electrospun nanofibers or yarn fibers as flock

materials, inthe last part of this work.

Chapter V-Flocking with Short Fibers prepared via Electrospinning

STEP Il

Preparation of short
yarn fibers via Electrospinning

STEP |

Preparation of Short
Nanofibers via Electrospinning

Fig 2-4. Conceptual illustratioof chapterV: combinng electrospinning and flocking
techniquestogether andcreate the three dimeasional matrix out of electrospun
short fibers
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3 Twadimensional Superhydrophobic Nonwovena Green Electrospinning

3 Two-dimensional Superhydrophobic Nonwovenga Green Electrospinning

In this chapter, the preparation and characterization of superhydrophobic
nonwovensare discussed. T poly (perfluorodecyl acrylaje(PolyPFDA is
synthesizedriaemulsion polymerizatin. After blending withpoly (vinyl alcohol)
(PVA in water, twodimensional nonwovens could be produced by green
electrospinning. The superhydrophobic nonwovens are achieved after the sol
gel treatment. The final superhydrophobicity could be controlledchsinging

the parameters all through the preparations.

3.1 Preparation of Poly(perfluorodecyl acrylatejia emulsionpolymerization

3.1.1 Characterization of Poly (perfluorodecyl acrylate)

In order torealizea green preparation process, an emulsion polymerizatvas
carried out. *H, H, 2H, ?H-Perfluordecyl arylate (PFDA is dispersed im
water/acetone mixture, Cetyltrimethylanmonium bromide (CTAB is the
surfactant helping with the formation of Monomenicelles. 2,2-Azdis(2
amidinopropang dihydrochoride (V-50) is used to initiate the reaction. The
reaction is carried out at 6§ and thechemical reaction formula is showin
Figure 31 A. Finally, amilk-like dispersionwas obtained This dispersiomas
stable at room temperature and no precipitationwas obsevable after two
months After precipitation in methanol, white solidgshownin Figure 31 B
werereceived(Sample20130919.) Themolar massand itsdistribution of three

different batches, they have the similar results
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3 Twadimensional Superhydrophobic Nonwovena Green Electrospinning

Polymer dispersion Solide polymer
.:_ 7

Figure3-1. A. The @iemicalreadion of emulsion polymerization. B. Th@lgmer dispersion
(left) and white solid polymer after precipitatian methanol(right).
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Figure 32. Solidstate 13GNMRspectrumof Poly(perfluorodecyl acrylate). The chemical shift
at 174ppm represents for thearboxylategroup in the side chain. The fluorinated side chain
exhibits the chenaal shift between 108 and 1Jppm.
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3 Twadimensional Superhydrophobic Nonwovena Green Electrospinning

Table3-1.The nolecularweight of PolyPFDAN three preparation batches

Sample | 41 Da @&mg/ mL
20130919 310,400 1.28 1.0
20131023 314,800 1.34 1.5
20131126 319,900 1.44 1.0

* The molecular weighdf PolyPFDAvas
measuredvithHexafluora2-propanol (HFIPGEPC

— 20130919
0.004 - = 20131023
I\ — . 20131126
I
o 0-003- o
(72} ! \
5 [ \
7] I \
®  0.002
S
O
9
()] .
g o001
0.000{ — .
I I I I I I I I 1

6.8 7.0 7.2 7.4 7.6 7.8 8.0 8.2 8.4 8.6

Elution volume/ mL

Figure3-2. Elution curve opoly-PFDA/iaHFIPGPC The differentheight of peaks is the result
of the different concentration of testig samples

Fluorinated acrylate polymergPolyPFDA from different polymeization

batches also showedsimilar thermal behavior,which was studied via

thermogravimetric analysis (TGAhd differential scanning calorimetry (DSC)

The 5%decompositionay around 340( (Figure 33).The decompositioof this
27



3 Twadimensional Superhydrophobic Nonwovena Green Electrospinning

acrylate polymesstarted around 385 . In DSC curw the fluorinated acrylate
polymer (poly-PFDA) showed a melting temperature of 76 ( and a

recrystallizatiortemperatureof the sidechain at65 ( . (Figure 34)

Sample: 20130919
100

~—_5 % decomposition

temperature: 340 €
80

60 —

40 4

Weight/ %

20

T T T T T T T T T T T T T T T |
0 100 200 300 400 500 600 700 800

Temperature/ &

Figure 3-3. TGA curves opoly-PFDA20130919) The 5% decompositiontemperature s

around 340 ( ,and it decomposes from 38% . Polymers of other batcheshewed similar
results.
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Sample:20130919

Cooling curve
- - - - Heating curve

exo

T 7T 1T T T T 1T 1T 1T 1
-40  -20 0 20 40 60 80 100 120 140 160

Temperature/ €

Hgure3-4. DCXurves ofpoly-PFDA (2013091%) has a melting temperature of6 (and a
recrystallizatiortemperature of65 ( .Polymers of other batches showed similar results.
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Figure 35. DMA curve of PoWPFDA (Sampl0130919). It shows a glass transition

temperaturearound-59( .
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3 Twadimensional Superhydrophobic Nonwovena Green Electrospinning

The &de chaincrystallization of this fluorinated acrylate polynrema smectic B
phase is well known ihe literature. 3%133 |n order to proveits side chain
crystallization behavior, smadingle Xray scattering (SAXS) was carried out.
(Figure 35) The temperature was increaséom 25 ( to 80 ( and themelting
processstarted from 55 (. Thepeakintensity reducedat first slowly, andhe
change lecameobviouslyfrom 65 (. Peaks A to D ifrigure3-5 showedits
lamella structure or crystalline formh@& lamella structuravas stableuntil the
temperature higherthan 75 (. As temperature increasing distances between
lamellasheetsbecamebigger,shownthrougha left shift of peak E at 218°. At

80 (, the peak was almost dippeared by virtue of completely melting of the

fluorinated acrylate polymer.

Figure3-5. Proof of side chain crystallizatiota SAXS.
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3 Twadimensional Superhydrophobic Nonwovena Green Electrospinning

3.1.2 Influence of existence of acetone duringmulsion polymerization on
polymer particle dispersion

In an emulsion polymerizatigrthe monomers arenot soluble inwater.Instead

with the help ofsurfactans, they aredissolved in micelledeanwhile acetone

Is added as the esolventduring the emusion polymerizationin order to find

out the influenceof acetoneon the polymerization, @omparable experimens

carried out where no aetone wasadded into the starting materials The

remaining reaction conditions were kept the same as for the pres/ieaction.

3.1.1.1 Influenceof existence of aceton®n emulsionpolymerization

Firstly, yield and total solid concentrationsf the two systems are different
Figure 36 showedTGA curves of dispgons with different processesh@ total
solid concentratios (TSC) dthe first three dispersions arén Table 32 were all
around 2% and the yields are more than 85%b.contrast, the polymerization
without acetone(Sample 201312317has a much lower yield of 36%, while the
TSC is 22%.

Table3-2. Samples with ffierent preparation processes

Sample Polymerization with Acetone
20130919 Yes
20131023 Yes
20131126 Yes
20131217 No
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100 — 20130919
20131217
80 +
R 60 +
=
=
(3]
; 40 - Polymerization with Acetone
TSCis ca. 32%
20 T Polymerization without Acetone
] 32% TSC is ca. 22%
22%
0 T T T T T T T T T 1
100 200 300 400 500 600

Temperature/ &

Figure 36. Total solid concentration (TSC) of polymer dispersions, measiad®GA.

Secondlythe stability of the dispersiongs different. The dspersiors produced
with acetone duringpolymerization were quite stableat least fortwo months

while white solids precipitated after three daj@ the one without acetone in

the reaction mixture (Figure3-7)

A. 20131023 B. 20131217

Figure 3-7. Different stability of polymer dispersion®olymerization with eetone (A) and
without acetone(B)
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3 Twadimensional Superhydrophobic Nonwovena Green Electrospinning

3.1.1.2 Influenceof existence of aceton®n patrticles size

The influence of acetone onaficle sizedistribution was alsostudied both in

dispersion with dynamic light scattering (DL&nd in solid state with scanmgn
electron microscope (SBEMPolymer particlesynthesizedvith acetoneduring

emulsion polymerizationFigure 38 A) have a diameter of around 90 nm

However,the absenceof acetone éd to larger particles witha diameterof 100

nm. (Table 33) The fluorinated polymer particleswere stable andkept their

formsboth in solutionor in the solid-state.

P TTeD o
a20131023, @ B. 20131217 ¢
¢ Partlcle dlametq_r 90+ 14 nm Particle diameter=99+ 13 nm

b D

Figure 3-8. SEM images dbarticles in dry statesSample20131023 is polymerizedith
acetone(A), Sample20131217 is polymerizedithout acetone(B)

Table3-3. Polymer particle diameters with different preparation processes.

Sample Name | DiameterviaDLS| Diametervia SEM

20131023 89.4+0.4 nm 90+14 nm

20131217 104+0.2 nm 99+13 nm

3.1.1.3 Influenceof existence of aceton®n electrospinning solution

As the stability ofinitial systemswas quite different, Figure39 showed the
electrospun fibers fabricated with different initial polymer dispersioife
electrospun solution is composed of P\&Ad fluorinated acrylate polymer
dispersionsThe weight ratio of PVA amubly-PFDAwvas 83:17. On the basis of

stableand homogenous acrylate polymer particle dispersion, the spin solution is
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3 Twadimensional Superhydrophobic Nonwovena Green Electrospinning

also homogenous with acetone during polymerizatiorFigure 39 _A).
Nanofibershave a diameter odround 448+83im andmany particlesare found
on thenanofibers. Ircontrast the absenceof acetone during polymerization led
to unstablepolymer dispersion; therefore, thenixture wasnot homogenous
(Figure3-9_B). In ths case, onlyhin nanofiberswith a diameterof 263£62nm
could beproduced The morphology of nanofibers relatively flat; and due to
the inhomogeneity of the spin solution, lots of beads were fowvithin thin

nanofibers.

A. ES2014312-1 ¢ =448+83 nm

=R\ ()
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B. ES20140127 ¢ =263+62 nm

A
I\

Figure 3-9. SEM images ofsapun nanofibersproduced with different initial polymer
dispersionsMeanwhile, they showed different fiber morphology.
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3.2 Preparation and Characterization of superhydrophobic nonwovewia

green electrospinning

3.2.1 Preparation of asspun nanofibers and supesfdrophobic nonwovens
To ensurethe green electrospinning processacetone was removethefore
making the spin solutioand thereducedweight was balanced witthe addition
of distilled water DLS measurements were carried outieterminethe particle
sizebefore and after removal of acetone. slsown in Figure 310, the diameters
}( % ES] o  }w[tBin Zmegd3uremeninistakeand maintained around

90 nm.

100
88 0.8 nm 91 0.7 nm
=
co
80
£
£ 604
5
)
£
8 404
(|
20 A
0 —
Original Removal
dispersion of acetone

Figure 3-10. Diameter distribution ofpoly-PFDAparticles before ad after the removal of
acetoneviaDLS
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With only the acrylate polymer particle dispersion, nanofiber formation is
impossibleduring electrospinningas the viscosity is not enougrherefore, PVA
was added into the dispersion to improve thescosityof the electrospinning
solution Figure 311 showed theabsorptionpeaks of polymer dispersion and
electroginning solutionin the IRspectroscopyThe absorption peak at around
3250 cm' represents for PVA. The C=0 bound in fluorinated acrylate polymer
showed a typical absorption peak at 1737 émThe peak aaround 1200 cm
represents theCk-groupin the fluonde side chains; meanwhil€k-Ck bonds

exhibit the absorption at144cm?.

Poly-PFDA dispersion: 20130919

——

Electropsinning solution: ES20140109

y ~

PVA

—_—

Poly-PFDA

CF,

CF,CF,

| ' I ' I ' I ' I ' I ' I ' I
4000 3500 3000 2500 2000 1500 1000 500
Wave number/ cm

Figure3-11. IRspectroscopyof poly (perfuorodecyl acrylateflispersion and electrospinning
solution.

36



3 Twadimensional Superhydrophobic Nonwovena Green Electrospinning

Table3-3. Compositions of different electrospinning solutions.

PolyPFDA PolyPFDAPVA
Sample _ o [PVA] wt% _
dispersion (wt ratio)
ES20131025 4.1 83:17
ES20131121 3 50:50
ES20311272 20130919 3 73:27
ES20131130 3.7 83:17
ES20140109 3 87:13
ES20140127 20131217 3.6 87:13
ES20140312 3.5 87:13
20131023
ES20140312 4 87:13

* All the initial poly-PFDAdispersions are made with acetone during
polymerization

The electrospun nandders form twoedimensional nonwovens; after coating
with siloxane (SeGel treatment), a superhydrophobic surface is prepared. The

process is showed fRigure 312.

Step | Step Il Step Il

Preparation of Green Electrospinning of Poly Preparation of
Electrospinning Dispersion (perfluorodecyl acrylate) Superhydrophobic Nanofibers

»
s

i o —K
I Y-l -)/;/ | ﬂo
N N 1Y

Figure3-12. Schematically illustration of fabrication of superhydrophobic nonwovens
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Asshownin the chapter 1 the keyof creating asuperhydrophobisurfaceisthe
proper combination of high roughness and low surface enefgye to the
formation of randomly oriented hierarchicatructures with the electrospun
nanofibers, a high surface ughness was obtained within the procegsie to
the high concentration of PVAhe initial nonwovenswvere still hydrophilic. In
order to make these nonwovens superhydrophobic, the surface was treated with
the solgelprocess. This method is a wethemicaltechnique, which is used for
the preparation of glassy and ceramic materidld? In this work, sl-gel
treatment is usedto introduce siloxane layers onto nonwovesdto reduce
the surface energyThe resulted nonwovens exhibited superhydrophobicity.
(Figure 313)

ES20140312-1 |[REERbEEry

Figure3-13. SEM images of original nanofibers (left) and treated nanofibers (right).

During the scbel treatment, hydrolysis and condensation reacttakes place
simultaneously Colloidal particles are synthesized and form the amélbi
e}ous]iv ~*}oeX dZ]e *"}o_]* 0} SZ %E& HE-}E S} (
(Gel), which consists of either discrete particles or a polymer network depending

on different chemicatonditions 33 Usually, metal alkoxides are used as the
precursos due to their reactivity with watefThe most widely used material is
alkoxysilanes, such as tetraethoxysilane (TEOSetnagnethoxysilang TMOS).

The hydrolysis and condensatitaeke placesimultaneouslyin the liquid. TEOS
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hydrolyzesfor examplein water at firstandthen hydrated silicaetrahedralare
formed, which interact in a condensatiareaction, andeventuallyestablisha
network of silicon At numerous reaction sites within the solution, stifnt Si
O-Si bonds are formed, whideads to theformation of colloidal particles. As
colloidal particles ad silica species gathea three Ju ve]}v o v SA}EI *' o
Is formed. Withcontrol of hydrolysis and condensatiothe gel could be either

discrete colloidal particles or a polymer network. Thaateons areshownbelow.

Hydrolysis: OEt OH

EtO—Si—OEt + 4H,0 — HO—Si—OH + 4 CH,OH

OEt OH
Condensation:

OH OH OH OH

HO—Si—OH + HO—Si—OH —® HO—Si—O0—Si—OH + H,0

OH OH OH OH

As shown in Figure 314, the asspun nonwovens have a hydrophilic surface
becauseof PVA irthe nanofibers When awater dropletwas put on this surface,

it penetrated into the nonwovens andet the surface. Howeversiloxane
coatednonwovens showed high contact angle up tt60°, and theroll-off angle
was less than I0A water dropletcould make multiple jumps on this surface

and then rolled away.
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A. ES20140312-1

B. DC20140321-5

-~

e ™y

24 ms 28 ms 32 ms 36 ms

Figure 3-14. Different behaviors of a watedroplet on asspun (A) andibxanecoated (B)
nonwovens

Figure 315 showed the seltleaning property of this superhydrophobic
nonwovens, where ketchup acted as the pollution. With pouring distilled water
to nonwovens, the superhydrophobic surface rensatlean and no macroscopic

damage was observed.

A. ES20140312-1 Surface damage observed

B. DC20140321-5 No surface damage

Figure 3-15. Surface damage after water washing on-gsun fibers (A) ande#f-cleaning
propertiesof siloxanecoated nonwovend)
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3.2.2 Characterization of aspun and superhydrophobic nonwovens

3.2.2.1 Influence of existence of acetone during polymerization on
superhydrophobicity

As discussed above, the existence of acetone is important to raagiable

homogenous polymer dispersion.diso influencd electrospun fibers and their

properties.

A. ES20140109, CA=118+6° |B. DC20140113-1, CA=161+3°|C. DC20140113-4, CA=167+2°

Diameter=613+161 nm
u“ el y )")f‘

PR A ey N %’?—\"é P

Diameter=263+62 nm Diameter=294+74 nm
T,
\ \!,‘ | ’/\

j‘A "/?,[l
ux,//\\” |

» i\\ ” 3/
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Figure3-16. Contactangles and nanofiber morphologies of different samples

Nonwovens, fabricated from acrylate particle dispersion with acetone during
polymerization Figure 316_A), had a much higher water contact angle (118+6°)
as compared tesample D(28+29. After solel treatment, the contact angle

increased to moreghan 160° (Figure 316_Band Q. For the system without
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acetone during polymerization, the contact angles of nonwovens after coating

with siloxanewere only around 140Figure 316 _EandP).

As already disussed the roughness has a high influenoehe hydrophobicity.
Hence, the differences in thigore morphologies, achieved with the different
electrospinning solutions, could explain tHiehavior Firstly, nanofibers of
Figure 316 _Awere much thicker; escondly, there were lots of particles along
their fiber surfaces. For sample D, the nanofibers were smooth and almost no
particles could be observed on the fiber surface. Thirdijgxanecoated
nanofibers had numerous poreBigure 316 B). In contrast filmswere formed
between the thinner nanofibers in sample Eherefore, the areal fraction of air

Is strongly reduced, and leads to the lower contact angles.

3.2.3 Influence of Polymer/PVA ratio on superhydrophobicity of nonwovens
The ompositionof electrospinning solutions is the main factor to decide the
nanofiber diameter and its morphologieSlectrospinning solution consists of a
dispersion of polymer particles and PVA. If the amount of either of these polymer
parts is varied, the morphology and propedief the electrospun nanofibers

changeas well.

Particles in different electrospiring solutions aredeterminedwith DLSFigure
3-17). Take ES20131025 and ES20131080examples, they had the same
polymer weight ratios and different concentrations. Whére tconcentration of

PVA is 4.1 wt%, the patrticles had a diameter of 327+1.3 nm. Diluted the solution
to a lower PVA concentration of 3.7 wt%, smaller particles with a diameter of
273+£1.3 nm were foundSamplesES201311271 and ES20131127 had the
same PVAconcentration of 3 wt%, and their polymer ratios are different.
ES20131122 had much higher PVA ratim the mixture (50%)The particlesn
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this solutionwere, therefore, largethan ES2013112%. Insummary increasing

PVAamount in the mixturded larger particles in the electrospinning solution

350 S
ES20131025

300
ES20131030

250 — ES20131127-1
200

150 +

Diameter/ nm

100 +

50

AN
LARIIIHIHITIIHIIIINIINNNININN

ES20131127-2

83:17 83:

[y

7 7

w

27

Weight ratio of poly-PFDA to PVA

50:50

Figure 3-17. Particles in electrospinning soluti®mwith different compositionshigher PVA
amount in the mixture led larger particles in the electrospinning solutions.

The solutiorwas placed in a syringe with a flattened needle Tipe syringe was

connected to a liquid pump to enable a constant flow r&tes solution will form

a Taylor cone at the needle tip; under high voltage between electrodes, the

Taylorcone is charged. Aséhstretch force is larger than the surface tension of

the solution, a jet ofthe polymersolution was emitted and formed thin fibel¥!

Table 33 shows the different parameters used during electrospinning

experiments
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Table3-3. Electrospinning paramets for different samples.

[PVA/ | Voltage/ | Flow rate/| Relative
Sample PolyPFDAPVA
wt% kV mL/h humidity/ %

ES20131121 50:50 3 30 0.66 15
ES20131122 73:27 3 30 0.66 22

ES20140109 3 30 0.66 19-22
ES20140312 83:17 35 31 0.93 17-22
ES20140312 4 24 1.54 19

Due to the composition ahe electrospinning solution, the PVA is dominant in
the polymer blend. Therefore, the nanofibers consmsinly of PVA The poly-
PFDAparticlesare distributed alongthe PVAmatrix. Different compositions led
to different fiber thickness and morphologies, atigey also influencedthe
hydrophobiaty of the resulted nonwovens. Samples Aarl C inFigure 318
had the same PVA concentration (3 wt ¥awever, the Polymer ratiosere
different. With higher PVA propoxin inthe polymermixture, the fibers were
thinner; meanwhile, there were more beads inside the fibdfgepingthe
weight ratio of PolyPFDAto PVA constant(83:17) and increasedthe
concentrations of PVAhe asspun nanofibes became thickemwith increased

PFDA amountMeanwhile more particlesvere located on the fiber surface.
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Figure3-18. Compositions of electrospinning solutions influence the nanofiber morphologies
and the hydrophobicity of nonwoverssgnificantly.

To determine the hydrophobigit the contact angle of water was measured for
each samplePolyPFDAasalower surface energgomparedio PVAtherefore,
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the contact angle increasewith the higher amount of poly-PFDAIn the
electrospinning solution. Witlthe changeof the nanofiber composition, the
hydrophobicity of the nonwovens changes well.Sample C ikigure 318 had
alower amount ofPVAthan Dand E; thereforeits contact angle was the highest
at 118+6°. When the PVA amountasincreased up to 4 wt% in the solution, the

water contact angle decreased down to 4@igure 318 B

Theasspunnanofiberswere either smooth or have numerous patrticles on their
surfaces. After sejel treatment, their morphologies chandenormously.The
asspun ranofibersin Figure 318 AandBaremuch thinner. The space between
each single fiberslisappearedafter coating with siloxane; meanwhile, lots of
films betweennanofibers werdormed. Due toa higheramount of PVA b and

E comparedto C the asspun nanofibers are muchthicker. Nofilms were
observed aftercoating Althoughsample Chave much thinner nanofibers, the
fiber morphology of treated nonwovenis similar to the other twosamples
particles are covered with siloxane layers, and numerous pores are formed on

the fiber surfaces.

Siica andHuor are typical materials with low surface energy. After-gel
treatment, these twodifferent componentswere combined inthe hybrid
material, which showedunique nanofiber morphology. The treated nonwovens
could be considered as a heterogens@urface, whiclwvascomposed of air and
fibers. According to CassiBaxter| swetting model,the contact angle on the

heterogeneous surface could be calculatecelyation 34
.. ALBR." & EB®.. ' %YYYYYYY WY XX~

where f1 and f, are the areal fraction of two materiald;+>=1; }h and }
represent for the contact angle of each pure material to watgiis 95+3° for a

pure siloxane film and }» is 180 for air. }is the water contact angle on the
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heterogeneoussurface. So that the area of air pocket on fibers could be

calculated.The results showeth Table 34. Thesamples witha higher areal

fraction of air in nonwovens exhibited higher contact angles.

Talle 3-4. Ared fractionsof air pockets along and between nanofibers.

PVA/ | Dip speed/ Fiber Contact Pore size/ | Air fraction
wt% | mm/min” | diameter/ nm | angle/ Degree nm /%"
25010 583+134 162+1 53+15 94.6
4.0
35010 592+114 15642 54+12 90.5
25010 562+110 159+1 53+12 92.8
3.5
35010 501+89 161+4 55+15 94.1

* Dip speed 2540 mm/mindescribeghe immersion speedf 250 mm/min anda
lift-up speed is 10 mm/min. The sareeplanationfor 350-10.

** Air fraction is calculated by equation 3.

3.2.4 Influence of trermal behavior of fluorinated acrylate polymer othe
hydrophobicity of nonwovens
In comparison with aspun nanofibers, thesiloxanecoated nanofibers were
covered with pores (Diameter was approximat&y nm).As discussed above,
electrospinningbuilds up the hierarchical structures of nonwovens, which
comprise their macroscopic roughness. Additionalhe formation of small
pores along the fiber®ffered a microscopic scale of roughness.fact, he
siloxane layer is one of the essen@éments for the formation of pores and
this is one of its rolesAnother important functiorof siloxane layeris to prevent
poly-FPDA particles from melting at higher temperature. After the sebel

treatment, siloxanecoated nonwovenswere cured at 85 , whichwas hgher
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than the melting temperature opoly-PFDA(@pproximate 75( ). It is clear to
observe, that the coated nanofibers still maintaththeir high roughness,
indicating that thepoly-PFDAparticles preserved their spherical structures over
their melting tenperature. Diverse coating procedures should haaestrong
effect on the nanofiber morphologies and the hydrophobicity of the resulted
nonwovens The siloxane coating process could be carriecbathree different
routes: standard coatingute 1), coatig withadiluted solution Route Il),pre-

cureandpost-coat (Route Il).

In Route |,asspunnanofibers undergo a standard coating proceduteneans,
they are coated witha standardsolgel solution (concentration corresponding to
the amountof tetraethyl orthosilane, 8.48wt%). Figure 319 shows the change

of nanofiber morphology.The siloxane layer is thickue to the highest
concentration ofthe solgel solution Therefore, the resulted nanofibers should
have the highest fiber diameters among the tardifferent routes. Meanwhile,
poly-PFDAparticles survived from the thermal treatmeaffter solgel process
due to the thick siloxane layers. Nanofibers have plenty of pores (diameter
around 38+15 nm), which enhance the area fraction of air in the nonwgve
This leads to the high water contact angle and the superhydrophobicity of

treated nonwovens.
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Figure3-19. lllustration of nanofiber morphologiesf Route |I. The yellovsphericalobjects

represent poly-PFDAparticles. The green part the PVAmatrix and thesiloxane layer is

showed in lavenderThickersiloxane layer prevestpoly-PFDAparticles from melting. The
coated nanofibers exhibit high roughness as a result of numerous pores on them.

When the soigel solution is dilutedRoute Il) the siloxane layes arethus much
thinner than theRoute | (Figure 320). The siloxanes layeis too thin to protect

the polymer particlescompletely from melting. Therefore, the resulted
nanofibers obtain much smoother surfaces compared \Rihte |, and the filer
diameter should be decreased. Moreover, there should be less or even no pores

on the coated nanofibers.

Figure3-20. lllustration of nanofiber morphologiesf Route II. The thinner siloxane layers are
not able to prevent totally the melting behaviasf poly-PFDAparticles. The resulted
nanofibers are mucthinnerand haveelatively smooth surface morphology witlewer pores.
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In addition, the sequece of coating process lsalsoinfluence on the cated
nanofiber morphologiesinRoute 11| asspun fbers arefirstly curedat 85( , and
these pre-cured nanofibers shoulthave smooth surface morphologyue to
melting behavior ofpoly-PFDA When they are coated with siloxane, the
nanofibers remain smooth and almost no pores are formed by this r¢kigure

3-21)

Figure 321. lllustration of nanofiber morphologiesf Route 111.The cured aspun nanofibers
possess smooth morphology as a result of particle melting. The additional coating layers could
not change the morphology much.

To prove our hypothesis of these three coatingtesy) asspun fibers are coated

with different routes. Their surface morphologies are showeHigure 322.
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Figure3-22. SEM images of nanofiber morphologies with different treatmeatges

The asspunnanofibers inFigure 322_Ahavenumerouspoly-PFDAparticles on
the fiber surface. After a standard coatimocess (Route ,|)lots of pores
appeaed on their surface with diameters of3%15 nm.(Figure 322_B) This
treated nonwovenswas superhydrophobic and exhibd a contact angle of
159+2°If the sample A was firstly cured at 85, the poly-PFDAarticles melted
and the resulted nanofibers possessed smooth morpholdgigure 322 Q
Therefore, the fiber diameter redudeobviously to 393101 nm. The melted
fluorinated polymer forned an outer layer over th@anofibersand showed an
enhancement of hydrapobicity of the nonwovens. Theitact angleof sample
C wa 146%2° much higher than the aspun nonwovens (Sample A, 82159
Further coaed sample C with siloxane, the nanofibdiameter increased by 40

nm, andthe contact anglevas149+1°similar to sample GFigure 322 _D)
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To sumnarize the results above, the formation of numerous pores orihe
nanofiber surface shows significant influen@a the superhydrophobicityA
suitablethickness of silaane layers preventgoly-PFDAdartidesefficiently from
melting, and it also enhances thecreation of pores. The experimental results
agree to the hypothesesRpute | and Ill). The morphology chasg@rough

Route Il willbe discussed in the following chapter

3.2.5 Influence of parameters of degel process orthe hydrophobicity of
nonwovens

As discussed abov#he siloxanelayer should hava certainthicknesso ensure

its effects. The adjustment of layer thickness can be achieéyechanginghe

parameters of solgel treatment, such as dip mne, cure time, solution

concentration, and dipcycle. The influence of each parameter orthe

hydrophobicityof nonwovens is discussed in the following parts.

3.2.5.1 Influence of dipfcure timeon the hydrophobicity of nonwovens
In this part,the dip time ofthe coating process was changed to find out its
influence on the hydrophobicity of nonwovens. The concentration was kept the

same, 8.48 wt% correspondingttte amountof tetraethylorthosilane(TEQOS).
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Figure 323. Longer diptime led tothicker siloxane laye, therefore, the nanofibers became
smoother. The microscopic roughness reduced and the nonwovens became less hydrophobic.

With different dip time not only the fiber diametebut also the contact angle
change a lot(Figure 324) With the same PVA congtation, fiber diameters
increase along with longer dip time; however, nonwovens become less
hydrophohc. The longer the fiber mats are immersedhe solgelsolution, the
treated nanofibers become smoother with shallower pores; meanwhile, films

between nanofibers are observed with longer dip time. Therefore, the area
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fraction of air in the nonwovens and its roughness are decreabed;esulted

fiber matsobtainedlower contact angles.

A. DC20140804-6 D. DC20140804-7
501+136 nm, 147+2° 397+78 nm, 147+3°

\

LA\

B. DC20140321-6
562+110 nm, 159+2°

W N q - : _
C. DC20140804-13 F. DC20140716-13
430192 nm, 150+2° 366175 nm, 147+2°

. ™
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Figure 3-24. The duration of cure time influenced the formatiori pores along the fiber
surfaces. The nanofibers became smoother and the pores were shallower with longer cure
time, because therotective effect of siloxane layers became weaker.

Different from dip time, the contact angle increased at first with longee time,
and then decreased again. As discussed already, the siloxane layer is a protection

of fluorinated polymer particles from melting. As the cure tibeeomes longer,
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the protection of siloxane is weaker and the nanofibers lose their roughness;
therefore, the contact angle decreasedieTSEM imageslearly revead the
different morphologies of nanofibers with different cure timi@desamples with

10 min (Figure 324 B and D) had more obvious pores along the fibers, it
representshe bestresult Conparing to other samples, nanofibers in these two
samples are much thickefhe siloxane layers prevented the pBl¥DA particles
from melting sufficiently, which led to the numerous pores along the nanofibers.

This also enhanced the microscopic roughnddb®total fiber mats.

3.2.5.2 Influence of conentration and dip cycleon the hydrophobicity of
nonwovens

Using different concentrationsf the solgel solution and dip cycles can also

change the siloxane layer thickness, which prevents the particles fromngnelti

Here, diluted solutions are use@ihedip andcure time are 5 s and 10 min for all

the treated samples.

With diluted solutions thesiloxane layers beme much thinney therefore,the
poly-PFDAparticleswere not protected sufficiently and medt duringthe curing
processMeanwhilg the fiber diameter decreaskenormously. Figure 325and
3-26) Although nanofibers beme smoother andewer poreswere created on
their surface the contact anglesid not changeoo much. The reason is thdte
combinationof siloxane layers and melted fluorinatedrylatepolymer layers.
According to the hypothesis, nanofibevgjich arecoated withadiluted solution
(Route 1), should hava smoothmorphology The experimental results agree

with the hypothesis.
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Figure 3-25.With the diluted solgel solution, the siloxane layers became thinner and they
could not fully prevent the melting behavior of paRFDA. Therefore, the fiber diameter
decreaed with dilution. The melted poWPFDA particles formedowever an extra
hydrophobic layeunder siloxane layers, this contributed to the high contact angles to water.
This effect is more obvious with more dip cycles.
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Figure 3-26. Fibers with hinner siloxane layers obtained smoother surfgdeswever,the
surface energy walower enough to exhibit the superhydrophobic property (D). Meanwhile,
more dip cycles lowered the surface roughness and made the nonwoven less hydrophobic.
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Figure 3-27. The nanofibers showed smooth surface morphologieth vdiluted solgel
solutiors. The polyPFDA particles melted and created the extra layer under the siloxane layers.
The combination of these two layers could also lead to the craatibsuperhydrophobic
nonwovens.

With more dip cycles, the fiber diameter increases slightly; howdseerpores

are observed on the fiber surfacdzigure 327) According to Cassie formula
(Equation 3), the areal fraction of air in nonwovens with different dip cycles could
be calculated.Table 35) With more dip cycles, the pores on nanofibers became
smaller; therefore, the areal fraction of air decreased dramatically. This leads to

a decrease of water contact angle droplet on nonwovens.
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Table3-5.The aealfraction of air of coated fibers with different dip cycles

. The aeal
. Dip Contact Pore _
Samplé _ fraction of
cycles | Angle/Degree| diameter/nm
air’/ %
DC2014032b 1 162+1 53+15 94.6
DC2015011A-2 3 146+2 34+3 75.4
DC20150112-3 6 146+3 338 73.4

* The original fiber mat is fabricated withS2014031:2. All the samples we coated
with an immerse speed of 250 mm/min and lift speed of 10 mm/min. The
concentration ofthe solgelsolution is 8.5 wt% corresponding to TEOS.

** Calculated through Cassie formula: ‘a L B ®.. ‘a E B ®.. ‘&, where agis 95°,
waterdroplleton pure sal-gd solution.

3.3 Preparation and characterization of aligned nanofibers and their
hydrophobicity

Different from random nanofibers, rolling collector is used to prepare oriented

nanofibers. The PVA conceation in the solution was constanf 3.5 wt% and

the weightratio of PolyPFDA to PV#as 83:17.

3.3.1 Influence of different parameters on fiber orientation
Usually a stationary collector is used to collect fiber; therefore, nanofibers are
randomly loaded on substrates. By using a rotatingectr, aligned nanofibers

could besimply preparedThe setup is shawin Figure 328.
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Figure3-28. Setup of preparation of aligned nanofibevghere tie nanofibers are collected
with a rotating collector.

The degree of orientation S is an importaattor to determine the alignment.

According to the definitiornthe degreeof orientation S could be calculated by

L;Eﬂgi@YYYXYYYYYYYﬁyYYXX

AZ @& represents the angle nanofibers assume relative to the average
orientation direction’® When S equals zero, there is no orientation of
nanofibers, e.g. nanofibers arandonly arranged. Nanofibers have a degrefe o
alignmentS=1lwhen all the fibers orient to one direction. As the rolling speed of
collector increased, nanofibers are stretched more and more; therefore, the
nanofibers were getting thinner. The nanofibers aéignvith each other along
the tangential diection; with an increasing speed, the alignméecomes also

better.
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Table3-6. Parameters of electrospinning for preparation of aligned nanofibers.

Relative | Roll speed/ | DTC/ | Voltage/ "
No. Sample S
humidity/ % ms* cm KV
A | ES2014042¢ 2 28 0
B | ES2014050¢ 13 0.88
33
C | ES2014050] 19 10 0.89
30
D | ES2014050¢ 23 0.95
E | ES2014051 22 23 0.99
F | ES2014052: 26 19 5 19 0.96

* DTC means distance tbe collector.

** Tangential velocity of the collector.

*** S represents for the degree of oni@ation and iscalculated by Equation.5

Figure3-29. The alignment of nanofibers inesised with higher rolling speedieanwhile, the
fiber diameter decreased.
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Nanofibers showed no alignment with lower rolling speEdj(re 329 A). The
alignment beame better from B to D with amcrea®drolling speed. Thushe
degree of orientation S vaimproved from 0.88 to 0.95. Shorter distance to
collector could reduce thdree-flying time of nanofibers; thereforge the
orientation became also better Fgure 329 F). Less humidity in the

environment could also improve the fiber orientatidfidure 329 B).

Roll Collector Relative
speed/ m3™ distance / cm humidity / %

1.0 23 5 33 27/2
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2 2 2

D 0.3 2 /) %
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0.2 - / /
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Figure3-30. The degreeof orientationS increased with higher roll speddss distance tthe
collectorand higher humidity
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3.3.2 Influence of parameters of sejel process on hydrophobicityand
orientation of aligned nanofibers

The original nanofibers showed some certain orientatiolependingon the
preparations. Thereforethere should betwo typical dip directions of aligned
nanofibers: parallel o vertical to the nandiber orientation. (Figure 3
31)Moreover, oriented nanofibers compacted very denstlyeach other In
comparison with parallel coating direction, the influence of vertical direction
should be much stronger. The naradrswith the verticalcoating may hold the
solgel solution duringhe coatingprocess which could create filmbetween

nanofibers.

Figure3-31. lllustration of tvo dip drections of aligned nanofiberparallel or vertical to the
fiber orientation blue and red arrows respectively.

Table 37. List of samples before and after siloxane coating.

Sample before coating Dip direction| Sample after coating
ES20140506 DC20140509
ES20140507 Vertical DC2014050%
ES20140508 DC2014050%
ES20140506 DC2014050490
ES20140507 Paallel DC201405041
ES20140508 DC2014050492

* All the samples were coated with an immerse speed of 250 mm/min and
a lift speed of 10 mm/minThe solgel solution was 8.5 wt% corresponding
to the amountof TEOS for all the santes.
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Table3-8. Diametersand contat anglesof siloxanecoatedaligned nanofibers.

sample _ Dip_ _ Fiber Contact angle/ S
direction | diameter/ nm Degree

DC20140504 277+68 141+3 0.83
DC2014050% | Vertical 320+74 143+3 0.87
DC2014050% 285155 138+2 0.9
DC201405040 336+69 146+2 0.83
DC201405091 | Parallel 287+82 143+2 0.84
DC2014050492 285+60 140+3 0.85

Figure 3-32.The alignment of nanofibers reduced after siloxane coating. Nanofibers stuck
together; meanwhile,the formation of films was obsered in samples with vertical dip
direction. The samples turned less hydrophobic in comparison with nonwovens.
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Aligned nanofibersvere very thin less than 250 nmand they compactedto
each othervery densg. bating with siloxanemade them stick together;
therefore, the nanofiberslost their orientation. Forexample, the aspun
nanofibers Figure 329 D) have an orientation degree of 0.9%he orientation
with different coating directiorbecame worsethe degreeof orientation S was
0.9 for verticalcoating (Figure 332_C) and0.85 for parallelcoating(Hgure 3
32_BF). Moreover,the formation of films between fibers was also obserwsih
vertical dip direction; samples with parallel dip direction showed no film
formation. Figure 332_A) This phenomenio agreedwith the hypothesis athe
discussiorat the beginningThe bonded nanofibers and tHermation of films
reducedthe areal fraction of air in the fiber matand the fiber mats beame less
hydrophobic than nonwovengenerally, he contat anglesto water of coated

aligned nanofibersvere around 140°.

Similar tononwovens, dip time and cure time also haae influenceon the
hydrophobicityof aligned nanofibersThe contact angles with different dip times
are almost the same (around 1407he diptime was changed from 5 s to 15 s.
Samples with 10 s dip timeFigure 333 B and E) obtained the thinnest
nanofibers. Films are barely observed betwddiers because all the samples
were coated with parallel directigrhowever, they still tened to sticktogether
after coating.Moreover, there are almosno pores on the fiber surface as

comparing to nonwovens.
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Table 39. List of samples before and after siloxane coating.

Sample before coating Diptime/ s Sample after coating
ES20140507 DC2014050491
ES20140508 > DC201405092
ES20140507 DC20140714
ES20140508 w0 DC20140712
ES20140507 DC20140716
ES20140508 w DC2014071®

* All the samples were coated with an immerse speed of 250 mm/min and a
lift speed of 10 mm/min. The sgkel solutionwas 8.5 wt% corresponding to
the amountof TEOS for all the samples.

Table3-10. Diametersand contact angles d&filoxanecoatedaligned nanofibers.

Sample _ Dip _ Fiber Contact angle/ S
time/ s | diameter/ nm Degree
DC201405041 287482 143+3 0.84
DC2014609-12 ° 28560 140+3 0.85
DC20140714 251+46 142+2 0.83
DC20140712 w0 226455 137+2 0.84
DC20140716 288164 140+2 0.82
DC2014071® w 277+51 140+3 0.85
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Figure3-33. Morphologies of aligned nanofibers with different dip timehe coated aligre
nanofibers stuck together and lost their orientation; therefore, the degree of orientation
decreased asompaedto the original samples.

The contact angles are quite the same with different cure time; however, the

fiber diametersreached maximum thickness with 10 min 287+82nm and

285x60nm respectivelyThe reason for this phenomenon should be the sase

the one with nonwovens. With less curing time, the siloxane layers could still

protect the fluorinated polymer particles from melting. This funotlmecame yet

weaker with longer cure time. As the curing timereasesup to 15 min, polymer

particles melted and formeextra fluorinated layerand combined with siloxane
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layer showeda higher contact angle with thinnest fibers. This could also be

obsewved in SEM imagef-igure 334)

Table 311. List of samples before and after siloxane coafing.

Sample before coating Cure time/ min| Sample after coating
ES20140507 DC20140804
ES20140508 ° DC201408048
ES20140507 DC201405041
ES20140508 w0 DC202050912
ES20140507 DC20140804
ES20140508 w DC201408040

* All the samples were coated with an immerse speed of 250 mm/min and a
lift speed of 10 mm/min. The sgkel solution was 8.5 wt% corresponding to
the amountof TEOS for all the samples.

Table 3-12. Diametersand contact angles &filoxanecoatedaligned nanofibers.

Sample _ Cure_ _ Fiber Contact angle/ S
time/ min | diameter/ nm Degree
DC201408042 25948 143+1 0.83
DC201408048 ° 249+74 141+1 0.84
DC201405041 287182 143+2 0.84
DC2014059-12 0 285+60 140+3 0.85
DC20140804 23748 141+2 0.83
DC201408040 w 27750 141+3 0.85
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A. DC20140804-2 D. DC20140804-3
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Figure 3-34. Morphologies of aligned nanofibers with different cure tinmtbe degree of
orientation reduced due to the bonded fibers. Film formation was sthpngtarded by virtue

of parallel coating direction. The nanofibers showed relative smooth surface morphology,
there were almost no pores on the fiber surfaces.

3.4 Conclusion

Superhydrophobic nonwovens are successfully prepared by green
electrospinning froman aqueousdispersion. This materiglossesses contact
angle higher than 160° and small roll-off angle less than 5% moreover, it

showed good seitleaningproperty.

The Poly (perfluorodecyl acrylatevas successfullysynthesized through
emulsion polymerization. After mixing this dispersion with PVA, \viseas
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solution is created andtable for green electrospinning. Theage no organic
solvents, this technique is thienvironmentaly friendly. The acrylate polymer
has a spherical structure and its diameter is 90+14 nm. The initial electrospun
nanofibers composed of 17 wt% of Pat#d 83wt% ofpoly-PFDAThe nanofibers

are covered with numerous particles. The polymer particles are the main
composed part of nanofibe@nd PVA is like the adhesive and combined particles
together. This could be proved by SEM images ottbhsssectionof nanofibers.

The resultingelectrospun nonwovens showed different contact angles to water,
as the concentration of PVA is changed. Higioacentration of PVA (4 wt%) led

to lower water contact angle 49+1°and thicker nanofibers 542+109 nm, and less
PVA (3.5 wt%) the contact angle is 82+5°and the nanofiber diameter decreased
to 507+89 nm.

The electrospinning technique providasurfaceroughness of the nonwovens;
meanwhile, the use of fluorinated acrylate polymer reduces the surface tension.
The original nonwovenare still hydrophilicdue to PVA, the introduction of
another material to reduce the surfacenergy furtheris needed. Therefe,
siloxane coating with salel treatment comes into concern. After this peost
treatment, the water contact anglecrease up to 160°and the rolbff angle is
less than 5° The fiber diameter also increased sligaliyng with more PVA in
the compositon. With help of SEM, the surface morphologiesitixanecoated
nanofibers are determined. The particles disappeared from dhdace after
coating withsiloxane Instead there are a lot of pores on the fiber surfacéhe
pores have an averag#iameter of around 55 nm. The surface tie coated
nonwovensconsiss of nanofibers and air pocket$he calculatedreal fraction

of airusing Casst#ormulais over 92%. That means, the water droplet sits almost
on the air, less than 10% area is covered withafiders. The pores disappear or
become shallower as coating with more coating cycles or dilutededaolutions.
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Therefore, the areal fraction of air decreased dramatically to 75%. The contact

angle of these nonwovens with smooth nanofiber morphologynly 146°.

Thecuring temperature ofkolgel treatmentis 85( , which is higher than the
melting poirt of the fluorinated acrylate polymerThe created siloxane layers
could protect the particles from melting, yet only for short duration. Thicker
layers exhibithe betterprotective effect. A dluted coating solutionless dip time

or longer cure time, lead to thin siloxane layers. Therefore, the acrylate particles
melted and formed an extra layer over the fibers, this lowered the surface energy
together with the siloxane layer; however, the areal fraction of air dases due

to the formation of films between fibers. All of these hypotheses could be proved

by SEM images and the contact angle measurements.

By useof a rotated collector for electrospinningpnly nonwovens but also
aligned nanofibers could be produced. this case, the dip directions to fiber
orientation also play an important role in the future hydrophobicity. As also
shown with the electrospun nonwovens, thicker fibers could prevent film
formation between nanofibers during siloxane coatirig.contrast thinner
fibers have lots of films; therefore, the porosity of nonwovens is sacrificed. With
a rotating collector, the nanofibers are not only aligned but also stretched. The
fiber diameter decreases a lot as compared with the same composition of
nonwovers. As a result of the alignment, nanofibers are closed to each other.
The coating with siloxane forces them to stick together; on the other hand, films
formation with vertical coating direction is also observed. There are also smaller
andfewer pores alonghe fibers after siloxane coating. With the reasons above,
the aligned nanofibers only showed contact angle around 145° and higher roll

off angle as comparing with nonwovens.
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This waterborn superhydrophobic surface showed really high water contact
angleand low roltoff angle The potential applications could be as s#daning
textile or another anttHfouling coating Ascompaed to the two-dimensional
nonwovens, threedimensional structure has much higher specific surface area.
With advantages of thehree-dimensional structures, more applications could
be realized. In chapter 4, polyamide 6.6 short fibers are used as the starting
material to create a threglimensional structureThis matrixcould be applied as

a multifunctional platformwith different modifications.
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4 Three-Dimensional Matrixes with ¥rsatile Functionalities via
Flocking Technique

In the textile industry, the appearance or properties of the subjects can

be changed with threglimensional coatings of small particles or short

fibers. This is the scalled flocking technique. The resulted three

dimensional matrix has a high porosity (@sres arethe areabetween

short fibers), and also high roughness. These special factors provide a

unique threedimensional platform with various properties. On the other

hand, the surface characteristics are also tunable with a second coating

with other materials. This brings other additional functionalities into the

three-dimensional matrixes.

4.1 Preparation and characterization @hree-dimensionalmatrixesvia
flocking with Polyamide 6.6
The commercial polyamide 6.6 short fibers are applied for the pedjmar
of three-dimensionalmatrixes; their physical and chemical parameters
are listed inTable 41. The short fibers are firstly put inside the chamber
of a MiniFlock machine from Madgock Company-{gure 41). Under
high voltage, they are deposited @substrate, which is already coated
with adhesive. Aftesolidification a quite stable threadimensional grass
like coating, consisting of polymer fibers, is successfully introduced on the
substrate.One of the appliedadhesives is D564/1 (water dispersn of
polyurethanebasis) whichis dried at room temperature for 72 h. The
other one is D590 (water dispersion of acryl polymers) ambuld be
dried first at 80 ( for 20 min then 40 min at 14@ . The wltage of the
flock process was altered from 30 kV to 70. A 6.6 fibers cadeposit
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on the substrate either upward or downwardriQure 42). The Pin-

coatingmethod is used to distribute adhesive onto substrates

Handle Grip

Figure4-1. Photo of the MiniFlock machine from Ma&tpck Company.

Table4-1. Physical and chemical parametesf three commercial Pockfibers.

PA fiber Length/ | Diameter/| My/ e T T
color pum pum gmol
Black 520+20 18+1 49500 | 1.67| 260 213
Blue 97060 18+3 49,000 | 1.64| 257 212
White 2250+150| 5716 48,400 | 1.70| 261 210

Figure4-2. Schematicallyllustration of deposition directionsf PA 6.6 flock fibers:
downward (A) and upward (B).
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4.1.1 Hydrophilicity of initial polyamide 6.6 matrix

Considering the flock fibers matrix as a thidienensionalcoating, the

resulted surface is thus heterogeneous, which consists of fibers, adhgsives

and air. Due to the different hydrophilicity of adhesive materials
themselves,* u % owater contact anglesalsodiffer from each other
Polyurethaneprefersto form hydrogen bonds with watethan theacryl

polymer, therefore,the contact angle with D&4/1 is much lower than the

onewith D590.Kv §Z }sSZ & Z v U §Z (o} I]JvP J& S]}v |
the standing structure of fiber grasses on tkabstrate Thee is no

obvious differencdéetweencontact angles in two systemBigure 43).

A. BF20151022-B-up B BF20151022-B-down

V,‘ \i ‘\V ‘7

h'/‘

C. BF20151027-B-up

"" IR 7ARVAY )
4&\\& \* ‘\f“ I

Figure4-3. SEM images of twl'dnck directions W|th flocllengthl mm.

The water droplets penetrate the original thremensional coating
surface within 1 mirdue to thehydrophilicity of PA 6.6 flock fibers. The
water droplet maintains its spherical structure for a few seconds, and

then wets the surface; the contact angle is then unmeasurablgufe 4
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4) The spherical structure of water droplets, which are kept foldingest

time, is taken for the measurements of water contact angles; the results

are listed inTable 42.

Os 10s 30s 40s

Figure4-4. Thechangeof a water dropleton the original flock sample BF20151622
up along withtime.

Table4-2. Water ontact angle of initial PA 6.6 matrixes.

Sample Flock direction | Adhesive Contactangle/
Degree
BF2015102&up’ upward 72+1
BF2015102&5down downward 61+1
D564/1
BF2015102:B-up™ upward 53+4
BF2015102:B-down downward 44+4
BF2015102-5up upward 133t1
BF2015102-5down downward 127+1
D590
BF2015102-B-up upward 97+1
BF2015102-B-down downward 108t1

* S represent®.5 mmPA 6.6 short fibers
** B representsl mmPA 6.6 short fibers

4.1.2 Improve the hydrophobicity of polyamide 6.6 flock
As discussed iohapter 3, superhydrophobic materials are applicable in
various fields. However, the original threlgmensional PA 6.6 matrix is

mainly hydrophilic. To reich its properties and expand its application
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fields, a secondary coating can be helpful. Introduction of an additional

siloxane or PPX layer, the PA 6.6 matrix can turn hydrophobic.

4.1.2.1 SHloxaneas the secondary coating material

In the first step, siloxane layers are coated onto the thaemensional
polymer matrix. The procedure is alike to the one for tdimensional
nonwovens. Ashownin Figure 45, water droplets demonstratdifferent
behavioson surface®finitial and coatedPA 6.Glockmatrix. Theoriginal
PA 6.6 flock matrixe are hydrophilicthe surfaceis thus wetted. In
contrast,water droplets sit on the surfacef coated matrixesinstead of

penetrating into the surfacethe contact angle range froml20°to 135°.

Original

BF20150327-5-1 DC2015402-5-1

Original Treated

BF20150327-B-1

USSR  — e ——

Figure4-5. The kehavios of water droplets on original and siloxateated PA 6.6
flock matrixes.

On the other hand, the thickness of siloxdagers isunlike at different
positions, the resultsare shown in Table 43. The bottomparts have
relative more siloxane layerdherefore, the contact anglesare also

slighty higher thanthe upper parts. As the voltage during preparation
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increased, flock density also increased and there are more fibers under
the same volume of thevater droplet. Meanwhile, the polymer flock

fibers orient themselves more vertical to the substrates.

Table4-3. Contactangles okiloxanecoatedPA 6.6 matrixes on different positians

) Fiber Voltage/ Contact angle/ Degree

Samplé length/ KV

mm up middle | bottom

DC20150405 1 0.5 107+1 12142 | 124+1
50

DC20150408-1 1 11742 12241 | 131+2

DC2015040&52 0.5 110+1 125+1 | 1251
70

DC20150408-2 1 130+1 133+2 | 130+2

* The adhesive is D564/1. The flock duration is 2 s. All the saemglesated with
animmersespeed of 250 mm/min andlift up-speedof 10 mm/min.

4.1.2.2 Poly (paraxylene) as the secondary coating material

Besides siloxane, Poly (pargdene) (PPX) was also used to change the
surface hydrophobicity. The contact angle of pure PPX is around 90°
therefore, thicker PPX layer lead to lower cacttangles. As expected, the
contact angles with thinner PPX layers, ranging from 135 tJ, 6
slightly higher than the thicker ones; moreovehetcontact angles on
samples with D590 were slightly higher than D564/1. Tinaansthe
roughness is moremportant in this threedimensional system. Although
the PPXcoated PA 6.6 matrixes became only hydrophobic, samples with
150 nm PPX layer showed smaller -offl angles; therefore, water

dropletsare blown away easily, and the surfaces remained dry.
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Il 150-BF20151022-S-down
50-BF20151022-S-down

00-BF20151022-B-up
[2551 300-BF20151022-B-up

Figure4-6. Water contact angles on PRXated PA 6.6 matrixes

4.1.3 Stability of polyamide 6.6 flock matrixes

The PA 6.6bers areimmobilizedwith adhesive®n the substratesTheir
stability is very important for the future applications; henceape testis
carried out(Figure 47). Firstly,an original PA 6.6 matris fixed on a
substrate. Then, acotchtape strip from Tesa gressednthe fibers with
adhesive side down. After removal of the tape strip, the loose fibers go
with it. This steps repeated for 20 times, and the results are recorded

with a digital camera.

Figure4-7. Schematically illustration of a scotch tape test.

During theflocking process, not all the fibers are fixed on the substrate.
In the first several repetitions, lotsf fibers adheredto the tape strips
(lower parts on tapes) The tape strips remained cleanwith more
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repetitions, and flock matrixes still kept theirgrasslike structures
Generally speaking, the flock matrixes are quitable, and most of the

fibers adhere firmlyo the substrates.

A. BF20151022-S-down B. BF20151027-S-down

C. BF20151022-B-down D. BF20151027-B-down

2 @

Figure4-8. Stability test of freskimade PA 6.6 matrixes with the scotch tape test. Black
arrows represent the test directions

4.1.4 The censity of polyamide 6.6 fibers and porosityof three-
dimensional matrixes

This grasdike surface consists of short fibers, and the fiber density is an

important factor to figure out the relationship between flock conditions

and the resultednatrixes.The fiber density on PA 6.6 matrixepresents

the numbersof fibers per unit area. Here, 1 mm PA 6.6 fibers are used.

The flock duration ranged from 5 s to 20 s, and the applied weltag

changed from 30 kV to 70 kVhe standing structure of F&A6 fibers could

be adjusted by changing the flocking parametéiise amplel in Figure
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4-9 is prepared with the highest voltage and the longest flock duration;

fibers oriented themselves more vertical to teabstratethan others

B. BF20170614-6 C. BF20170614-7

Figure4-9. SEM imags of PA 6.6 flock matrixesith different flockdurations and
applied voltages.

With longer flock duration, more fibers are deposited on substrates;
hence, the fiber density should increase too. As shiwvfigure 410, with

the same processgoltage, higher fiber density vBaachievedvith longer

flock duration. In addition, the fibers are charged duritihg flocking
process, and with higher process voltage the charging effect on fibers was
also higher. Therefore, more short fibers could barged with the same

flock durationthusresulted in higher fiber density.
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Figure4-10. Fiber densitgifferswith flock duration and process voltages. Longer flock
duration and higher applied voltage lead to higher fiber dgnsftPA 6.6 matrixes.

The threedimensional matrix can be used in tissue engineering as
scaffolds for cell culturing; its porosity is an important criterion for this
application. Walther and coworkef&® calculated the porosity of flock

matrix through thevolumeof the scaffoldand all fibers,

2KNKOEBY HS I e 6)
p

whereVsmeans thevolumeof thetotal scaffold, calculated by fiber length
and substrate diamter; V is the volume of all the fibers inside the
scaffold, estimated by volume of single fibers and fiber density. As
discussed abovdonger flock duration and higher process voltageild
increase the fiber density; therefore, the porosity of the totaatrix

reduces simultaneously.
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Figure4-11. The mrosity of the PA6.6 matrix differs with flock durations and process
voltages. In brieffibers arrange themselves more densely with higher fiber density.
Therefore, high voltage and long flock duratimauselow matrix porosity.

4.1.5 Tribological property of polyamide 6.6 matrixes

Comparing to thecommon antifriction materials the surface of th
three-dimensional matrixes consist of numerous PA 6.6 filad is
therefore quite uneven Asalreadyshown in Figure 49, not all the flock
fibers arranged themselves vertically to the substratoreover, the
three-dimensional structure is stablender certain compressive force.
These two key factors enable the PA 6.6 flock matrix to be appliad as

anti-friction coating material

Coating the flat substrate with PA 6.6 flock fibers offers a rough surface
with high porosity. This kind of coating udd minimize the friction
strength, which is not desired in many field$e friction tests carried

out with a ThwingAlbert friction test machingModel FR2255).(Figure
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4-12) The static and kinetic coefficiestof friction are calculated.The
measurenents are carried out both in dry and lubricate states with
distilled water and isopropanol (IPA) as lubricants. Meanwhile, short flock
fibers are dissolved in Hexafluoride isopropanol (H&f®)poured on a
copper plate, a PA 6.6 film is made after evapboa of HFIP it is the

reference for the comparison of different dimensions.

Stainless Surface

Figure4-12. Schematically illustration of tribological measurement.

The static and kinetic coefficients of a PAfthér-coated aluminum plate
in the dry state are 0.30 and 0.28, respectively. Tlopmer plateafter
coating with flocKibershasslighty lower coefficients ofriction (0.27 and
0.26). Hms exhibited lower coiicients of friction than three
dimensionalfiber matrix. In thelubricated state, the samples are fdd
with lubricants until saturationDuring the measurement no liquids
overflowed from the matrix. Samples with threelimensional coatings
showed much lower coefficients of friction the lubricated state. The
static and kinetic cefficients are 0.0 and 0.06 omnaluminumsubstrate,
0.08 and 0.07 o coppersubstrate Their values are similar to PTHE.
contrast,the changewith film systemis not obvious, only maximal 50%
reductionof coefficientscould be observedn generalthe IPAlubrication

system showed better results than distilled water.
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Figure4-13. The satic coefficient d friction of different samplesvith or without
lubricants
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Figure4-14. The knetic mefficient d friction of different samples
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As compared to other normal materials, the flock samples already showed
less coefficient of friction in dry state, such as glass, aluminum, cast iron
or copper.Neverthelesstheir frictions are stilhigher than PTFEFigure
4-15)

1, Dry state
] static coefficient
|111]] Kinetic coefficient
1.0 7
c
S /
g 0.8 /
= 7
c 064
%
8 0.4 % / /
|7
' % %
0.2 1 / / /
Il 20717
// 4 PZA110 é /
0.0 Al/Steel Castiron/ Cu/Steel PTFE/ PAflock@ PA flock@ PA film@
Cu PTFE Al/Steel  Cu/Steel Cu/Steel

Figure4-15. The oefficient of friction of different materials in dry stateB36141 The
flock matrixes showed better anftriction property thanaluminumor copper.

In the lubricatedstate, the lubricants are restored between short fibers.
Thus, they form extra layers, which could reduce friction kead to a
lower coefficient The flock fiber system exhibits the similar results to
PTFE(Figure 416)
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Figure4-16. The oefficientof friction of different materials in dry stateB3¢141 The
flock matrixes showethe similaranti-friction property to PTFE the lubricatedstate.

In order to use this secondary coating methodaasntifriction method,
the three-dimensional structure musbe stable and sustain certain
compressionFigure 417 shows the structures of PA 6.6 flock matrixes
before and after pressure. Their structures remained the sa®méhe
initial flock samples. The flock fibers maintain th#iree-dimensional
structure under pressre; the results are also reproducible. The lower
coefficients of friction and itstable porous threedimensional structure
enable flocking of PA 6.6 shotbdirs asa simple method to create an anti

friction maternal.
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Figure4-17. SEmage ofloc fibrs before and afssure

4.2 Threedimensional flock fibers matrix as the loading material for
artemisone
Due to its high porosity and complex thrdemensional structuresthe
flocked fibers offer lots of open pores. Similar tmacroporoussponges,
the flock fiber matrix is also possible to be applied for drug release.
Macroporous sponges, made bg solgel process orcryogelation have
high surfaceo-volume ratios; meanwhile, their large porvolume
ensures the succefig loading of drugs!*?'2q Comparing to sponges,
flock fiber matrix also has high porosity and high surftaceolume ratio;
therefore, it is possible to be applied for drug loading. In this part,
artemisone is loadehside the PA 6.6 flock matrix; the cumulative release
behavior of artemisone fronthis threedimensional matrix wa sudied.
The artemisone wadissolved intert-Butanol(t-BtOH)and loaded into the
PA 6.6 flock matrixThe samplewere then frozen in ligid Nitrogen and
dry in the freeze dryer over two days. Samples are put into 10uffer

solution. Aftercertaintime intervals 1 mL solution is taken out and the
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concentration of artemisone in the solution will be measured with HPLC.
The signal of sulfuin artemisone with EDX measurement explains the
successful loading of artemisone on PA 6.6 flock matrix. In the SEM image
of 2016030242, it is clear, thata highamount of artemisone is found at

the bottom of flock fibers. The sample is directly putoirthe buffer
solution; afterreleasingof artemisone, the signal of sulfur in sample
2016032142 is quite small and the amount of sulfur reduces a lot. That
represents for a successful release of artemisone from the PA 6.6 flock

matrix.

Artemisone

Figure4-18. Chemicastructure of artemisoneThe signal of sulfur was detected with
EDX and@onsideedto be the proof otthe existenceof artemisone in the matrix.

20160302-42

L

- ]
50 ym, e & .50 um g
20160321-42 e I ' i

Figure4-19. SEM and EDX images of samples before and after cumuleithase.
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In order to compare with the thredimensional structure, artemisone is
also loaded on flat substrates (here: D590 coated glass). For the flat
substrate, the fiber length is considered as 0 mm. Taking the fiber length
into concern, the longer lliers have much higher surface and higher
porosity than shorter ones. Their loading capacity is, therefore, three
times higher. Due to the low surfa¢e-volume ratio, there should be
much less artemisone loaded on flat substrates than on three
dimensional PA 6.6 flock matrix. Besides, the cumulative release of
artemisone should reach its maximum amount in quite a short while. On
the other hand, the flock fibers have an open structure; the loaded
artemisone is almost exposed in the air. An extra PPX lageated on
loaded flock samples to reduce the release rate and make it controllable.
Sampleswithout PPX coatig layer should have a fast release rate and the
fully cumulativerelease should be achievedarshorttime duration The
PPX layer actas a barier and could reduce the release speed of
artemisone thus, thecumulative release of artemisone from tlsample

with the PPXayer should beslowerthan the one withoutthe PPXayer.
Therefore, samples are coated with different PPX layer thicknesdo

out the influence of the layer thickness on the cumulative release of

artemisone.
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Table4-4. Samples coated with PRXfor thecumulativerelease of artemisone.

No. Samplé Flock length/ mm| Artemisone/ mg| PPXC/ nm
A 201605132" 0 0.7 50

B 2016030242 1.8 0

0.5

C 2016030241 15 100

D 2016051334 4.6 100

E 2016051335 1 4.1 50

F 2016051333 4.5 20

* D590 is used ahe adhesive for all the samples.
** D590 coated glass assabstrate

D590 coated glass is the substrate for sangf€605132, and no more
flocking was carried out on this substrat#jerefore, it hal a two-
dimensional structurelts loading capacity of artemisomeas much lower
thanother three-dimensionaflock matrixes inTable 44. Artemisonewvas
not loaded suffiently due to the flat structure. After coating wiD nm
PPXC, artemisonewere covered under the hydrophobic layer and not
able to be releasedotally. Therefore. the highest cumulative release
amount ofsample A was only 46%chieved after 150 minn contrast,
there was noPPXayerin sample B andhe highest cumulative release

reacheal 94.3% just afterl5 min.(Figure 420)
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Figure4-20. Cumulative release of artemisorieom the two-dimensioa substrate
andthree-dimensimal PA 6.6lock matrixes.

Keeping the flocking fiber lengttonstant(1 mm),with altering the PPX
C layer changes the cumulative release of artemiscimenged as well
(Figure 421) The thicker PRX layerwas, the longer it bok for
artemisone tobe releasal from the substrats, and it bokalongertime
to reach the maximum cumulative releadéhe blocking effect for 20 nm
PPXC layewas not as sufficient as thicker ones; the releass thus not
controllable and the standard deviatiomsere also vey high. The highest
cumulative release of theamplewith 20 nm PPXvas only 70%fter 30
min. With 100 nm PPX layer, the releasas quite sable. After 150 min,

it justreachal the highest cumulative release around 90%.
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Figue 4-21. Cumulative release of artemisorsd PPXC coated flock matrixe§Vith
an increasing thickness thfe PPXayer, the release of artemisone became much more
controllable.

4.3 Preparationand characterization of copper flosk

Besidegolysiloxane andPPX, copper is also used as a secondary coating
material to improve the conductivity of this thresimensional platform.
Consequently, accesses for other applications are added into this system.
Its properties such as hydrophilicity/hydrophobicity, condiwaty,

thermal effectvary with controlled adjustment dhe metallization time

4.3.1 Characterizations ofhe copperflocksand their conductivity
Metallization of copper was improved by Langner and the details are
written in the experimental part** In brief, the initial flock samples are

at firstimmersed intoan aqueou$’Eksolution for two hours. The samples
maintain their original coloduring this step. Thenthe samples are

coated wih silver nanoparticles (AgNP) whereliie color becomes
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darker. After metallization with copper, itltanges to copper brown. Both
the color change and the EDX measurementscaresincingevidenceof
asuccessful preparation of copper fleackFigure 422 and23) The original

PA 6.6 flock fibers have relativdly smooth surface morpholog After
coating with copper, the fibers obtain extra layers, which are clearly seen
in SEM imagesFi{gure 424)

Virgin Flock Coated with AgNP Coated with Cu

0.5 mm PA 6.6 1mmPAG6.6 0.5 mm PA 6.6 1 mmPAG6.6 0.5 mm PA 6.6 1 mmPA6.6

Figure4-22. @lor changeof PA 6.6 flockeatrix during metallization with copper.

. N 100 E
Figure 423. SEM and ED¥hages of different copper flock fiber§heblue color in
EDX imagesepresens copper.
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Figre4—4. SEM imaes diock fibers withaninitial length of O mm before coating
with AgNP (A), after coating with AgNP (B) and after metallization with copper (C).

The copper density on the surface is strongly dependent on the
metallization time and the original PA 6.6 fiber length. As showralrie

4-5, the copper density on the surfacecreased with longer timéor the
same fiber length. Meanwhile, copper density on longer fibers was higher
than on shorter ones. Sample 20160303 was fabricated with 0.5 mm
PA 6.6 flock fibers, while 201603238 made of 1 mm length. When both
weremetalizedwith copper for 1.5 h, the density of copper on the surface
increased from 50 g/Mmto 104 g/nt. This is due to the higher specific
surface area of longer fibers. That is why there are much more contact
areas for silver nanoparticles, which catadyg the copper deposition in

the following step.
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Table4-5. List of different metallized sampleSample size: 238 mn?)

_ Time/ Copper Conductivity/
Sample Adhesive _ .

min density/ gm Smt
2016030111" 30 20 3490
2016030112 60 35 5740
2016030113" 90 50 8820
2016030114" 180 61 8570

D564/1
2016030121™ 30 28 520
2016030122™ 60 69 2450
2016030123™ 90 104 3360
2016030124™ 180 157 4970
2016030131™ 30 16 414
2016030132™ 60 40 2510
2016030133™ 90 46 2670
2016030134™ 180 140 3690
D590

2016030141" 30 12 981
2016030142 60 26 3040
2016030143" 90 44 5890
2016030144 180 108 7710

* Conductivity «is calculated through electrical resistivit§
oL 439—[3 &L —5, where Rmeans the sheet resistance, | is the sample width

and A is the crossectional area ohflock (A= fiber lengtlx sample length).
** Samples argreparedwith flocked fibers 0D.5 mmlength.
*** Samples areprepared with flocked fibers of 1 mm length
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4.3.1.1 Control of hydrophilicity/hydrophobicity of copper flock

The copper amount oaflock fibeled matrix after metallization is strongly
dependent on the reaction duration. As listed ifable 45, more copper
as deposited on flocks with longer metallization duration. When the
durationwas increased from 0.5 h to 3 h, thecrement ofcopper density
on the surfacevaried from 40g/m2 to more than 120 g/n%, depending
on the fiber lengthsSimutaneously their hydrophobicity changes. With
a lower densityof copper on the surface, matrixes weséll hydrophilic
and water droples$ couldpenetrate the surface. When treurfacedensity
of copperincreasel to 157 g/nt, the surface of coppeflock matrix
turnedto be hydrophobicWater droplet suspened on the surface and

was easily blown away.

The sample2016030113, 20160301044 and 201603Q# (igure 4
25 A B, and O were chosen as examples to explain the tunable
hydrophobicity ofthe copper flock matrigs Sample A and Bere made
of flocked PA 6.6 with a length 6f5 mm The durationof metallization
reaction was 1.5 For Aand3 hfor B. Sample @as fabricated from 1 mm
long PA 6.6 fibers witlduration of metallization step o8 h.For flocks of
the same initial fibetength (A and B), longer reagti duration ledto the
higher surfacedensityof copperand higher contact angse Keeping the
durationof metallizationthe same (B and )ocks oflongerPA 6.6ibers
reacheal a highervalue of coppedensitydue to their higher surfacéo-
volume ratia Thus, its contact angl® water was higher thann the case

of short fibers.
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A. 20160301-13 B. 20160301-44 C. 20160301-24

Pey =50 g/m?, 64:2° " pe = 108 g/m?, 98+1° wpeg=d57 g/m>A3021°%

Figure4-25. The ontact vPo }( A § G ~06 ...>¢ P Jved }% % E %o}*]3
dependingon the surface density of coppefhe higher the surface density of copper
is, the more hydrophobic the matrix becomes.

In addition to the different contact angles on flat samples, water droplets
behawed alsodifferent on titled ones With help of a higkspeed camera,

the behavior of water droplets on three surfaces was recordEde
surfacedensity of copperon sample A inFigure 425 was the lowest
among three, and avater droplet stickon the tilted surface (Figure 4
26_B) With the highest contact angle, water dropldid multiple jumping
onthe flat surface osample Bmeanwhile awater dropletbouncedfrom

the tilted sample andlippedaway.The surface adample B remained dry.
Sample Qvas less hydrophobic thasampleB; a water droplet stick on

the flat surfacebut bouncedaway from a tilted one.In condusion, it is
possible to adjusthe * u% o0 [ ZC E}%Z} ] ]SC Vv ZC &E} %o.
changing thdength of the flocked polymer fibers and the metallization
durations Overall, hydrophilic copper flock surfaces are created with
short polymer fibers and less metallization duration, while hydrophobic
copper flocks are made of longer PA 6.6 fibers and extended duration of

metallization.
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Figure4-26. The water dropletstuckon either flat (A) or tilted (B) coppéftock surface
with lowest copper densityThe angle of the tilted surface is 27°.

Figure4-27. By increasing the copper density on the flodle water droplet stuck on
the flat (A) copper flock surfacandwasbounced away fronthe tilted surface (B).

o
S i

Figure4-28. With the highest copper densityhé water droplet made multiple jumps
on aflat surface(A) andwasbounced away from a tilted surface (B).
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4.3.1.2 The onductivity of copper flocls

Theinitial PA 6.6 flock matriwasnot electricallyconductive yet After a
secondary coating dhe PA 6.6 flock witbopper, a metal welknown for
its high electrical conductivity, theesuliing copper flock matrix also
becameelectricaly conductive. To determie theelectricalconductivity,
its sheetresistance is measureals shownin Figure 429. Two lines of
silver glue are drawn onpposingsides of the copper flock matrix, and
the measurementsvere conducted at two diagonally located poinihe

sheet resitance is calculatedaeording to the formula below,
4L HOL 422 YYYYYYYYYYYYYYYXX~6-

whereRsrepresentghe sheet resistancandRisthe measuredvalue.'43

Silver glue

Figure4-29. Two lines of silver glugrere drawn each side of copper flockand the
red dots indicated thetwo measuring points.

The original PA 6.6 flock mates were not electricallyconductive and
their resistances are too high to be measured. After 105 etallization
with copper, thesheet resistance decreased signifitg and the samples

became electrically conductive.
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Table4-6. Change of sheet resistances with metallization of copper for 1.5 h

Sheet Sheet -
% - " . Conductivity
Samplé resistanceé Samplé resistance Sl
DO / O
BF2015102:5down 2016030243 0.34 4760
BF2015102:B-down 'mme:S“rab' 2016030233 | 0.39 2104
BF2015102-5down 2016030213 0.23 6667
BF2015102-B-down 6.9 2016030223 0.31 2577

* Samplesof PA 6.6 flock
** Samples oftopper flocls.

Figure 430 showed the relationship between conductivity and
metallization duration. Generally, thelectrical conductivity increasa
with longer reactiontimesfor both 0.5 mm and 1 mriongcopper flock.
Due to the limited surface area of short fletkfibers, the trendwas not

asdistinctiveaswith the longe ones.

200 7000
] 0.5 mm metal flock ) |
180 4 [ITI1J 1 mm metal flock K 1 s000
‘\.‘E 160 |-~ 0.5 metal flock '.' ] T‘
140_' -@- 1 mm metal flock L’ 15000 £
(@) .
-~ 4 k4 wn
2 120 . >
@ 44000 2
& ] ’ 3
g o O | c
@ ] . 43000 ©
80 -’ c
% L / | o)
S 1 k:: H @)
O 604 A — 1 2000
40 i Z
1 / 4 1000
0 | TI 0

30 60 90 180
Metallization time/ min

Figure4-30. The onductivityof different copper flockin relation to themetallization
time.
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4.3.1.3 Energy transfer of copper flosk

Theelectrical energy can be transformedo thermal energyThis is why
different copper flock samples also showadlifferent amount of heat
produced in theconductivity measurementsln order to examinethe

influence of the threedimensioral structure on their electrdhermal

effect, a seHmade setup show in Figure 431 is used.According to

formula (8),
LEARYYYYYYYYYYYY@BYYYX

It is known, that the thermal energy Q only depends on the resistance of

samples, if the current | and the time t are kept constant.

Figure4-31. Sketch othe setup todeterminethe conductivty of copper flock. The
temperature of each sample ssmultaneouslyneasured with an IR camera.

Gopper flocls generally havea far higher surfaceo-volume ratio
compaedto bulky copper flmsMoreover, the copper flocks are also very
porous, if they are considered aghreedimensional coating layeaf the
substrate. Accordinglythe thermal energycan betransferred to the
environmentmore effectivelycompared to copper filmsTherefore, the
maximum temperature of copper floslshould be lower than films. To

confirm thishypothesis, pure glass and D5@@ated glass are used as the
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substrates for copper filmsAdditionally, flock samples are prepared by

downwardsdeposition of PA 6.6 fibers tmthe D59Gcoatedglass.

Table4-7. The esistanceof copper films and copper flock.

Measured
Flock length Copper .
No. Sample ' resistance™ /
/ mm density g-m-?
@)
A 201611301° 0 44 182
B 201611302" 0 45 i6 10
C 201611363 0.5 102 167
D 20161134 1 172 112

* The substratef the copperfilm is pure glass and no more flocking is carried
out.

** The substrateof the copperfilm is D596coated glassnd no more flocking

iS carriedout.

*** The values are measuredal acurrent flowof 4 A

In general, copper filsonaD59C@coatedsubstrate(Table 47 _A) showed
the highest resistancat the identical current flow. Copper flocls with
longer fiber lengtk are more conductivecompared to those with shorter
fibers. Increasing thecurrent, all he samples exhibit highepeak
temperatures (Table 48). Due to theextraordinaryhigh resistance of 18
k O ¢ample Bshows the highegteaktemperature It was burnt when the
current increaed to 4 A.Sample D with thdnighes surface density of
copperhas thehighestconductivity The heat was beingtransferred all
over the highy structured surfacemore effectively to theenvironment
thanin the case ofwo-dimensional copper filmslherefore,copper flocls
showedlower peak temperatureshan bulky copper films. As mentioned
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above, he surface density of coppealso diffeed asfor the flock length

changedJ AZ] Z «3E}vPoC Jv(op v SZ (0} le[] CE ]S Vv
surface density of copper in films stays almost the sarosvever,here

the adhesive material showedconsiderableiv(opu v }v S§Z (Joue]

resistance.

Table4-8. Peakkemperatures of copper films and flocks at different currents.

Tpeak/ (
No. Sample
@15A | @2A @3A @4A
A 2016113061 23 23 29 39
B 201611362" 30 34 61 burnt
C 201611363 23 26 32 43
D 20161134 24 25 31 40

* The substrate athe copperfilm is pure glass and no more flocking
is carried out.

** The substrate ofthe copperfilm is D596coated glass and no
more flocking is carried out.

Nevertheless, it has tde stated, that he copperfilms distributed
inhomogeneousthough copper deposition procedurelherefore, an
iInhomogeneous temperature distribution was obserniadopper films.

It could be seen from the IR camera photographBigure 432, that the
temperature distribution on copper flocks was more homogenous than
on copper films at a current of 3 A. In case of sample 201621 30e
temperatureriseat a time of 40 s, followed by a temperature drop. After
a few secondsthe temperatureroseagain. Howesr, the copper flocks

showed a continuous rise of the peak temperature over ti(kégure 4
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33) Considering the copper floclks threedimensional coating layeimn
substratesjt obtained a quite porous structure. Therefore, the heat was
transferred to the environment more sufficiently. Comparing to copper
flocks, the copper films were mudenserand the heat distribution was
also quite inhomogeneous. Hence, it led to localrbeating andourning

of the sample after a few seconds at a current of 4 A on 20162130

TP 17.7

Manual

. 1313 16.9
. HMamaad Manual

Figure4-32. Images with IR camera for eagystemat acurrent of 3 Aat 60 sshowed

inhomogeneousdlistribution of heat of copper film and better heat transfer of copper
flock
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Figure4-33. Temperatureprofilesof copper filmgA and Band copper flock¢C and
D) at different currents. B virtue of high porosity and low resistance, the peak
temperatures of copper flocks (C and D) are much lower.

4.3.2 Applications of copper flocks

Comparing to bulk copper films, copper flock mates possesshigher

surfaceto-volume ratie and porous threedimensiona structures. To

benefit from theadvantagesof copper flock matrigs some applicable

possibilities are showed in the following parts

4.3.2.1 Appliedasnew electrode materias for microbial fuel celé
Threedimensional structures such as sponges have alrshdywn high
electricalconductivityin different studies!**+43 Ascopper flocls can be
also considered as a threBmensional coating on the substrate, this layer
hasopen pores meanwhile,it shows electrical conductivityn the first

application study|t was tried to be useas anelectrode material for
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microbial fuel cel (MFC).The substrate in these studiesare D590
coatedcopper plates with a size of 2x2 rfibersof different lengtrs are
flocked onto the substrate to analyze the influendde resulting bio
electro catalyic currentwasgeneratedwith help ofa secondaryacetate
basedelectrodhemically active biofih at copper in asemibatch model
experiment.Eventhoughthe system is not optimal yethe copper flock
matrixes already showd their potential to be applied asan advanced

electrodematerial inMFG.

4.3.2.2 Appliedassolar thermal energynaterials

Although the flockd fibers areverticaly alignedto the substrate, they
orient themselvesnto randomdirections. The copper flock sampigsre
exposedto light and the reflectancavas measured in dependence of
wavelength.During the reflection measurement, was found that the
copper flock samples absorb light; meanwhilee slight temperature
increa® is also observed. Iheansthe photon energywas transferred
into thermal energy. Therefore, it is possible to use #msrgy conversion

to make a solathermal energy harvestingetup.

4.4 Conclusion
In this part of the work, anultifunctional three-dimensional platform
originating from flocked Polyamide 6.6 fibers was successfully produced.
Copper flock fibers are fabricated in following processing steps. These
matrixes, both the polymer and copper flocks, have a lot of outstanding
propertiesand show high potential in different application fieldBigure
4-34)
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Figure4-34. Threedimensional platformvia flocking technique possess outstanding
properties and show high potential in different application fields.

The original polymer flock maxris very rough and has a heterogeneous
surface consisting of fibrous structures and open pores in between. While
the samples already showed a relatively low coefficient of frictiotinén

dry state; it could furthermore be decreased by lubrication witater or
isopropanol. The amdrictional properties of the lubricated polymer
flocks are similar to PTFE. In addition, there are lots of empty spaces
between polymer flock fibers and its high surfaoevolume ratio makes

it an interesting candidate for eontrolled drug release system. In this
study, samples were loaded with artemisone, an antimalarial drug. The
cumulative release of artemisone from the pure polymer flock matrix is
quite fast and not controllable. To slow down the release rate and to make
the process more controllable, artemisone loaded flocks were coated
with different PPXC layersWith PPXC layer of 100 nm thickness, the
release is quite controllable. After 150 min, around 90% of artemisone

were released.
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For further studies, polymeftock matrixes were also coated with other
materials. Firstly, the initial flock samples are coated with siloxane or PPX,
through solgel treatment and chemical vapor deposition process
respectively. By doing this, the polymer flock becomes hydrophobe. Th
siloxane coated flock samples exhibit water contact angles between 120°
and 130°. The siloxane layer thickness increases from the upper to lower
points of the fibrous structures. Similar to the application of siloxanes, a
coating with PPX can also makaymer flock matrixes hydrophobic. The
contact angle of water is approximately independent of PPX layer
thickness. The average values are between°EW 140. With a PPX
layer of 150 nm, the rolbbff angle is less than°5a water droplet can be

blown away easily.

Furthermore, the initial flock samples are plated with copper. By this
procedure, they become electrically conductive. The surface density of
copper on this threadimensional matrix is tunable by variation of the
metallization time and the lengtof the flocked fibers. Meanwhile, the
hydrophobicity is also dependent on the surface density of copper and is
in consequenceadjustable, as well. These copper flock matrixes can be
applied as electrodes for MFCS due to their electrical conductivity. A
electric current flows through copper flocks, their temperature increases.
Nevertheless, they also show a phdtermal energy conversion and can

be used in energy harvesting facilities.

In comparisonto the nanofibers with complex structurewhich are
produced via electrospinning the fiber morphologyof polyamide 6.6
fibers isstill too simple. Thus, using electrospun fibers as the starting

material for theflocking technique might offer a lot of other benefits.
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5 Flocking withShort Fbers Preparedvia Hectrospinning

The structure of nanofibers, which are fabricated throaggctrospinning
technique, is usually complex anddjustable with different the
electrospinning parameters. Unfortunately, this method is mainly used
for the preparationof two-dimensional fabricghuslimits its applications.

On the other hand, flock short fibers, which are made from natural or
synthetic materials, areusually milled or cut. The resall three-
dimensional flock matrikasfewer functionalities, due to the simple fiber
morphology. Therefore, using electrospun nanofibers as thiial
materials for the flocking technique is interesting; meanwhile, the
combination of these two classical techniques may add other special
propertiesto the three-dimensional matrix. This part of work is mainly
focused on utilization of electrospun nanofibers for flock technique. The
electrospun nanofibers are firstly cut intbe desiredlength. Then it is
studied, whether the short nanofibers is possible or suitable to be used as

flock materials.

5.1 Preparation and characterization of short nanofibersiia
electrospinning

5.1.1 Short PA 6.6 nanofibers and the possibility as floulaterials

The commercial PA 6.6 flock fibers are dissolved in hexatf2propanol

(HFIP) or formic acid; the solutions are used for electrospinning. The

electrospinning parameters are listed Tiable 51. The concentration of

PA 6.6 in HFIP is 15 wt.%; the electrospun nanofibers have a diaoheter

3.5£0.75 .m. The weight ratioof PAin concentrated formic acid is

increased up to 30wt.% to avoid beads formation. The nanofibers are only

439+63 nm,which ismuch thinner thanprepared onefrom the HFIP
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solution. These PA 6.6 electrospun nanofibers have smooth fiber
morphologies.PA electrospun nanofibers from Formic acid solution are

used for thepreparationof short fibers

Table5-1. Parametersof electrospnning of PA 6.6 with different solvents.

Sample ES2016708 | ES20150709
Solvent HFIP Formic acid
Voltage/ kV 13 12
Flow rate/ mi/h 55 0.35
Relative Humidity/ % 30 50
Temperaturé - 22 22
Collector distance/ cm 20 20

A. ES20150708 in HFIP ,/ B. ES20150709 in f&,\rnfic acid

.\ »\\l “
\\ | V

lpm

Figure5-1. SEM images of electrosp&®#f6.6 nanofibers. A. HFIP te solvent fiber
diameter=3.5£0.75.m. B. Formic acid abe solvent, fiber diameter=439+63 nm.
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Figure5-2. lllustration of the cutting process of electrospun nhonwovens

The commercial PA6.6o} | (] E+ Z A ]usd E (E}u ii ..u 3
and their length varies from 0.5 mm to 2 mm. Therefore, their aspect
ratios alter from 25 to 50The electrospunnanofibers are usuallyery
long, and their aspect ratio extremely high. In this work, the electrospun
nanofibers are cut into shorter fibers with the stand mixer to reduce their
aspect ratio Asshown in Figure5-2 above, the electrospun nonwovens
are at first cut nto small pieces with a scisstinen a stand mixer igsed

to cut them into short fibers. The cutting solution is composed of
isopropanol/water and Dioxane/water. The composition is listedhe
experimentalpart. Theshat fibers arefirst suspendedn the solvents
mixture and dried on a freezedrier for two days. To determine the fiber
length underadigitalmicroscope, 1mL short fiber dispersion is mixed with
10 wt% PVA solution, to prevent the fibers from aggregation. After freeze

drying, the short fibers are also observed under SEM.

The cutting parameter of short PA electrospun nanofibers are listed in
Table 52. PAnanofibers, prepared with formic aci®@&dmpleES20150709),
were firstly cut for 2 minutes in the stand mixer. The short nanofibers
Z A 0 VPSZ ]¢SE] puS]}tv }( 6i6FITA ...uU v SZ *%
1500, which is much higher than the one of PA flock fibers. To reduce the
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aspect ratio, the short nanofibers were spended again in solvents

mixture and cut for another 2 min, and the resulted sample is 20150916.

oSZ}uPZ Sz ussJvP Sju Jv & « U S$Z (] & o

change a lotThefiber diameter of the new batch decreased to 600 nm,
but the aspetratio was still way too high. With HFIP as the solvent for
electrospinning, thicker PA fibers were produc&hnpleES20180708).
Small pieces of thitber mat are cut in astandmixer for 2 min and the
short fibers are named of 20150902n the basis fthe thicker diameter,

the aspect ratio of these short fibers is reduced to 355. Short fibers
suspend veryvell in solutions withlower concentrations, the fibers are
separated from each other. However, it is impossible to separate them as
single fibersn the dry state. Comparing to the commercial PA 6.6 flock
fibers, theshort PA electrospun nanofibers are too long, and they tend to
wrap together.(Figure 53) Their aspect ratios are also too high, and the
shortnanofibers prefer to agglomerate in tliey state, asshown inFigure

5-5.

Table5-2. Cutting parameters anite fiber length of PA 6.6 nanofibers

N Solvent Cut time/ Fiber Fiber Aspect
Samplé

Mixture min length’/ .m | diameter/ .m | ratio

2015088 IPA/RO 2 7184325 0.4+0.06 1795

20150901 | Dioxane/HO 2 12434559 3.5¢0.75 355

20150916 | Dioxane/HO 4 6031369 0.4+0.06 1508

* Values are measured withdigital microscope.
** 20150828 and 20150916 are PA nanofibers from formic acid solution, 20150901 is
produced with HFIP.
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Figure 5-3. SEM images ad single PA flock fiberand short PA 6.6 electrospun
nanofibers.The short PA nanofibers are mutinner than the PA flock fibeand tend
to wrap together.t is impossible to separate them from each otladterwards

Figure5-4. ShortPA nandibers (Sample: 20150901ggregate irthe dry state and
they are unabldo be flocked.

By virtue of the agglomeration of short PA electrospun nanofibéngy

are unableto pass through the filtration mesh, whichaguippedin the
front of the flock chamber. Based on this poiatectrosprayingof fiber
suspension is carried ouDn the basis of the highspect ratio ofshort
nanofibers, the fibers are too flexible to orient themselves vertically to
the substrate,when the substrate is lying on the table. Thus, the
electrosprayings carried outn direction ofparallel to the horizotal with

a vertically placed substrateFigure 55) The substrate igreviously
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covered withthe adhesive D564/1. In addition, concentrationk fiber

suspensions are also changed.

Figure5-5. lllustration of electrospraying o$hort PAfiber sugpension

Table5-3. Parametes of electrosprayingf short fiber suspension.

Voltage/ kV 14.5
Flow rate/ mLh! 1.2
Temperature/ ( 21
Relativehumidity/ % 22
Distance to collector/ cm 15

Unfortunately, all the short nanofibers are stumklying on the substrate.
Instead of a threedimensional graske structure, onlywo-dimensional
nonwovens, composed of short nanofibers, are creafdus is caused by
the higherflexibility of short PA electrospun nanofiberEhey prefer to
orient themselvegaralleledinstead of vertically to the substraté-igure
5-6)
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Figure5-6. Digital microscopic images sprayedshort PAnanofibers with diffeent
concentrations of electrospraying solutianghe nanofibers orient themselves
paralleledinstead of vertically to the adhesive substrate.

5.1.2 Short Polyimide nanofibers and the possibility as flock materials

The Polyimide (PI1) nanofibers are preparedMF solution with a fiber

diameter of 487484 nm; then cut into short fibers with the similar

procedure to PA short fibers in IPA/water mixtulfé® The short fibers

are washed with watersuspendedagain in water, and freezéried.

Comparing to the PA nanofibers, the Pl nanofibers are much shorter after

cutting. Figure 57) On the other hand, most of the short Pl nanofibers

have the similar lengthThe ]¢S@&] pusS]}v }( (] & o vPSZ ]« 1X0
Their aspect ratio reducedramaticallyto less than 6, whicks too short

for flocking Besidesthe electrostatic interactiorbetween short PI fibers
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and the chamber walk very strong Thus,the fibers stuck on the wall

andit is impossible tacarry outthe flocking procesgFigure 58)

Figure5-7. Short P1 nanofiberSample 201508)%ave a diameter of 4884 nm, and
the lengthdistribution isTX 8 Fi X1 ...uX

Figure 5-8. The #$rong electrostatic interactionbetween short Pl fibers and the
chamber walprohibitsthe flocking process

5.2 Preparation and characterization of short yarn fibers and the
possibility as flock materials

Theshortelectrospun nanofibergreparedwith the stand mixer, tend to

agglomerateand wrap togetherl S[+ ] u %o } « 1fnake fOEking of thee

agglomerationsThe main problem of short electrospumanofibersare

the extremely high aspect ratios, and thexee two ways o reduce them
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either to increase the nanofibatiameteror reducethe length of short
fibers.Usually, the electrospun nanofibers have a diameter in the range
of several hundrechanometessto several micrometers/ith the existed
cutting methods, it is quite hard to reduce the length short fibers.
Therefore, the fiber diameter must be increasedBased on this
consideration yarn fibers aregfavorable The yarn fibers prepared by
electrospinningconsist othousands of single nanofiberhe diameter is
usually inthe range of micrometess. In this work, the yarrfibers of

polyacrylonitrile (PAN) was used.

5.2.1 Preparationof shortyarn fibers

PAN is dissolved in DMF/Acetonmixture. The numerous single
nanofibers are firstly collectednothe rotating funnelwith help of a
moving cotton thread, the composed single ydiber wraps on the
rotating collector. The sketch Figure 59 showsthe setup.The plymer
solution is loaded in two syringes, which are equipped ondpposite
sites of the rotating funnel. A cotton thread hanged on the collector
During electrospining, thousands of nanofibers reach firstly the funnel,
which rotates at a certain speed. Biultaneously, nanofibers wrap
together on the cottorthreadand form a single yarn fiber. The yarn fiber

Is pulled upwards and collected on the rotating collector.
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5 Flocking with Short Fibersdparedvia Hectrospinring

Figure5-9. lllustration of preparation of yarn fibers.

As discussed, the stand mixer could not reduce the short fiber length
sufficiently.In this part of work the yarn fibers were frozen in liquicbk N
and cut witha blade However, the cuttingprocess is quite complicated
with a lowproductivity. To increase the productivity, two cutting models
are carried out. In the firsbne, the yarn fibers were wrappedn a glass
plate. Then, the PVAH>O solution was poured onto thelate. After
solidificaton of PVA, the PANnmobilized PVA film is prepared and will
be cut into 1 mm long slicesith a paper cutter The short PVA slices are

thendissdvedin distilled water to removéhe PVAmatrix. (Figure 510)

Figure5-10. Schematically illustration dhe cutting model | Aligned PAN yarn fibers
are immobilized in PVA filmnd then cut into short fibersAfter removal othe PVA
matrix, 1 mm short yarn fibers amade
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Althoughthe productivity ofthe cuttingmodel | is already increased as
compakedto cutting witha blade it still takes usually-2 hours to cut a
10 cm long filmFRurthermore, the length othe shortfiber is notuniform.
To shorten the cutting time and toontrol the fiber length, using the
electronic bread cutter is the kegleain the cutting model 1. In this case,
a cutting block with a certain thickness is recommendeidway too thin
for the machinewith only the PVA filmif the film was increased to the
desiredthickness it is too hard to be cut. Therefore, the thin filrase
piled up and covered witanother matrix material. The material should
be solid at room temperatureMoreover, it is soft enough to be cut with
the electronic cutter. Candle wax is considered to be a good cimoibés

case The preparation of this diling method isshown in Figure 511.

Figure 5-11. Schematically illustration of theutting model II Similar to the first
cutting model, multilayers of yarn fiber/PVA matriare piled up and covered with
candle wax.

The blockavere easily cut intahin strips and then they werewashed

with organic solverg to remove the rest waxThe resulted strips are
shown inFigure 512. They arethendissolved in ditilled water to remove
the PVA.
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Figure5-12. 1 mm yarn fibers immobilized PV#trips, prepaed by the cutting model
1.

5.2.2 Flock possibilityof yarn fibers

As discussed, the flock fibers should be in a certain range of astect
Additionally, short fiberscould separatefrom each other. Theasspun

yarn fiberswere like to stick togetherAfter stretching the fiberswere
smoother, andthey didnot stick together.In this work boththe original

and thestretchedyarn fibers are cut into short fibers. Asown in Figure

513 theasspun C Ev (] E+ Z A ] u § Gajd tHégiAiFii
stretched }v « @& 1106 F1Both wf them are thicker than the
commercial PA 6.6 flock fibers. When they are cut into 1 mm, the aspect
ratios are 6.5 and 9, respectively. Téleort yarn fibers are observed in

PVA solution undea digital microscope.

Figure5-13. SEM imagesforiginal yarn fiber (A) anddmesstretchedyarn fiber (B).
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The nanofibers in the original yarn fiber twist together and form one
single thicler fiber. Therefore,its fiber alignment is not good. At high
temperature, the original yarn fibers argtretched 4-times longer to
improve the nanofiber alignmentSimultareously, the stretchedfibers
are thinner.By virtue of the differentimorphologies, the nanofibers in
original yarn fibers are wrapped compactly together; thteetchedyarn
fibers are crossly very loose. Accordingly, the nanofibers irstiteeched
yarn fibers separate from each other and lost their yarn structarthe
solution The original short yarn fibemsaintain their single fiber structure

in the solution.

Figure5-14. Digital microscopic images of short yarn fiber®VA solution

As shownin the digital microscope, thetretched short yarn fibers are
surrounded with numerous nanofibers. As@sequence it is impossible
to getsingleshort fibers inthe dry state with thestretchedones For the
original yarrs, the short fibers separate from each other very well in
solution. Nevertheless, the short fibeendto stick together iradry state,

which makes the flocking process impossible.

To get separated single short yarn fibers, #eespun yaris are coated
with a siloxane layer. The obtained short fibers separate weth in

solution and irthe dry state. Unfortunately, he electrosatic interaction
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between the short fibers and he chamber wall is still too strong.
Gonsequently, it is not possible to uieese shortyarnfibersas flocking

material.

5.3 Conclusion

Electrospinning provides nanofibers with different morphologies, and
there is no lint on material selection. Wittihis technique, it is possible

to create a threedimensional fiber matrix with various functionalities.
This part of work is focused on the study of using electrospun nanofibers

as flocking materials.

Firstly, common electrgpinning of PA 6.6 arfdlwascarried out. Thas
spunnanofiberswere very thin,and their fiber diameters varied from 500
vu 8§} i ...uX dZ S v u]J]&E €& J* pe S} us 8Z (] & v
cutting durationwas varied, the avexge length of shorfibers did na
changea lot Meanwhile, the distribution of fiber length is very broad.
Accordingly, the aspect ratio of these short nanofibersxgemelyhigh
ascompaed to PA flock fibers. On the other hand, tekort nanofibers
wrapped with each othe whichled to the agglomeration both in solution

or inthe dry state. In addition, the electrostatic interactidretween the
short fibers and the chamber wall is too strong. As a result of these
reasons, the electrospun nanofibers are not suitable faycKing

technique.

The aspect ratio of electrospun short fibers should be reduced, and there
are two methods to realizthis purpose either to reduce the fibelength
or to increase the fiber diameter. According to the existing cutting

methods, it is verydifficult to reduce the fiber lengthfurther.
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Consequently, the onlgossiblity is to increase the fiber diameter. Based
on this consideration, yarn fibers aeglvantagous A single yarn fiber
consists of numerous nanofibers, which twist together during
electrospinning with a rotating funnel and rotating collector. The
obtained yarn fibers are also endless, similar to nanofibges,much
thicker. Their diameters are usually several micrometers, which is similar
to the PA 6.6 flock fibers$n this work,Polyacrylonitrile (PAN) is dissolved

in DMF/acetone mixture, and theANyarn fibershave a thickness of ca.

inn ..u

To increase the prodie efficiencyf the cutting processthe paper cutter

and the electronic bread cutter are used. Meanwhile, the algd yarn
fibers are immobilized in PVA or PVA/wax matridésreover, the fiber
length withthe electronicbread cutter is more controllable. The original
and stretchedyarn fibers are used asitial materials. Nanofibers ithe
stretchedyarnsare much aligned, and thwvistingforce is much less than
the assspunones. Accordingly, the shostretchedyarns lost their yarn
structure, and they are surrounded by single nanofibers. In contrast, the
asspunyarn fibers could still maintain their reicture under the same
condition. However, the drghort fibers €nd to stick together, and it
makes the flocking process impossible. Coating the original yarn fibers
with siloxane layers, the short fibers could be separated both in solution
and inthe dry state. However, the electrostatic interaction is still so high,
that the short fibers stick on the chamber wall and could not be deposed

on the substrate.

The short yarn fibers are until this step nmdpablefor flockingtechnique,

andsome improvementsnight be helpfulfor the future work. Firstlythe
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length of short yarnshould be increasetb reach the aspect ratio range
of PA 6.6 flock fibers. Secondly,doatyarn fiberswith a chargeduter
layer. As discussed, the electrostatic interaction ispng&rong, so that the
short fibers stick inside the chamber. If tgarn fibers arecoated with
charged outer layersthey will separate from each other due to the
electrostatic repulsion. Moreover, yarn fibers could also be fabricated
from charged polymerswhich should have the similar effeadf the

charged coating layers.
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6.1 Materials

The Table below shows used materials, producers and their purities.

Table6-1. List of chemicals, producer and their purity.

Material

Producer and purity

Acetone

Industrial gradedistilled

before use

2,2-Azcobis(2methylpropion
amidin}dihydrochloride

Acros Organics, 97%, used ag

received

Cetyltrimethytammonium bromide

Z } S Z98%] used as received

Gopper sulfate pentahydrate

Sigma o0 E] PU,uded as

received

D564/1(adhesive) Borcher+Moller GmbH & Co.
KG, used as received

D590(adhesive) Borcher+Moller GmbH & Co.
KG, used as received

Ethanol Industrial gradedistilled
before use

Formaldehyde Grussing GmbH, 37%, used a

received

Polyisocgnate (Hardener)

Borcher+Moller GmbH & Co.

KG, used as received
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H,1H,2H,?H-Perfluordecyl Acrylate

SigmaAldrich, 97%, used as

received

Hydrochloride acid

Grussing, 25%, used as recei\

Mowiol®5698

Aldrich, used as received

n-Decyltrimethoxysilane

Alfa Aesar, 98%, used as

received
ParyleneC SCS coatingased as received
ParyleneN SCS coatingased as received
PEG 300 VWR, used as received

Polyamide 6.6 (Flock fibers)

Borcher+Moller GmbH & Co.

KG, used as received

Poly(ethylene imine)

SigmaAldrich, 50% wi/v in

water, used as received

Potassium sodium tartrate

tetrahydrate

SigmaAldrich, 99%, used as

received

Pyridine

VWR > 99%sed as received

Sodium citratganhydrous)

SigmaAldrich, H 0 6 Xu8etllads

received

Sodium borhydride

Signa-Aldrich, H 8 0 @s8d as

received

Sodium hydroxide

VWR > 99%used as received
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Silver nitrate MerckU H 0 puse&doas
received

Tetraethyl orthosilane Aldrich, >99%, used as
received

6.2 Characterization

6.2.1 Contact angle measurement
Water contact anglesvere measured with Drop shape analyzer DSA25
from Kitiss GmbH and Advance as analysis program. At least five droplets

of 8 uL of distilled water were taken to get an average value.

6.2.2 Digital microscopy

Digital microscope of KEYENCE-¥BiXequipped with VEZ30 and VH

Z35 was used as a method to premeasure of nanofibers, particles and
flock fibers. The exact results were given by scanning electron microscope

(SEM).

6.2.3 Solidstate NMR

The3C spectrum(solid-state NMR)is recorded on a Brukekdvancell
spectromeer operating at a Bfield of 7.1 T using a tripleesonance 4

mm Bruker MAS probe and at a rotation frequency of 12.5 kHz*he
one-pulse experiments was acquired using a 90° pulse lengths of 3.7 ps
with a recycle delay of 60 s. During acquisitiproton broadband
decoupling was applied using a spi8dlsequence with a radifsequency

field of 70 kHz. ThEC spectrum is referenced indirectly with respect to

tetramethylsilane (TMS) usirsglamantineas secondary reference.
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6.2.4 Electron microscopy

Surface characterization was carried out with scanning electron
microscope (SEMpmall fragments of the sample were mounted on a
standard sample holder by conductive adhesion grappéd (Plano) and
examined with a Zeiss LEO 1530-$EM with Schottkfield-emission
cathode; inlens detector, SE2 detector or Back Scattered Detector) using
an accelerating voltage of 3 kV. The samples were sputtered with
platinum (1.3 nm using a Cressington HR208 sputter coater and a
Cressington mtm20 thickness controller) opwacoated with carbon (10

20 nm using a Leica EM ACEG00) prior to SEM imaging.

Energydispersive Xay spectroscopy (EDX) was used to characterize
element distribution of metallized flock samples. Sample preparation is
the same process as for SEM, buwduld be coated with carbon with a

thickness of 10 to 20 nm. The equipment is from Thermo Fisher with a

SDDBdetector. The analysis system is a Nesgstem.

For characterization of bacteria structures, L¥acuumSEM (FEI Quanta
250, ETD detector, LFD deter) was used. An accelerating voltage of 5
kV was applied and the vacuum is 1.65&, 60 Pa or 130 Pa. The sample
was mounted on a standard sample holder by conductive adhesion

graphitepad (Plano) without coating of platinum or carbon.

6.2.5 Thermalgravimetric Analysis

To determine the thermal stability of polymers NETZSCH TG 209 F1 Libra
was used. Samples were heated to 80@vith AkbOsz-pan and 610( with
Al-pans. Approximately 7 mg polymers were measured with a balance and
put in a samplegan. Whole measgement was taken under nitrogen

atmosphere with a heat rate of 1Q /min. Evaluation of decomposition
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curves was done with NETZSCH Proteus software (Thermal Analysis
Version 6.1.0). The curves which showed in this dissertation were

replotted with OriginPrd@.5.

6.2.6 Differential scanning calorimetry{DCS)

The DSC measurement was carred with Mettler Toledo DSC 8213

mg to 7 mg samples were used with a heating/cooling rat&0d/min.
Aluminum pan was used as sample holders. Evaluation was first done with

Mettler STARSoftware and then replotted with OriginPro 8.5.

6.2.7 Dynamicmechanical analysi€DMA)

The DMA measurement was carried out WWEETTLER TOLEDO DMA 1
STARSystem 20-30 mg PolyPFDA powders were put inside the sample
holder. The measure range-i80( to 80( with a heating rate of 2 K/min.
Evaluation was done with Mettler STARoftware and replotted with
OriginPro 8.5.

6.2.8 Gelpermeation chromatography{GPC)

For fluorinated polymer GPC measurements was performed WHF &
GPC. Chloroform GPC was dusi® determine molecular weighof
polyamide 6.6.

6.2.9 Small angle Xay scattering(SAXS

All smaHlangle Xray scattering (SAXS) data reported here were measured
using the smalangle Xray system”™ }u o ' v «Z 12 ~"N y~>
Denmark). The -Xay source othis labordory-based system is a rotating
anode (copper, MicoMax 007HF, Rigakug@aation, Japan). The data are
recorded by a position sensitive detec (PILATUS 300K, Dectris). To
cover the range of scattering vectors baten 0.0021.0 A21, different

detector positions were usedlhe measurements were done imin
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glass capillaries (Hilgenberg, deo 4007610, Germany, which were
inserted in a linkam heating stagy (TST350). The temperature was
adjusted from 2809C The dataanalysis was performed with ¢h

software Scatter (version 2.5).

6.2.10Dynamic light scattering (DLS)

ALV Correlation system was used for particle size measurement, equipped
with an ALVSP 125 compact geniometer, an ALV 5000/E cross correlator
and a HeNe laser (= 632.8 nm). With distilled ater diluted solution was

put into a cylindrical scattering cell with a diameter of 10 mm and
measured with a fixed scattering angle of&r 120 s Each sample was

measured at least three times to get a mean value.

6.2.11Thickness measurement of PPX coating
The thickness of PPX layer was measured with Veeco Dektak 150
Profiometer. For each sample at least three positions would be chosen

and the mean value took as final results.

6.2.12Tribological study of initial PA 6.6 flock matrix

The friction testis carried outwith ThwingAlbert friction test machine
(Model: FR2255) The initial PA 6.6 matrikas a size of % cn?, andis
fixed on thesled It ispulled on a flat stainless surface wighconstant

speedof 15 cm/min. Theneasuringime is10 s.

6.3 Synthesis oPoly(perfluorodecyl acrylate)
6.3.1 Emulsion polymerization
Emulsion polymerization was performed using a reactor equipped with
250 mL pressure glass bottle, thermometeand bladetype stirrer.
Typically polymerization wgserformed under argon (Asyith 1000 rpm
of stirring rate.
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0.73 gCetyltrimethytammonium bromideg(CTAR 50.9 gWater, 14.2 g
Acetoneand22.6 g'H,'H,?H,?H-Perfluordecyl arylate(PFDAwere given

into a250mLpressure glass bottle at room temperaturée mixture will

be stirredsufficientlyand the solution will be bubbled with Aor 20 min

in order to remove oxygen. After evacuation and charged again with Ar
for several cyclesolutionwasheated with waterbath up to60 ( . 0.57

g 2,2-Azobis(2methylpropionamidinydihydrochbride (V-50) will be
added to the reaction mixturél'he polymerization will be started arilae
stirring speedincreasedup to 1000 rpm and stopped after 5 h. After
precipitation in methanol, the colorless solid could be dried af 46d

used for further study.

6.3.2 Electrospinning

A typical setup of electrospinning will be used. A high voltage of 30 kV was
employed to electroded?oly (vinyl alcoho[Mowiol®5698, Mw~195,000,
PVA was dissolved in distilled water anglended with PolyPFDA
dispersionin a weight ratio of 17 to 83. This solution is used for
electrospinning and PVA amount in solution was kept as 3.5 wt%. Flow
rate during the spin process was 0.9 mL/h and whole was carried out at
room temperature with a relative humidityraund 20%. The electrospun
fiber mats was collected on aluminum foil which fatached on the
counter. The fiber mats were dried in oven at@@ver night to remove

the rest solvent.

6.3.3 Siloxane formation with sehel treatment

The solgel solution was mpared to modify the surface hydrophobicity
of electrospun nonwoven and made by hydrolysis and polycondensation
of tetraethyl orthosilang TEOS) anatdecyHrimethoxysilang DTMS)5¥
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Solution mixture would be stirred at room temperature for 1h befaose.

The coating process was carried out with a-clyater (RD1, Bungard
Elektronik GmbH & Co.KG). Subsequently, the nonwoven was cured at 80
for 10 min. Here, the coating time, coating cycles and solvent

concentration will be altered.

Table6-1. Molarratio of chemicals in sajel solution.

Chemical Ethanol TEOS | DTMS HCI

Equivalent 24.3 0.5 0.1 0.008

6.4 Preparation of multifunctional threedimensional platform via
flocking
6.4.1 Preparation of initial flock samples
MiniFlock machinefrom Maagflock Companyas used for flocking
process Three lengthsof flock fibers were used 2 mm (dtex 20)5 mm
and 1 mm (dtex 3.3). The mix ratio of adhesive and hardener is 95to 5 in
weight percent. Spin coater was used dapply adhesive mixture onto
substrates.Short PA fiberswere put into the front chamber of flock
machine. Under high voltage (70 KWgy were shot out andtuckonto a
glass slide which wase-covered with adhesiverlhe flock time was 10 s
and the distance to collector was 10 chimen the samples wdd be dried
either at room temperaturefor 24 h(with D564/1) or atLl40 ( for 40 min
(with D590).After washingwith distilled water for at least three times to

remove the loose flocksamples are ready for further applications
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Table6-2. Parameters oddhesive and hardener.

Chemical composition Viscosity/ mPas
D564/1 H-O-dispersion of PU 30,000
D590 H>O-dispersion of acrylate polymer | 58,000

Chemical composition NCGQContent”™/ %
Hardener | Polyisocyanate 23

* Measured withBrookfield RVT with Spindel 820rpm at20 ( .
** DIN 53185

6.4.2 Preparation of artemisone loaded flock samples

First,47.65mg artemisone will be dissolved |h5 mL tert-Butanol to
make a solution with concentration dB.06mg/mL. Then, with help of 1
mL syringe the solution will be dropped onto flocking samples. The
samples will be frozen in liqurdtrogen then hanged on freeze dryer over
two days. When the samples are totally free frarBuOH the release
process will star 1 g SDS will be dissolved in 100 mL {dille water and
stirred at37 ( for 3 hoursto make the puffer solutionThe H-value will

be measured withpH-meter from Mettler Toledeseven compactThe
NaHC®solution will be added into puffer solutian order to change the

pH to 74+0.1. The resulted puffer solution has a-p&lue of 72 at 37 ( .

Artemisone loaded flockasnples will be put into 10 mL puffer solution
and after a certain period,1 mL solution will be taken out and the
concentration of Artemisoa in the solution will be measured with HPLC.

The experiment is carried out for three times.
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6.4.3 Preparation of siloxane coated flock sample

The solgel solution was prepared to modify the surface hydrophobicity
of electrospumonwoven and made by hydrolysis and polycondensation
of TEOS anBTMS. Theolution wouldbe stirred at roomtemperature

for 1h before useSubsequently, sample was heated at 8Gor 10 min.

The change oivater contact angle will be proved.

6.4.4 Preparation of PPXaated flock sampls

Chemical vapor deposition was carried out with Labcoter®1 Parylene
Deposition Unit Model PDS 2010 from SCS Coatings. Some certain amount
of Parylene monomer was put in the oven and then the temperature
would be stepwise increased up B0( . The PPX layer thickness was
controlled with different amount of monomer Paryleneand later

measured with Dektak.

Table6-3. Paryleneamount and PPX layer thickness.

Parylene/ mg 70 120 300 600
PPX thickness/ | Predicted 20 50 150 300
nm measured 15 66 170 358

6.4.5 Preparation of copper flock samplég4
6.4.5.1Coating samples with Pol§ethyleneimine) (PEI)
Immersing initial flock samples wid0 mg Polyethyleneimine) (PE) in

200 mL distilled watefor 2 h Dry samples werased for next step.

6.4.5.2Preparation of citrate stabilized silvananoparticle (AgNP)
In 1000 mL distilled water, 42 mg silver nitréfgNQ) and 65 mg sodium
citrate will be dissolved).55 mg sodium borhydridéNaBH) dissolvedn
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3 mL distilled waterand added tosilver solution rapidly under strong

stirring for 2 min. The solutioturned from colorless to greetrown,

6.4.5.3Coating flocking sample with silvaranoparticle (AgNP)

With PElpre-coated samples will put into 10 mL Aghidtution and shake
for 24 h. A long as the color adolution changedsolution should be

changed until no obvious color changéendried in oven over night at
50 ( .

6.4.5.4Metallization with copper

Preparation of metallizationsolutiors: 1. 60 g/L opper sulfate
pentahydrate (CuSGbH20) in water, 2. 150 gpotassium sodium tartrate
tetrahydrate(KNaG@HOs-4H0), 60 gsodium hydroxideNaOH, 12 g PEG
300 and 360 mgyidine in 1 L distilled water; 380 mLLformaldehyde

in water.

Procedure take ® mL of each solutioand diluted with 150 mL distilled
water in a flask and heated with waterbath at45 (. Immerse AgNP
coaed samples into solution under stirring until solution turned to
colorless If necessary, fresh solution would be used to increase the
copper density on flock fibers. &te end the samplg will be washed with
distilled water for several times to get of the restcopper anddried in

the oven over night at 5( .

6.5 Flocking of electrospun nanofibers

6.5.1 Preparation of short cut electrospufibers
The commercial pghmide 6.6 was dissolved in HFIPconcentrated
formic acid. The concentration of each system is 15 wt% and 30 wt%. The
electrospinning of these solutions was carried out in high humidity
environment, with help of humidifier.
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Qutting of PA asspun fibersfiber mats wascut into small piecesStand

mixer was firstly cooled with le@ater mixture; the cutting solution
consists of 100 mL Dioxane and 300 mL distilled water, or 150 mL IPA and
250 mL water. The mixture was frozen with liquig Nuring the froen
process, solvent was stirred with a spatula. Peel the frozen ice off from
the beaker and put into the already cooled mixer. Start the mixer slowly,
as long as the frozen ice melted and created a viscose liquid; then put fiber
mat pieces into the mixerAt first, cut them for 10 seconds at low rate
level and the further 50 seconds at highest level. The mixture was frozen
again and repeat the frozecutting process again. The total cutting time

IS 2 min.

The short cutelectrospunpolyimide fibers and shortut electrospun

polyamic acid fibers angroduced in the similar methods.

6.5.2 Preparation ofshort Polyacrylonitrile(PAN)yarn

10 g Polyacrylonitrile was dissolved in 50 mL DMF and 80 mL acetone.
With two needles, loaded with polymer solution, nanofibesuld be
collected on the higtspeed rotated funnel. With help of a moving cotton
thread, the nanofibers will be collected along the thread, and then

forming the yarn fibers.

Cutting with paper cutter: aligned PAN yarn fibers are immobilized in PVA
film matrix. After dried on hot plate, the resulted composite membranes
are cut with the paper cutter. The cutting length is 1 mm. PVA matrix
polymer is removed by washing with distilled water for several times. The

dried short fibers are used for flocking.

Cutting with bread cutter: in order to use the bread cutter, single PVA

membrane is too thin to be fixed and cut. Candle wax is used as additional
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matrix. The in PVA immobilized yarn will be fixed in candle wax and used
for cutting. The cutting length is alsavim. The wax layer will be washed
by organic solvents, such as Acetone or pentane. The PVA membrane will
be washed away with distilled watefhe short yarn fibers are used for

flocking.

Coating yarn with siloxane: the yarn fibers will be wrapped on gléds
with certain alignment. The glass slide is immersed integsbkolution
(preparation see chapter 6.3.3) for 10 min. After drying in oven, fibers will
be immobilized first in PVA and then in candle wax. The cutting procedure

is like aboveThe shortyarn fibers are used for flocking.
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7 Summary

Two-dimensional sperhydrophobic nonwovenand threedimensional
multifunctional matrixes are successfully prepared through

electrospinning and flocking techniquélhe mainobjectiveof this work
Is to design angbroduce materialswith versatilefunctionalitiesand to

develop a threedimensional coating techniguewhich enriches the

application possibilities.

Electrospinning is widely used to prepare nanofiber composed materials;
however, in mostasesonly organic solvents are used. Uigewater as

the solventduring electrospinning can confer several benefitss itess
toxic, moreenvironmentaly friendly, anddoes not cause health problems.

In this work, superhydrophobic nonwovens are successfully produced by
green electrospinning from aaqueousdispersion.Thetwo-dimensional
nonwovens showed already many outstanding properties and
applications; however, lots of other applications demand more complex
structures, such as thregimensional matrix, which hasuch higher
porosity, higlker specifc surface area, andmore complex structure.
Flocking, a wellleveloped classic textiletechnique, offers the
opportunity to create a threedimensional Polyamide 6.6 matrix;
moreover, many surface modifications could be introduced into the
matrixes Moreover, usingelectrospun nanofiberas flock materialfias
drawn greatinterestsincethe combination of these two techniques can
create a more complexthree-dimensional matrix, which shoulbave

more functionalities

In the third chapter, an intensive study on the preparation and

characterization of superhydrophobic nonwoven fabrig&a green
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electrospinning of aqueous dispersionas reported. The resulting
nonwovensare superhydrophobic and possess si#dfaning propay.
Firstly, poly (perfluorodecyl acrylatgarticle dispersiorwas successfully
synthesized by emulsion polymerization. Particles had a diameter of
90£14 nm, as evidenced dynamic light scattering argtanning electron
microscopeA viscous aqueous swion of PolyPFDA and PVA was used
for green electrospinningThe fabricatedhanofibershad a diameterof
around 550 nmAltering the concentration of PVA, the fiber diareetaind
contact angle to watewere also ajustable The nanofibersonsisted
mainly of polyPFDAparticlesX dZ % ES] o » }A & §Z (]
and made them roughCoating with siloxane through sgél treatment
can reduce the surface energy; moreover, there ay@ny poresnstead

of particleson the surface of the coatemhnofibers.This special nanofiber
morphology isthe essential matterof its superhydrophobicity.The
superhydrophobic nonwoven$iad a heterogeneous surface, which
consiss of siloxanecoated nanofibers and airThe ared fraction of air
inside the superhgrophobic nonwovensvas more than 92%which was
enhanced by numerousmicropores (diameter ca.%nm); therefore,the
nonwovens havecontact angles up to 180 The areal fraction of air
decreased to 75%with smaller pores; furthermore, these coated
nanofibers possesanuchsmoother surfacesand the contact anglesere
only 146° According to thermal behavior studies, the siloxane layer is
responsible not only for the formation pbresbut also for the protection

of poly-PFDAparticles from melting. Bwever, the protection effect
depends on the layer thickness and the exposure duraabrhigher
temperatures.Iin addition fiber alignment also showed a large influence

on the hydrophobicity The alignedhin nanofibers tend tcsticktogether
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during the doxane coating processvherebythe areal fraction of air
decreases. Theonwovensare hydrophobic and exhibitontactangles of

around 145?

In chapter four, the multifunctional thredimensional matrix with
commercial polyamide short fibers was fabrieaby flocking technique.
The obtained threadimensional matrixprovides higher compressive
strength high porosityandcan beused as scaffolds tresueengineering

In addition, further modifications on tis three-dimensional matrix were
establishedand additional functions were achievethe initial polymer
grassmatrix showed a lower coefficient of frictioifhelubricated ones
exhibited similar results to polytetrafluoroethylermad might be applied
asan anti-friction coating Moreover, theporous polymermatrixes can be
loaded with drugs; coated witRPXC a controllable cumulative release
of artemisone is achieved after 150 minapproximately 90%
Simultaneously, the thredimensional matrix was also coated with
secondary materials, which enlagits applications.Firstly, the PA 6.6
flock fibers are coated with siloxane layers and R@Xhat thepolymer
flocksbecame hydrophobidVoreover, the polymerflockswere coated
with copper and are electrically conductive.h& copper flocks can be
hydrophobic @ hydrophilic depending on the surface density of copper
To conclude, the thredimensional matrixegolymer and copper flocks,
can be applied as antiiction coating, drug release system, electrical

electrode,andin energy harveshg facilities.

To manipulate the advantages of electrospinning and flocking technique,
the preparation of shorelectrospun nanofiberandthe possibility to use

them for flocking were studied in chapter five. The short nanofibers
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7 Summary

possess digh aspect rao by virtue of their extremely thin diameters
Theyarn fibers produced by electrospinning witrotating funnel anda
rotating collector, exhibit the similar fiber diameter as PA flogke.short
yarn fibershave anaspectratio of less than 10. Nonethelesthe short
yarns sticktogether and cannotbe flocked Coatingthe yarn fibers with
siloxane, separated short yarfibers were observed in dispersion;
however, they agglomerated agaafter dry. Overal] the electrostatic
interadion between short yarn fibers and chamber is too straihgg not
possible tdlockshort yarn fibersFurther modifications of the yarn fibers

are still needed.
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In der vorliegenden Arbeit wurden zweidimensionale superhydrophobe
Materialien und dreidimensionale multifunktionale Matrizen mittels
Elektrospinnen und elektrostatischer Beflockung erfolgreich hergestellt.
Das Forschungsziel liegt in deBntwurf und der Herstellung von
Materialien mit vielseitigen Funktionalitdten. Zudem strebt diese
Forschung nach der Entwicklung von dreidimensionaler Beschichtung,

wodurch die Anwendungsmaoglichkeiten stark bereichert werden konnen.

Das Elektrospinnen iskine typische Methode um Nanofasern aus
bestehenden Materialien zu praparieren. Die Verwendung von Wasser als
Losungsmittel fur das Elektrospinnen konnte einige Vorteile wie z. B.
geringere Toxizitat, Umweltfreundlichkeit und weniger
Gesundheitsprobleme zu Folge haben. In dieser Arbeit wurde
superhydrophobes Material aus wassriger Dispersion mittels griinem
Elektrospinnen erfolgreich hergestellt. Obwohl diese zweidimensionalen
Stoffe herausragende Eigenschaften und Anwendungsmdglichkeiten
besitzen, erfordem viele andere Anwendungen noch komplexere
Strukturen, z. B. dreidimensionale Matrizen. Eine dreidimensionale
Struktur weist lohe Porositatund grol3e spezifische Oberflaameuf,
zudem bereichern ihrekomplexen Strukturendie Mdoglichkeiten fur
zukinftige Awendungen. Die Beflockung, eine klassischen Technik in
Textikindustrie, prapariert solche dreidimensionale Beschichtung aus PA
6.6 kurzen Fasern. Durch verschiedene Modifikationen der Oberflache
wird ein noch breiteres Anwendungsspektrum fir das Systdmal&n.
AulRerdem, ist es auchon Interesse ein neuartiges dreidimensionales

Material aus elektrogesponnenen Nanofasern und der Beflockung
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Technik herzustellen. Die Kombination dieser beiden Techniken kann eine

komplexere dreidimensionale Matrix mit mekRunktionalitaten erzeugen.

Im Kapitel 3 wird eine intensive Studie Uber die Herstellung und
Charakterisierung von superhydrophoben Fasermatten durch grines
Elektrospinnen aus wassriger Dispersion durchgefihrDie
superhydrophobe Fasermatte zeigen auclbSteeinigende Eigenschatft.
Zuerst wurde die Partikel@ispersion von Pol{Perfluorodecyl Acrylate)

mit Hilfe einer Emulsionspolymerisation erfolgreich synthetisiert. Die
Teilchen besitzen eine Durchmesserverteilung v@&©x14 nm,
nachgewiesen durclbynamighe Lichtstreuungund Rasterelektronen
mikroskopie Die viskos wassrige Losung aus FeRDA und PVA wurde
fur das grune Elektrospinnarerwendet DieNanofaserrbesal3ereinen
Durchmessevon ca550 nm Durch Anderung der Konzentratisan PVA
konnen sowahl der Faserdurchmesseals auch der Kontaktwinkel
eingestellt werdenDie Nanofasern bestehen hauptséachlich Aasylate
Polymerpartikeln, welche durch PVA stabilisiert sind. Die Oberflache der
Nanofasern ist ebenfalls mit Partikeln bedeckt, wodurch eine
ungleichméafRige Oberflache entstehDie Beschichtungvon Siloxane
durch ein SeGelVerfahren kann die Oberflachenenergie weiter
reduzieren Anstellevon Partikeln entstehen viele Poren entlang der
Fasern. Die beschichteten Nanofasern zeigten eine spezielle Morphologie
die fir die Superhydrophobizitat von essentieller Bedeutung [sé
superhydrophoben Faservliese weisen eine heterogene Oberflache auf,
welche aus polymererNanofasern und.uft besteht.Der Flachenantell

der Luftinnerhalb der Fasermattemst durch zahlreiche Mikroporen
(Durchmesser ca. 55 nralisreichend erhdhivorden.Es betragt mehr als
92% wodurch Kontaktwinkel bis zu 16@rhalten werden kdnnenwird
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die Porengrof3e verringerfallt der Flachenanteil der Lueiuf 75%. Die
Faseroberflachewerden ebeneund der Kontaktwinkel betégtnur noch
146°. Thermische Untersuchungen zeigen, dassSiloxare-Beschichting
nicht nur fur die PoreiBildung zustandig issondern verhindert sie auch
durch ihre Warmeschutzfunktion das Verschmelzen dolyPFDA
Partikeln. Der Schutzeffekt hangt hierbei von der Schichtdicke und der
Expositionsdauer bei htheren Temperaturen ab. Zusatzlich hat die
Faserorientierungeinen grdden Einfluss auf dddydrophobzitat. Da die
dinnen ausgerichteten Nanofasern neigeatiese dazu, wahrend des
Beschichtungsprozesses zusammenzukleben. Daedweingert sichder
Flachenanteil der Luft und das Matermdigtnur Kontaktwinkel von etwa

145°

Im Kapitel vier wurda multifunktionale dreidimensionale Matrizemit
kommerziellen  Polyamiurzfasern durch  Beflockungiechnik
hergestellt.Die Beflockungsmatrizehefern eine hohere Druckfestigkeit
sowieeine hohe Porositatwelche als Grundlage in déextitGestaltung
verwendet werden konnte. Witere Modifikationen der Oberflache
werdenuntersucht, wodurctzusatzliche Funktionen erreicht werddie
urspringliche PolymerGrasMatrix zeigte schon einen geringeren
Reibungskoeffizienten Nach der Befeuchting zeigt es ahnliche
Ergebnisse widPolytetrafluorethylen PTFIE und konnte als Antihaft
Beschichtung verwendet werdeWeiterhinkdnnendie porésePolymer
Grasermit Medikamentsgeladenwerden. Mit Hilfe einer PPXSchicht
wird eine kontrollierbare kumaltive Freisetzung von Artemisemit
einem Umsatz von ca. 90% innerhalb von 150 min verwirklicht.
Gleichzeitig wurde die Matrix auch mit anderen Materialien beschichtet,
weitere Anwendungen zu realisieredunachstwurde die PolymeGras
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Matrix mit Siloxae und PPX beschichtet, wodurch das resultierende
Material hydrophob wurde. Abgesehen davon, wurde die original
Polymermatrix mit Kupfer metallisiettnd de Kupferflocls weisen eine
elektrische Leitfahigkeit auDie Hydrophobizitatvon Kupfeflocks kann
sowohl hydrophob als auch hydrophil seidie von der Kufperdichte
steuerbarist. Zusammenfassenk@nnendie dreidimensionalen Matrizen
aus Polymer oder Kupfeflocks in unterschiedlichen Bereichen
verwendet werden z.B. als AntihafBeschichtung, bei defreisetzung
von Medikamenten, als Elektrode und auch als Energiegewinaungs

anlagen.

Um die Vorteilen des Elektrospinnens und der Beflockung zu benutzen,
wurden diePraparation der kurzerlektrogesponnenen Nanofaseumd

die Méglichkeit, solche kurzen Fasefur die Beflockung zu verwenden,
wurden in Kapitel finfuntersucht. Diekurz geschnittenen Nanofasern
besal3en eirsehr hohesAspektVerhaltniswegen ihre extrem dinnen
Durchmesser Garnfasern,die durch Elektrospinnenmit gedrehtem
Trichtee und Kollektos hergestellt werden zeigen die Bnliche
Faserdurchmesser wie Hicks Die Kurzschnittgarnfasermveisenein
Aspektverhéltnis weniger als 1Qauf. Dennoch neigen die kurzen
Garnfasern zum Zusammenkleben und ist daher keine Méglichkeit solche
Materialien in der Beflockung einzusetzen. Durch eine Siloxane
Beschichtung der Garnfasern sollten separierte Fasern erhalten werden.
Dies war allerdings nur in Dispersion und nicht im trockenen Zustand
stabil. Ebenfalls ist die elektrostatische Wechselwirkung zwiscen
Fasern und der Flockungskammer zu stark. Weitere Modifikationen der

Garnfasern stehen noch aus.
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Design, preparationand application of multifunctional materials are
presented in this thesis, which provides the fundamental establishment
of different surface modification methods. Eithdwo-dimensional
nonwovens or threedimensional matrixes exhibited versatile
functionalities and can be applied in diverse fields.césmpaed to the
two-dimensional structure, matrixes with more complex structure and

morphologies show more advantages.

In chapter 3, a gren electrospinning process is carried out by using water

as the solvent. However, the polymer particles include flmrwhich is

now under discussion for its sustainability. To make this process much

"PE v E U SZ (op}&E]v S E Cossabstittédd Cu E Z
Polydimethylsiloxane and other silicon polymers have been applied in
variousfields and can be good choices hef&*?’d On the other hand,

the fluorinated acrylate particles are produced through emulsion
polymerization, and their sizes ameound 90 nm. To explore the influence

of the particle size on the hydrophobicity, particles different sizes

should be prepared.

Compared to nonwovens, the thredimensional matrixes manifest a
variety of properties and functionalities. For the applicem as an
antifriction coating, the initial flock showed fewer coefficients after
lubrication. However, the polymer flock matrix has an open structure,
which means the lubricants could not be stored inside the coating layers.
To solve this problem, the poner matrix could be immobilized in some
certain materialssuch as hydrogels, which could absorb lubricants. Poly

(N-isopropyl acrylamide) (PNIPAM) absorbs waterlatgertemperature
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and is applied as hydrogel materials. When PNIPAM microgels aredgrafte
onto the PA 6.6 flock fibers, they uptake water, and the lubricant is then
entrapped inside the matrix. On the other hand, the flock matrix could
form a thermal insulation layer over the object; it may also protect the

objects from freeze or slow downéhrozen process.

In the present work, there are a lot of problems wghort electrospun

yarn fibers. The PAN yarn fibers tend to stick together and are not able to
be flocked. Coating the fibers with siloxane layer helps to separate them
in dispersion btinot in solid states. Under this circumstance, this short
fiber dispersion could be used for needless electrospraying or
electrospinning, to make grasslike structure. On the other hand, the
charged yarn fibers may reduce the interaction between shbdr§, due

to the electrostatic repulsive force. Furthermore, yarn fibers of other
polymers, such as PA 6.6, PLA or PMMA, could also enlarge the

functionalities, as a result of different chemical properties.

Furthermore, the threedimensional multifunctioal polymer matrix has
already shown different application possibilities. Till now, the three
dimensional coatings were carried out on flat surfaces. Tieeensional
coatings on substrates with complex geometric structures can also be of
interest for morefunctionalities. Last but not least, the application fields
of these platforms will be widely expanded lising functional adhesives,

such as pHesponsive or electrical/thermalonductive.
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