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Abstract

Over the last decadelectrospinninghasgainedconsiderable scientific interest asmethod for
the preparation ofnanostructured inorganic materials. Electrospun metal oxide fiber rasts
under investigatiorfor applications a®.g. electrode materiad in electrochemical devicesis
heterogeneous catalysts as active material in sensing devicéhe efficiency of such devices is
strongly influenced and controlled by the material’s porosity and pore structure.

While the preparation of metal oxide fibers from @l precursors is already widely used for
oxides of numerous elements, the synthesi§ such fibers using preformed, dispersed
nanoparticles is lesexploited and understood. Simultaneously, it was observed, that titania
fibers prepared from preformed nanoparticles feature improved porosities comparasdhgel
basedfibers!!

This thesisnvestigates thundamentals of thepreparationof oxide nanofibers from different
building blocks, namely sgkl precursors, preformed nanoparticles or a combination of both in
order to establish abasic concept concerning electrospinning of inorgamnaterials. This
concept focuss on theorigin of mesoporosity whichs frequently observed,when electrospun
fibers are prepared from preformed nanoparticldsit which has not been understood so.far

Nitrogen physisorption asa straightforvard method to baracterize mesoporositywas
investigatedconcerning its applicability t@lectrospun fibers and the assessment of pore sizes
and pore volumes in such fibers. Therefore, electrospun silica model materials were prepared
from commercial Ludox nanoparticlesgiersionsand analyzed by nitrogen physisorption

detail. Bymeans ofthese basic investigations a specific density functional theory (DFT) analysis
method was selected asstandard method to analyze electrospun fibers and afterwards applied
to fibers d several metal oxides. Using this methodology it was possible to compare the
mesoporosity of electrospun fibers of several metal oxides for the first time.




Zusammenfassung

Elektrospinnerals Methodezur Herstellunghanostrukturierte anorganischeMaterialienhatim
letzten Jahrzehnt starkes wissenschaftliches Interessevorgerufen Elektrogesponnene
Metalloxid Fasermattemverden derzeit ua. im Hinblick auf Anwendungewf denGebieender
heterogenen Klyse oder Sensorikder als Elektrodenmatedl in elektrochemischen Zellen
untersucht Die Effektivitatder Materialienin derartigen Anwendungen wird maf3geblidarch
deren Porositatund Porenstrukturbeeinflusst undyesteuert.

Wahrenddie Herstellung voelektrogesponnenendsen ausSotGelVordauferverbindumen fir
Metalloxide bereits weit verbreitetist und fir Oxidezahlreicher Elemente angewandird, ist
die Synthese von solchen Faseansgehend vonvorgeformten, dispergierten Nanopartikel
deutlich weniger erforscht und verstanden. Gleichzeitig wurde festgestellt dass aus
vorgeformten Nanopartikel hergestelle TitandioxidFasern Gber eine erhdhte Porositat im

Vergleich zunsolGelFasernverfiigent™

DieseDissertation untersucht die Synthese von Oxidofasern augehendvon verschiedenen
Bausteinen, namlich S@elVorauferverbindungen vorgeformten Nanopartikeln oder einer
Kombination aus beidenum ein grundlegendes Konzept zBynthese elektrogesponnener
anorganischer Materialieau entwickeln Dieses Konzept konzeidrt sich auf dieAnalyse und
Erklarung von Strukturbildungsprozessen, die Wklesqgoorositat filhren, welche haufig

beobachet wird, wenn elektrogesponnenEasern aus vorgeformten Nanopartikel hergestellt

werden

Um die auftretende Mesgporositat in elektrogesponnenerOxidfaserneinfach und schnell
charakterisieren zu kdnnen, wurake Stickstoffphysisorptiorals Analysemethode grundlegend
hinsichtlich ihrer Anwendbarkeituf elektrogesponnend-asern und eér Bewertung deer
PorengroRen ud Porenvolumina untersuchtFir diese methodischen Studiewurden
elektrogesponnene SiliziumdioxiModellmaterialien aus kommerziellen Ludox Nanopartikel
Dispersionen hergestellind analysiert Durch dieseGrundlagenuntersuchungemwurde ein
spezifische Dichtefunktionaltheorie DFT3Analyseverfahrerals Standarchethode ausgewahlt
um elektrogespmnene Fasern zu analysieren undanschlielend auf unterschiedliche
Fasermaterialiemngewendet Mit dieser Methodikwar eserstmalsmoglich, dieMesoporositat
vonelektrogesponnenen Fasemehrerer Metalloxidezu vergleichen.
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Motivation

1 Introduction

1.1 Motivation

Electrospinning has gained considerable scientific interest asa method to synthesize
nanostructured inorganic materials over the last decade. Furthermoieratchically porous
materials are of considerable scientific interest for diverse applicatismsh aglectrochemical
devies, heterogeneous catalysis or sensimgpich are all based on surface reactions
Electrospun fibermmats which intrinsically exhibit large intdiber void spaces representing
macropores are an adequate candidate to prepare hierarchically porous maseiigl
introducingadditional meseand/or microporosityinto the fibers.

In this context the preserthesis will focus on the preparation of mesoporous electrospun fibers

of sevenl oxide materials and fundamental investigations concerning the origin of poessity

in such materials While the preparation of oxide fiberfrom soklgel precursors iswell-
established an@lreadyapplied tooxides ofnumerouselements,an alternative approachusing

preformed, dispersible nanopatrticles as building bldskauchlessexploitedand consequently

barely understood from a physiathemical point of viewMoreover, also combining sgkl

precursors and preformed nanoparticles ina®@b f t SR G o NR O]l YR Y2 NIl NE
viable but rareli’ applied way to prepa inorganic fibers This approachwill also be
investigated in this thesis.

Preliminary studies revealed that electrospun fibers prepared from preformed nanoparticles can
exhibit significantly increased mesoporositycomparison tassolgelderived fiber§! motivating

more detailed investigations concerning the origin of such mesoporositywever, the
characterization of megmorosity in electrospun fibers is challengjfmecause the structure of
electrospun fiber mats ivery different from the structure of other porous materials like
powders or thinfilms. Nitrogen physisorption as one powerfahdwidely applied sophisticated
analytic method to characterize mesoporous materials is selectestudy electrospun fibes
within this thesis, although there are several open questions concerning the applicability of this
method to electrospurmaterials It remains to be evaluatednhich pore sizes andolumes of
mesoporous electrospun fibers can be extracted from nitrogen physisor@gnalysis and how
precise and reliable such data ar€onsequently, initial experiments and analysedl be
conducted to investigate theapplicability of nitrogen physsorption and its limitations
concerningmesoporous fibers in order to establish diable analytic method.

Subsequently systematic studies on several oxide materials will be performed in order to
establish a fundamental concept for electrospinning of inorganic materials explaining the
occurrence of mesoporosity in fibers prepared fronffedent building blocks (e. solgel
precursors and/or preformed nanoparticles). Suahconcept would facilitate the directed
synthesiof mesopobous fibers and thusvould representconsiderable scientific progress.
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1.2 Overview
The fields of action areomposed and implemented in the coursetbis thesisin the following
manner:

In the theoretical section the mechanistic modefsspinodal decomposition (SD) and diffusion
limited cluster aggregation (DLC#E introduced after a brief overviesf generd concepts for
the preparation of porous nanostructureis order to be able to explain the formation of
mesoporosity during electrospinning-urthermore some basicconsideratiols concerning
nitrogen physisorption analyses on electrospun fibers are digscliss

Subsequentlysilica nanofiberavere prepared using commercial Ludox dispersions to serve as
model materialelucidaing the validity and limitationsof nitrogen physisorption analyses on
electrospun fibers in chapte3.2.3 After these methodologicahvestigationsa systematic study

of numerous silica materials was conducted in order to gain insight th&o origin of
mesoporosity which is frequently observed in electrospun fibers prepared from preformed,
dispersed nanopatrticlesTherefore, comparate investigations on sgel and nanoparticle
derived electrospun fibers and comparable bulk reference samples will be conducted (see
chapter 3.2.4). From these experiments a firghechanisticconcept for the preparation of
mesoporouslectrospun inorgaic fibers will be established.

In the subsequent chaptef&3- 3.50other metal oxides, namely zirconia, ceria and tin oxide, will
be investigated in a similar mannen order to gain further evidence of the previously
established conceptual understandintgpncerning electrospinning of inorganic materials in
general. Additionally, these chapters will investigate additional features in the preparation of
electrospun oxide fibers expanding thggeneral concept. While the experiments on zirconia
materials examrie the influence of differennanoparticles on the structure of the resultant

electrospun fiberg G Ay 2EARS SELISNAYSyiGa &addRe GKS ao N O]

of oxide fibers exemplarilyMoreover, several important parameters like the usalven(s) and
their composition influencinghe spinning experimentare discussed in these chapters.

In the concluding chapteB.6 all the former resilts are restaéd and analyzedvith special
emphasis orthe general mechanistic features determining therosity and surface structure of
electrospun fibers irrespective of the material under investigatibmese comparative analyses
on several materials result in@votal concept explaining the generally increased mesoporosity
of nanoparticlederived eletrospun fibers.
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2 Theoretical background

Hierarchically porous materials are of considerable interest in the scientific field of advanced
functional materiald® Electrospun nonwoven fibenats intrinsically exhibit macroporous inter
fiber void spacavhich allows for enhanced mass transpontdugh the material¥ Combining

this intrinsic macroporosity with distinct mesoporosity would result in a hierarchically porous
material with a pore structure which hardly can be prepared by other methddss hesis
introduces a new concept for the preparation of mesoporous nanostructured materials via the
electrospinning method which allows for a simple and straightforward preparatiosuoh
nanoarchitectures

In this contextthe preparation of nanostructuresn general (see chapte2.1l) and porous
nanostructures in particular (see chapt2r?) will be shortly introduced in order to outline the
scientific feld of this thesisBackground discussions concerning concepts for ttepgration of
porous materials fee chapter2.3) as well adllustrations of the electrospinningmethod (see
chapter2.4) and its application for the preparation of porous materials (see chah®mwill be
given to allow the reader to understand and value the results of this thé&smlly, the
evaluation of nitrogen physisorption experiments witlespect to electrospun fibers is
considered irchapter2.6 permitting to interpret such experiments correctly

2.1 Nanostructure d materials

The size range of100nm - or in a less rigoroudefinition the size range of Am-1 um ¢ defines
the nanoscale to which nanostructured materials réféElectrospun fibers are a representative
of socalled 1Bnanostructures like nanorods, nanotubes or other fibrous matenhsch all
exhibit only or dimension beyond the nanoscalén line with such classification of
nanostructures there are also 620 or 3D-nanostructuresvhich posses0, 2, or 3 dimensions
beyond the nanoscale respectively (séigure 2-1): Nanoparticlesare typical examples of
OD-nanostructureswhile thin-films are a representative in thgroup of 2DBnanostructures.
Finally, 3D nanostructures are macroscopic structures which exceed the nanoscale in all three
dimensions, but whictare structured internally on the nanoscal@ypi@l examples of such
3D-nanostructures are monolithic materials or mes®r macroscopic aggregates of
nanoparticles.

Besides the classification of nanostructured materials by its dimensionality, also the porosity of
nanostructures is an important feature v needs consideration. While some nanostructured
materials like zeolites or mesoporous silica materialgy(eSBAL5, MCM41, KIT6 etc.) are
intrinsically porous nanostructurd®, thin-films or fiber materials may be prepared as dense or
porous structires. An exhaustive presentation of all classes of nanostructured mateigals
excrescent andwill not be presented hereas this thesis focuses orthe subclass of
1D-nanostructures only, to which mesoporous electrospun fiberbelong For a detailed
overview of different classes of nanostructured materials the reader isrrexfeto the
literature [ while a short excursiorwith special respect to porous nanostructuiesgiverbelow

in order to argue why electrospun nanostructures sthout from other structuregseechapter
2.2.1). Therefore it also needssome generatonsideration of theslectrospinning method and
the properties andenefits of electrospufiibers(see chapte@.4).

3
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Figure 2-1: Rough tassification of nanostructure with respect to their morphological
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From the experimenterspoint of view he preparation of nanostructured materials can be
distinguishedh y (i 2  Gdal2éh (122 doylé2 LD LIPINE | DRBEAP LI | LILINE | OK £ | N
micro- or macrostructures are transferred or modified to structures with domain sizes in the
YIy2a0FfSo -RE&WX O I LILdNE 8te@ingS @ lithographic processes like

nanoimprint lithograph{“*? which are basidly sophisticated physicechemical processing

techniques.L y O2y i Nl-deilE KWKRROS2¥Sa NS o6FaSR 2y GKS |
precursors or nanoparticleypical for (wet-) chemical synthetic approacheSuch aggregation

can be done via diverseoutes including methods that are based on satfgregation

phenomena. One example of salfgregationwhich is well studied and often applied in the

preparation of thinfilms or powdersis the evaporatiorinduced seHassembly (EISA) process.

BiAsoi KS St SOGNRALAYYAY3I (SOKYA -daaF¢ Avdeédaagert t t & O2
molecular species and/or nanopatrticles are confined into a nanostructured fiber. Otherwise, the

thinning of the fibrous structure from several micat the Taylor cone downo several

nanometers can also be considered hs G-R2Z24y ¢  LINE OdBed detdils of the

electrospinning processee chaptel.4.
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2.2 Porous nanostructures

Porous structures can be generated with different patiemetersd which are classified in
micropores @ <2nm), mesopores d=2650nm) and macropores d(>50nm) according to
IUPAC definitioff® There are numerous concepts and preparative approaches to prepare
porous materialsvith a wide variety of pore sizes which will be summarized in the following.
This overview will not be exhaustive hititrather will illustrate how the porosity of a material
can be addressed and controlled a sophisticated synthetic protocol in order tesult in a
specific porous structureStructureproperty-relationships determining which porous structure

is best suited for a designated application will be discussed in order to motivate why
hierarchically porous materials are of considerable inter@gte chapter2.2.1.9. Afterwards

(see chapter2.5), it will be discussed why it is still a scientific challenge to synthesize
mesoporous electrospun fibers, which belong to the class of hierarchically porous
nanostructures Within this field, this thesiespecially addresses the clagfsnorganic materials
prepared via electrospinning

2.2.1 Preparative concepts and processes for the generation of porous materials

Porous nanostructures are an active field of scientific research with a wide variety of preparati
approaches. In order to obtain porous nanostructures straightforwafuiylamental synthetic
conceptsare required addressing the nanostructure as well as their porosity simultaneously.
Concepts to prepare porous materials are so manifold that booknveduconcerning this topic

are availablé'” Although basic concepts to prepare porous materials are often the same for
macroscopic as well as nanostructured porous materials the following discussion will omit
macroscopic porous structures like foamed poérs (e.g. expanded polystyrene (EPS/styropor)

or expanded polypropylene (EPP)) or aerated concretg.(¥tong) as they are not relevant in
the context of this thesis.

However, surveying the preparatiygrocessegesulting inporous nanostructuresreveds that
almost any synthetic approaatefers to the two opposindpasic concept®f decomposition or
templating (sedigure 2-2). Decomposition processes introduce heterogeneity into an emerging
structure by phase separation which may result in a porousctire directly if one of the
phases is gaseows liquidand the other one solid in the end of the process. Otherwise, a phase
separated structure can be transferred into a porous material, if one of the two phases is
selectively removed in a subsequentes” Decomposition processes can further be
differentiated into spinodal decomposition (SD) (see cha@&.l) or nucledion and growth

(i.e. binodal decomposition), neglecting some cases of transient situations in which both
concepts need to be considered (for details see chapigrl).
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Figure2-2: Preparatve concepts anéxemplaryprocesses for the generation of pous materials

The Nakanishi procesa,well-studied example of SD processasll be presented in chapter
2.3.1.1 because the detailed understanding of the Nakanishi procdksvs for a pivotal
understandof the spatiotemporal evolution durin§D whichis also relevant in the context of
electrospinning (see chapte2.5.4. A wellstudied example of binodal decompositiavhich
often is considered as an contrary process tdsthe secalled Stéber proced¥!

Templating concepts comprigee two approades of soft or hard templating. Hard templating
summarizes all preparative methods using @sglick material as template including templates
for macrostructured materials. If onlyancstructured materials are addressedanocasting i
templating processontrasted to cooperative assembly procesS8®therwise, i case of soft
templating a strict differentiation between templating and cooperative processes is a question
of details(see below)Typical templates in nanocasting are zeolites, anodicatljeat alumina
membranes oKordered) mesoporous silicar carbon material§- Suchtemplate materials are
mostly porous materials themselvashichalso needo be preparece. g.by softtemplating (like
mesoporous silicar carbon materialsor decomposiion processes (likeeolite$” or anodically
etched alumina membran&).
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templates are surfactants (surface active agents, whichdéfferentiated incationic, anionic or
nonrionic ones§’ or amphiphilicblockcopolymerslike KLE, Pluronic P123 or F127 polynféfs
Such templates are able to form micelley other lyotropic mesophasesleading to
heterogeneous structures which result into porosisuctures upon removal of the template.
Depending on the mechanism ofesophasef 2 NY I G A2y &a2FG GSYLX | Ay 3
liquid crystal templating or via cooperative sasembly® The difference between these two
processes is sometimes subtds they may merge. In the first case micelles are formed before
the surrounding phase condenses while in thter case micelle formation and condensation of
the other phase take place simultaneousiie most prominent representative afooperative
selfassembly processestlse evaporationinduced selfassembly (EISA) which is often applied in
the synthesis of mesoporous oxide powders or #filims via solgel chemistry*>!

Diffusionlimited clusteraggregation (DLCAs an alternative concept expkiahg structure
formation starting from preformed particles which cannot be pegged to one of the above
mentioned concepts. It focusses on the properties of the starting mateathker than on the
classification of the structure ripening process itself (seapter2.3.2.

Turning to the peparation of porous nanostructuresvia electrospinning the origin of (intra
fiber) porosity ismostly ascribed to a templating effect of a component in the spinning solution
or it is believed tarisefrom a SD process duag the spinning procest chapter2.5this state
of-the-art in the understanding of electrospinning will be discussed revealing some lack of
knowledge concerning the conceptual undarsding of pore formation in thifield. In chapter
2.5.4the relevane of SD to electrospinning ikustrated in detail pointing to the limits of this
concept.Otherwise, electrospinning using preformed nanoparticles can also be discussed and
understood in terms of the DLCA concept, although this has not been done b&tothe best

of my knowledge theapplicationof the DLCA concept to electrospinning will be presented for
the first time inthis thesig(seechapter2.5.5).

2.2.1.1 Syntheses of porous materials with defined pore sizes

One important property of pwus materials isheir pore size Most syntheses of porous matter
result in materials wittrelatively narrow pore size distributions, although hierarchically porous
systems with different pore sizes are@fen largelinterest concerning application (see chapter
2.2.1.2. Before hierarchically porous materials can be addressedery brief overview of
materials with defined pore sizes is given in orderget an idea how hierarchically porous
materials might be synthesized by combinidifferent approachesresulting inunequal but
monomodal pore size distribution.
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Porous silica materials are intensively studied and serve as model materials in the class of porous
inorganicmatters. Most syntheses of uch materialsare soft templatingapproaches starting

from solgel precursors like tetraethyl orthosilicate (TEOS) or tetramethyl orthosilicate (TMOS)
resulting instructures exhibiting poref a defined size with a narrow size distributias a

result of the physice&cthemical mechanisms involved in theynthesid?® Other oxidicmaterials

are accessible via the same approach under similar synthetic conditions if tbel gwkcursor is
changedFor the synthesis gdorous metal oxide materials metal alkoxides and/or metal halides
are typical precursors

However, here ae several classes of porous sillased materials likezeolites, SBA, KIT or
M41S materials including the most prominergpresentatives of these material classiée
MCM41, MCMA48, SBALS or KITe. All these mateials exhibit pore structures ofiarrow,
monomodal pore size distributioout differ intheir size, shape and symmetry.

A detailed presentation of these structures and the principle mechanisms involved in their
synthesis is well documented elsewh&7& and will not be repeated at this pointereit only
should be noted that the structure of all these materials is determined by molecular interactions
between the template and the sgel species. These interactionsrmallyresult in monomodal
pore sizes with narrow size distribution becaubke structure formation process is drivdyy
thermodynamicswhich force the templates toofm homogeneouly sizedstructures in order to
minimize the interfacial energy in the syste@onsequently, thgore sizeof suchmesoporous
silica materials is deterined by properties ofthe applied template While surfactants like
cetyltrimethylammonium bromide (CTAB) are used as templates for small mesodoek
copolymers have to be utilizeifl pores with diameters exceedingntn are desiredbecause
surfactans are not able to template such large structudzge to their limited sizeln contrast,
block-copolymers like KLE, Pluronic P123 or F127 polyarerable to form much larger micelles
whose size correlates to their molecular weiftf® Nevertheless, lso blockcopolymer
templating islimited to produce poresnot larger than approximately 20m because the
preparation of soluble bloekopolymers with large block lengths is a scientific challenge itself.
Hence, blocicopolymers which are able to templap®res exceeding 20m arenot (or at least

no longer)commercially availablé? Consequently, materials exhibiting large mesopores or
macropores have to be prepared differentlor the preparation of macroporous materials a
often applied method is hartemplating with polymer bead$*2?!

Besides the pore size also other parameters like pore connectivity or symmetry of the porous
structure are of considerable impact on the properties of the materials. These structural
features can be addressed by thgnthetic conditions and are important differences between

the above mentioned classes of mesoporous silica materials. For example, the MC41S materials
are generally prepared under basic conditions while SBA or KIT materials are obtained from
acidic precursr solutions.If the pores in the silica material are aligned in an ordered or
disordered mannerif the pores are obtained from sphieal micelles ocyiindrical micelles or if

a three dimensional porousetwork isobtainedalsodepends on the syntheticonditions.In this

respect the template concentrationits hydrophliic/hydrophohic contrast and the synthesis
temperature are of considerable importan&é?!




Theoretical backgrounq 9
Porous naostructures

2.2.1.2 Hierarchically porous materials

Porous materials are relevant for numerous applications involving surface processes, such as
heterogeneous catalysisgparation,electrochemical applications, sensing devices etc. Basically
porous materials with defined pore sizes (sg®pter2.2.1.]) are already beneficially for such
applications because they exhibit increased specific surface azeawpared to imporous
nanostructures.However, materials with a narrow pore size distribution are only optimal for
specific applications like e. g. separatepplications in which the pore size has to match the size

of a specific target molecul&or examplein molecular sieveswhich can be used for the drying

of organic solvents, the pore size should match the size of water molecules which is the reason
why zeolites are used for this purpose.

Neverthelessfor other applications e.g. as heterogeneous catalyst or as electrode material in
electrochemical devices hierarchically pore structureare often better suited because they
combine the advantages dlifferent pore sizesWhile micre and mesopores increase the
specific surface area of a material significantly and exhibit sizes which affeselgwtivity and
efficiency in thehostguestinteraction between the active sites of the porous material (f)os
and the reactants/substrates (guesthey suffer from deficient diffusion and convection paths
within the material.Diffusion and convection paths enhancing #ezessibility othe surface for
guest molecules can be granted by macroporsturactures Consequently, hierarchically porous
structures exhibiting pore sizes on different length scales are most adequate to meet the
demands irsuchapplications.

The practical requirement of hierarchically porous structuregtivatesthe scientists search for
straightforward methods to prepare hierarchically porous materiaBne possibility is to
GairyYLX eé¢ O2YoAyS GSYLXFGSa 2F RAFFSNByd aail s
2.2.1.1 Althoughthis concept is realized indeed, the preparative real@aif this approach is

not as simple as it seems at first glance. Without going into the phgbiemical details
explained elsewhef&?*?¢?"l the challenge of this concept consists in finding adequate
conditions which allow all different templates toexist without interacting with each other in a
manner which disturbs their template properties. Qualitativedy,certain polarity contrast
between template andemplated material (eg. asolgel materialin the preparation of oxide
materials)is required in order to ensure that a phase separation between these two species is
enabled. Reversely, this means that different templates are necessarily similar concerning their
polarity facilitating some interactions which need to be avoided. This gregjwe dilemma
prevents the combination of different templates to lbealizedmore often in order to prepare
hierarchically porous materialsFHnding adequate synthetic conditions like +Hlue,
temperature and composition of the reactionsolution is very elaborate for this synthetic
approachand presumably hardly possible for a wide variety of materials.

Another method to prepare hierarchically porous materials is Makanishi procesahich will

be discussed in detail in chapteét.3.1.1 However, theNakanishi process is limited to the
preparation of monolithic material®ther methods for the preparation of hierarchically porous
materials on similar length scal@cluding macroporositare rareand often highly specialized
to specific materials andfostructure$’ leading to the conclusion that furthezoncepts and
preparative methods are requiredvhich are universally applicable to synthesize different
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materials with hierarchicapore structure The preparation of electrospun fibers is a very
straightforward and elegant approach to prepare such hierarchically porous structures featuring
intrinsic macroporositysee chaptel.5).

2.3 SD and DLCA:Understanding the process of structure evolution

during the preparation of porous nanostructures
Concerninghe generation oimesgorosity in electrospun fibers two concepdse of particular
interest and need to be introduced because they are relevant for the explanation of the pore
formation mechanisms during the spinning experiments (see chapi®: Hence, lte two
concepts of spinodal decomposition (SD) and diffudiimited cluster aggregation (DLCA) are
surveyedn the following chapter2.3.1and2.3.2

2.3.1 Spinodal decomposition (SD)

The model ofSD describes a process starting from a monophasic system which is rapidly
guenched into an unstable region of the corresponding phase diagram fast enough to traverse
the metastable region of the phase diagram without triggeringcleaion and growth
mechanigs (i.e. binodal decomposition)he firsttheoreticalinvestigations describin§Dwere
presented by Cahn and Hilliard for a fluid, bicomponent system which separates into the pure
substances A and 'B:* These invstigations resulted in the wedsteblished CahHilliard
equation which is the basis of more detailed models developed in recent gednesulting in

an advanced understanding 8Dnowadaysln a simple bicomponent systeoonsistingof e.g.

a solvent (substance A) and a solute (substaB} quenching usually takes place via a rapid
change in temperatureT]j to Ty (pathl in figure 2-3) or a change in compositiofexpressed in
terms of substance amount fractiows for examplg often triggered by solvent evaporation
(pathll in figure 2-3). In more complex systems, also other changes like chemical reactions
destabilizing the monophasic system nguseSDas is the case in the Nakanishi processse(
chapter2.3.1.9. However, inany caseghe model ofSDdescribes the spatiotemporal evolati

of such a destabilized system from the initial state (Witi)noneq(To); i: Substance A or B
respectively at the temperaturel, towards a (new) thermodynamically stable situatiorwhich

two phases 1 and 2 (with(i)eq(To) and .2(i)eq(To) respectively)coexist at the considered
temperatureT,.

The new equilibrium phasese enriched in component A in the one phase and in component B
in the other phase. The compositions of the phasead 2have to meet the condition

with
¢ =substance amount dfin the considered phase.

due to the conservation of mask.has to be noted, thahone of the two phasesecessarijhas
to consist of pure A or pure B.

10
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Figure2-3: Schematic phase diagram illustrating thepatiotemporal evolution of phases in the SD process starting
from an initial quenching step. The shown diagraexhibits an upper criticalsolution temperature (UCST) as it is
typical for e. g. polymer/solvent systens, though in other cases also a lower critical solution temperat{teCST)
may occur However, this fact doeshot alter any principle step of the SD pcess.A detailed description of the
processis given in thetext.

The spatiotemporal structure evolution of the quenched unstable system starts with
infinitesimal concentration fluctuations around(i)noneq(To) Which develop towards a biphasic
separated system with space and time. There are plenty of theoreticadtigations calculating
the spatiotemporal evolution o8***" which are backed by experimental resuff§*"! In the
theoretical studies initial concentration fluctuations are modeled byavelengthl which is a
dimensionless parameter representingetidimension of space. This wavelength is characteristic
of the SDprocess at any place in the considered system at a giventtimespective of the fact
that the characteristic wavelength is a statistic dimension which may be subjected to some
local fluctuations (see figure 2-4). The initial concentration fluctuations i$D (spinodal
concentrations) are generally different from the equilibrium concentrations. (ii(i)eq (To) and
+2(1)eq(To)). With elapsing time the initial concentration fluctuations &t converge towards the
equilibrium concentrations reached &t viathe transient situations at; andt, (seefigure 2-4).
Simultaneouslywith the ripening of the concentrationghe initially diffuse phase boundaries
sharpen during the time interval betweety and t. until two distinctive phases with the
compositions. 1(i)eq(To) and- »(i)eq(To) are formed. Theory as well as experimental results proved
the resulting biphasic giicture to be cecontinuous as a result of the concentration ripening in
SD

11
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Figure2-4: Evolution of concentration fluctuations irSDwith time. Note that domain size growth is neglecteit
this picture for clearance although it may take placesimultaneously in later stages of the process (see textd
figure 2-5).

However,SDdoes not only proceed viabacentration ripening with timealso the domain size is
subjected to a temporal evolution driven by tihainimization of surface energyrhe gowth of
domain sizes which is equivalent to an increasd.@$ observed experimentally in polymer
blends by timeresolved light scattering in laser scanning confocal microst&f§ Theoretical
simulations on the basis of a timiependent GinzburgLardau equationare able to model the
observed growth of domains in polymer blertf$.It was proven that domain size growth
proceeds selkimilarly, meaning that the formof the biphasic separated structure stays
statistically identical and hence -@@ntinuouswhile the size of the domains grows. This self
similar growth may proceed over several orders of magnitude but is dependent on the initial
composition of the bicompaent system (ie. : o(i)noneq(To), S€EfIgUre 2-5). In case of an initial
composition which is far from being equivolumetric (points A andfigume 2-5) the domain size
NALISYAYy3 Yre dAZ GAYFGSt@ fSIFIR (G2 AatBetghas6 R aA&f | yF
such case, the resulting structure is indistinguishable from structiyygsal fornucleation and
growth (i.e. binodal) decomposition.

12
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Figure 2-5: Schematic illustration of structures
resultingfrom SDin dependence of the initial unstable
composition . o(i)non-eq.(To) (PoINts A, B, C) and moment
of observation (i. e. early vs. late freezin§f!

Fundamentally, the chronological evolution®Dis the same in atases: In the initial stage (the
so-caled early stage) solelgoncentration ripening occurs as illustrated figure 2-4 while
domain size growth does not take place. In the late stag&Dbnly domain size growth is
observed while no concentration ripening proceeds in this phase because the equilibrium
concentrations in the two separated phases witfi)eq(To) and- »(i)eq(To) are already reached. In

the intermediate stage o8D(i. e. ater the early and before the late stage) both processes (i. e.
concentration ripening and domain size growth) take place simultaneously.

However, not all of the above described spatiotemporal evolutions which can be described
within the model ofSDdo necessarily take place in real experimental systems, because the
decomposition process may be stopped at an intermediate state. Consequently, the resulting
aSLI NI GSR &0NH2OGdzNE Ay adzOK OFras$S Aa | GaFNRI Sy
equilibrium structure but kinetically stabilized. At which stageS®process is stoppedtrongly
depends on properties of the experimental systdeterminingthe point of solidificationof the
systemwhich universally occurs at a specific instafitime preventingthe decompositionto
proceed further.Basically, solvent evaporation or other chemical changes can be the reasons for
solidification and interruption of &Dprocess.In the preparation of porous inorganic materials
from solgel precursorsfor example,gelation of a solrepresents a chemical change the
system The Nakanishprocess (see chapte2.3.1.]) or dp-coating experimentstarting from
solgel precursorare examples of SD processes in which solidification occurs due to gelation of
a sol.

13
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Thowh SDcan basically be modeled by theoretical calculations at any of the above mentioned
stages one fundamental problemssll unsolved: There is no universal theoretical model which
is able to captur&sDthroughout all stage. Instead, there are sevaradels which are only able

to describethe individual stages introduced above. Consequently, it is not possible to model the
whole process from initial infinitesimal concentration fluctuations up to the completely phase
separatedthermodynamic equilibriunstructure. The available theoretic models are not able to
predict at which point of SD structure freezing occurge solidificationis often also a time
consuming process rather than a spontaneous event which steay at the very beginning but
finishes in a later stageof SD The moment of structure freezingeedsto be evidenced
experimentally for each investigated chemical systmd it is so far not possible to model the
process of structure freezing in conjunction with the spatiotemporal evolutioa 8D process

In practice, he freezing point can be influenced by several experimental parameters which are
consequently adequate ttune materialproperties in a desired manner during their synthesis.

{ dzOK ¢ &lidnbaOyietiaNGstigated forsyrtheses via the Nakanishi process whiehl be
introduced in chapteR.3.1.1lincluding a discussion pbssibilities tanfluence the freezing point

of SDexperimentally.

2.3.1.1 The Nakanishi process: An example of SD processes

Several fundamentals of th&D process were investigated in the context of the Nakanishi
process which is a method to prepare monolithic porous materials with bimodal pore structure.
The monolithic material is typically prepared from silicaggll precursors although there are
some rgoorts in which the synthetic concept of the Nakanishi process is transferred to other
metal oxide sobel precursoré® or the preparation of silichasedmaterials fromwater glass*
However, the bimodal pore structure of such monoliths is generatetim preparation steps.
While the macroporous structure of the monolithfe&@med in a first step aa consequence of

SD between a saetrich phase and an organipolymerrich phase the mesoporous structure

is generatedh Yy | & dzo & S |j dzSnythk initial sEp tfiedséhel Ppriechinsdpeadts untila
space spanning gel is formetihe second step consists @kuccessivdeat treatmentstep in
which the gelnetwork is partly redissolved byn situ decomposiiton of urea:The decomposition

of urea poduces ammonia which increases théocal pHvalue partly redissolving the
macroporoussilica networkon the surface. This reissolution triggers rearrangemeruf the
silica materialforming mesopores in thepreviously solidified c@ontinuous macroporols
network. This seconddaging step of the Nakanishi takes plaaender basic conditiongyn the
timescale of a few hours and at temperatures of around 0%

However, the first step of the Nakanishi processhes part of the process which will be

discussed in detathere Ay 2NRSNJ (2 SELXIFAYy K2g {5 OFy 6S dz
porous materials by influencing the moment of structéimeezing during the SD process.

14
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In a typical synthesis tetramethyl orthosilicate (TMOS) is reacted iagaeous acetic acid
solution (0.0IM) under addition of polyethylene glycol (PEG, #.0,000g*mol™) and ureaat
typically 25°C for several hour§” Initially, this mixture is a stable and monophasic solution
because all components ahgdrophilic When the TMOS reacts under the acidic conditions a sol
of silica oligomers is formeathich becomesincreasingly hydrophobic with proceeding reaction

As soon aghe hydrophilic/hydrophobic contrast is largenougha SD process between a
hydrophilic PE&@ich anda hydrophobicsilicarich phases triggered In physicechemical terms

the destabilization of the initially monophasic reaction solution can also be explained as follows:
The condensation of TMOS precursors generates a polymeric structure and thecreases the
entropyn {in the systemwhich can be understood in terms of the Fldtyggins theory®

Consequently, the Gibbs energyDn the systenincreasesiue to
YO YO "YXYVY (2-2)
giving a further argument why the system gets unstabid SD is triggered as soon as
YO mP YO "YVVY (2-3)

In other words, the ongoing sglel reactionrepresentsthe quenching step of the SD process
and PEG acts as porogen (pore forming agent) because it becomes incompatible to the growing
silica clusters with proceeding reaction time.

The spatiotemporal evolution of the porous structuretlie above mentionedjuenched system

is dependent ontwo processes which take place simultaneouslyOne process isthe
condensation of the silica oligomewghich proceeds until the whole systefineezes as soon as
the gelation point of the reaction is reached and no further movement/diffusion of silica species
is anylonger possible The other process is the phase separation between the continuously
reacting silica phase and the REEh phase in thalestabilized systemwhichtries to reach its
thermodynamic equilibrium bysD Hence the whole structure formation pragss has to take
place in the time interval between the first moment when the growing silica oligomers get
incompatible to the PEG and the gelation point. ®iisicture formation processan generally

be nfluenced by several parametelike the pHvalue,the reaction temperaturethe molecular
weight of the PEG, the polarity of the solvent or the relative composition of TMOS toAREG.
these parameters influence either the hydrophilic/hydrophobic contrast of the two separating
phases or the time intervah which the SD is allowed to proceed. For exampiere acidic
conditions lead to a faster sgkl reaction, an earlier gelation of the silica network and hence
decrease the time interval of the SD process. A shorter time interval of SDragalts ina
macroporous silica networ&xhibitingsmaller pore sizebecause the selimilar growth of the

SD proess is interrupted earlier.

15
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For a more detailed description of the Nakanishi process and a more detailed discussion of the
underlying physicechemical principles the reader is referred to the literattffd®*®! with
respect to the topic of this thesis it is sufficient to highlight that the SD in the Nakanishi process
leads to a macroporous (silica) network because a reacting Tp@$ separates from a
polymerrich phase. This process is allowed to take place over several hours so trsindelf
growth during the SD may proceed until the silica network exhibits domain sizes in the range of
several hundred nanometers to a few micrdff$® This finding needs to be discussed when SD
decomposition is consulted to explain the generation of mesoporosity in electrospun fibers
because such mesoporous structures are roughly two orders of magnitude smaller. Why SD may
lead to such significaly smaller structures in electrospinning experiments will be considered in
chapter2.5.4

2.3.2 Diffusion -limited cluster aggregation (DLCA)

Diffusiortlimited cluster aggregation (DLCA) represents a mechanistic theory explaining the
structure formation from prticles as building blocks. In this theory diffusion and aggregation of
dispersed particles constitute the main concept determining the final structure of aggregates.
This model starts from the assumption of inityalsotropic distributed individual paicdles
diffusing through a fiite space. In the simplest model the diffusing particles stick together
irreversibly upon collisionTheoretical calculations predictadeversible collisiongo result in
open, fractal structures which may be space spannegresenting porous materialé” If the
aggregation of diffusing particles is partly reversible or if thermally activated rearrangement is
enabled, the fractal structures may ripen to more dense aggregates which are not system
spanning. The compactnessaigregates is expressed in the fractal dimensiomhich is three

for a closestpacked threedimensional aggregate while a threlimensional complete open
fractal structure exhibits the lowest possitde=1.78+ 0.055% The fractal dimension correles

the radius of gyratiorrg of an aggregate to its mass which is proportional to the number of
particlesn composing the fractal cluster:

& ax i (2-4)

From correlation (2-4) it is obvious that growing cluster aggregates diffuse slower, the larger

they grow because the seliffusion coefficienDis proportional tom?*:5!

T~ 8
0 Q—8 39 adp—s :% Jys (2-5)
with:
"Q =Boltzmann constant;
=collision crossection of the particle/aggregate;
p =pressure;
T =absolutetemperaturein Kelvin

Furthermore, it can be concluded that an open fractal structure which necessarily exhibits a
larger collision cross section diffuses slowen a dense structure of theame mass.
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SD and DLCA: Understanding the process of structure evolution during the preparati
porous nanostructure

Whether DLCA leads to open frastaor close packed structures depends basically two
general parameters: the interaction strength between the particles and the time in which the
particles are able to diffuseThe time interval in which diffusion is allowed depends on
experimental conditions and may vary strongly. For example, solvent evaporation leading to
solidification of the considered dispersiattimately prevents particle diffusionand depending

on the evaporation speed solidification may take several hours to dayg. (®r aqueous bulk
dispersions at room temperature) or just (split) seconds as in the case of electrospinning
experiments (see chapt&.5.5.

stable
dispersion .

m

solvent
evaporation

increase in

counterion-
concentration
E, in EDL

decrease of
EDL/
repulsive forces]

instable
dispersion

m

Ey

Figure 2-6: lllustration of potential enegies Eresulting from the DLVO theory versus the
particle-particle distancer obtained by balancing attractivgE,) and repulsive(Ey) forces
(E =Ex*+E). Upper part: stable dispersion; lower partinstable dispersion.Decreasing the
thickness of theelectrochemical doubldayer (EDL)i. e. a decrease of gEby e.g. solvent
evaporation leads to a destabilization of the dispersi@md triggerscoagulation of particles
(adapted front*?).
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SD and DLCA: Understanding the process of structure evolution during the prepare
of porous nanostructures

The other important parameter, the interaction of dispersedlloidal particles is basically
described by the DL\Abeory (named after their inventor®erjagin, Landau, Verwey and
Overbeek). Similarly as the Lenatdnes potential balances attractive and repulsive forces for
uncharged, molecular species, the DL\H@otry balances attractive and repulsive forces of
colloidal particles stabilized by surface charges. Attractive fdigegtween dispersed particles

are predominantly Vawer-Waals forces and repulsive forcds are mainly electrostatic
repulsions of the charged particle surfaces. While the attractive-démWaals forces are
assumed to scale with® (r: distance between two particles) the repulsive forces typically scale
with r*? resulting in interaction energdistance plots similar to plots of the Lenaidnes
potential (se€figure 2-6). However, there is a fundamental difference: In contrast to the Lenard
Jones potential the repulsive forces in the DLVO theory are strongly dependent on the chemical
surroundng of the particles due to the electrochemical double layer (EDL) which stabilizes the
particles. The EDL again can be influenced by changes in thalyptlof the dispersion and/or

the addition of salt$’® Consequently, the potential curve which resufitsm the DLVO theory
may exhibit different energyminima due to differences in the EDL. In case of a negative
energetic minimum, coagulation of particles occurs if they approach each other to the
appropriate distance sge figure 2-6, lower part). If the aergetic minimum is positive, the
dispersion is stable and the mean partiplarticle distance will be the distance at which the
minimum is seatedsgefigure 2-6, upper part).

The DLV@heory is able to explain, why coagulatioan occuif solvent evapaates from initially
stable dispersionsAn initially stable dispersiarefers to a situation illustrated in the upper part
of figure 2-6, whereassolvent evaporating from theolution changes the situation to thaine
illustrated in the lower part ofigure 2-6. Solvent evaporation necessarily leads to an increase in
counterion concentration of th&DLdecreasing its thickness and the strength of the repulsive
forceswhich finally may result in coagulation as solvent evaporation proceeds

Exactly ach ongoing solvent evaporation iaking placeduring electrospinning so that the
DLVGtheory explairs why solutions in colloidal electrospinnift® experiments (ie.
electrospinning of solutions containing dispersed nanoparticles) experience desitaniliz
Consequentlyaggregation of particleg a destabilizingolloidal electrospinning solutiomay
be discussed in terms of the DLCA thawhych will beintroducedin chapter2.5.5
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2.4 Electrospinning

2.4.1 History and overview

The concept ofthe first electrospinning apparatus was presnted by A. Formhalsaand
subsequently patenteds early asl929"°** His idea was based on a device for the electric
dispersion of fluids patented by J. F. Cooley in T89Blowever these inventions did notesult

in widespreadusageof the method neither in a scientific nor in an industagiplication directly,
because analytic method® investigate electrospun fiberaere not available to that time so
that the benefits of this method were not realizedwo specific events were necessary to
establish &ctrospinningin the scientific communityFirst, several research results of TGaylor

in the 1960s were necessary tain a first understanding of thephysics involved in the
electrospinningprocess®*% Secondly,the availability ofnethodsto investigatenanostructures
was indispensableElectrospun fibers with sufmicron diameters can hardly be investigated by
conventional light microscopes due to iheintrinsic resolution limit. Hence, a detailed
invedigation o electrospun fibers dependsn the technical develoment of microscopic
methods that @e able to analyze structures smaller than the wavelength of the visible light (i.
some hundreds of nanometers). Among otliechnologiedike atomic forcemicroscopy (AFM)
etc., it was especially the omnipresent availability of the scanning electron microscopy (SEM)
which promoted the research on the electrospinning method. Consequently, electrospididng
not attract considerable attention in the scientfcommunity beforethe 1990s. In this decade
primarily the work groups around OH. Reneker and A..Yarin contributechumerousresults to

this newresearchfield [**®? Their investigations were mainly focused on the electrospinning of
polymer solutionsand further theoretical knowledge derived frosuch fibersin the following
years other research groupamong them the groups around Di.and YXid*® or A.Greiner and
J.H.Wendorff® followed and established electrospinning as a discrete séiemésearch field.
After polymer nanofiberdavingbeeninvestigatedwidely and the electrospinning process itself
was understood in itphysical fundamentalsthe technique was extnded and transferred to
other materials. Onaecent focus of research ietestin the area of electrospinning is the
preparation of inorganic nanofibersyhich was established by first experiments based on the
electrospinning of different sajel precursorswith the beginning of the new millenniuffy’
Applications of such electrospun materials are manifold. Basically electrospun fibers
representing 1Enanostructuresare interesting for any applicatioim which surface processes
are involved because their intrinsically large surfam@olume ratiois highly accessible to guest
molecules (see chaptet.2.1.9. Consequently, electrospun inorganic fibers are investigated as
sensors (eg. tin oxide fibers see chapterd.5.1.]), catalysts (eg. ceria fibers see chapter
3.4.1.)), electrode material&nd many more
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2.4.2 Electrospinning setup

The basi@lectrospinningsetup shown infigure 2-7 will only be outlinedand providedshortlyin
the following sectionin order to ensure thathe consecutivechapters can be understoodror
more detailed information thénterested reader is referretb the literature *®

taylor cone
syringe

capillary \
tip ‘

syringe pump

collector

0.000 kV

high voltage power supply

Figure2-7: Scheme of the general electrospinning setup

The principle of electrospinning limsed onthe stretching of a visags liquid by electric forces.
Generallythe liquid may bea solution or a melthoughthe latteris by far not as frequently used
so that itwill be omitted in the followingdiscussion

In a typical setuphe viscaissolution is pumped through a capillary (igiameter typically some
tenth of a millimeter) conneded to a high voltage potentiglseefigure 2-7). This potential is
increaseduntil the surface tension oftte ejected solution is overcontey the repulsive electric
forcesresulting inthe socalled Taylor conand aspinning jetis ejected. The jetaccekrates
towardsa collectore. g.a grounded retal plate in thesimplestcase whichis placed in a typical
distance of approximately 380 cm from the needle The soecalled bending andxisymmetrical
instabilities, whictoriginate from the chargeon thejet lead tofurther stretching and thinning of

the emerging nanofiber while the jet is traveling towards the collector. This is accompanied by
the evaporation of the solvergo that a solid fiber is deposiin the collector. These processes
are explainedri detail inthe corresponding literaturé?©4°%5l

As-spun fibers can be modifidaly different post-treatments. For examplemetal oxide fibergan
be obtained ifasspun fibers containing some source of the metal oxade calcined at elevated
temperaure removingthe spinning polymer by combustideee chaptef.4.6).
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For the electrospinning experimentsf this thesistwo handcrafted setups using some
commercially available componentgere used One setupzonsists of the required components
illustrated infigure 2-7 with a spinning chamber constructed from acrylic glda$®secondsetup
includes a climat control device that allowthe control of temperature (in the range oft°Q
and humidity (in the range of 8% relative humidity) in the electrospinning chamber (Bgare
2-8 CE, for further information see chapte$.2.2.3.

Figure2-8: <lf-constructed electrospinning setup. /M: standard setup; € setup with climate
control.

2.4.3 Experimental requirements for electrospinning

Electrospiming is a method that enablég§ K S LINR RdzOG A2y 2F GSyRf Saasé
the range of several tens of nanometers up to some micrometers. Nearly all kinds of material
can be electrospn and even living species like bacteria can be electrospun as demonstrated
earlier® Although there are onlfew limitations on the materials sidéhere are some basic
requirements of the electrospinning method which need to be considered and nar®w it
applicability slightly. Thyghese requirementsvhich can be roughly summarized with the three
keywords viscosity, conductivity and homogeneitg shortly outlined below

2.4.3.1 \Viscosity

The frst basicrequirement for electrospinning is a colloidaliyable, homogeneous solution,
dispersion or meltsvith a viscosity that is adequate for spinnindgscositiesthat are adequate
for electrospinningare in the range of 0-2 Pdswhich can roughly be compared to the viscosity
of honey®*"@The viscositgan beadjustedby selecting anostlyorganic, soluble polymer with a
high molecular weight andptimizingits concentration in the spinning solutiomhe exact value
of the viscosityallowingfor a stable spinning processfigrither affected bysolventparameters
like e.g. its vapor pressureor surface tension Also the temperatureduring the spinning
experimentaffectsthe viscosityalbeit in practice electrospinning is barely conducted at other
temperatures than room temperature
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2.4.3.2 Conductivity

During ekctrospinninghe surfaceof the solutionis charged by @plyinga high voltagepotential

at the capillary tip ofa syringe(seefigure 2-7 and figure 2-8 B). If the ionic conductivity of the
solution is too low, the charge may not be distributesimogeneously on the surface resulting in
the formation of mostly undesiredbeads i. e. droplet-like thickenings on the nanofiberdo
suppress bead formation a conducting salt may be added to the solution. For the preparation of
inorganic fibersit has b be consideed that these salts are contaminantshich have to be
removed after spinning. Fgrolar solutionsthe usage ofammonium carbonate as conducting
salt is & elegant choice because this salt decompose&®mpletely into gaseous products
(ammonia, vater and carbon dioxide) upomild heat treatment. In order to obtainpure
inorganic fibers, aubsequentheating step after spinning is oessaryin most casesnywayto
remove the spinning polymer and condense and/or crystallize the inorganic matter. Other salts
such asodium chloride are not volatile andould stay in the fiber after calcination.

On the other handthe conductivity of the spinning solution should @lgot be too high
Otherwise short circuits between the capillary tip and the collector may owadich would
prevent a constant jetformation and therefore a stable spinning process. Tikis common
synthetic problem for the preparation of inorganic fisefrom solgel precursorsespeciallyif
the precursor is ionianddissociates in the spinning solution.

Neverthelessit is possible to optimize the composition of the spinning solutiomost case$o

a conductivitythat is adequate for spinningCongquently,i KS ¢ 02y RdzOG A @A Ge& LINRO
significantlylimit the preparative possibilities of electrospinnirig. practice, the optimum level

of condlzOG A @A G& A& dzadz f f @andrtBedeypRriensedof thelieMderimentet Yy R S NN,
rather than it 8 measured and set to a distinct value.

2.4.3.3 Homogeneity

The spinnig solution or dispersion may basicatlgntain many kinds of different substances:
polymers, organic and/or inorganic reagents, nanoparticles or evemdieculesor bacteria
There is only oneequirement concerning the composition: The different substances that shall
be combined have to be compatible with each other, meaning that the mixture has to stay
monophasioor at leastmetastableas long as the electrospinning experiment is conduciie
precipitation ofany componenin the spinning solutiorhas tobe avoidedbefore spinning. This
may be a poblem,for instance whenpolar and nopolar substancebave tobe combined.

The homogeneity of the spinning solution is a major preparatihallengeconcerning the
preparation of inorganic fibers from nanoparticlésee chapter2.4.6). Dispersions 6inorganic
nanoparticles can only be stabilized in specificsolvents and only up to a limited
concentration”<"* Sometimes thisubstantiallylimits the choiceof solvents which may be used
for the electrospinning experimerand hencefindinga spinning polymer that is compatible with
such dispersions in an adequate concentration ranggresentsa major synthetictask: First,
there isthe necesity to dissolve sufficient polymerto achieve aviscosity of the solution high
enough for spinningSecondlythe overall concentration of nanoparticles should not be too low,
because otherwise thamount ofnanoparticles will not be sufficient to form anorganic fiber
after combustionof the polymer.As a rule of thumbhe nanoparticlanassconcentration in the
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spinning solution should beughly the sames the polymer concentratioar at least one third
of the polymer concentration to prevent disintegration of the fiber morphology during
calcination.

2.4.4 Properties of electrospun fibers : advantages and challenges

Properties of electrospun fibers depend doth the materialand the structue of the fiber mat.
The morphological shape of electrospun fibers determines some essential propedadated
below which area direct conseqance of their 1Bhanostructure.To be straightforward the
following discussion will be focused on metal oxitbers which constitute an important subclass
of inorganic materials and which are investigated within this thesis.

Hectrospun fibersnormally obtained as nonwoven nmatvith a random orientation on the
collector exhibit a 1Bnanostructure whichleadsto an intrinsically hugevoid space between
individualfibersresulting in anacropoous interfiber structure(seefigure 2-9). Such fibemats
generally possess a tremendous overall porosity which is significantly higher than it could be
obtained for othernanoarchitectures likelip-coated thin-films evenif these are prepared with

the help ofmacropore template&*?” Simultaneously, theanoscat diameterof electrospun
fibersresults inlargespecificsurface areatypicaly in the range ofapproximately 36 200m2/g

for oxide nanofibers (see chapt8) which is roughly comparable to the specific surface areas of
dip-coated thinfilms (i. e. a 2Bnanostructure)

electrospun,
nonwoven
fibermat -

b’ void spaces
representing macropores

—— 50 um

Figure 2-9: Electrospun nonwoven fibemat: Void spaces between individudibers
represent macropores (adapted with permission frdfn, Copyright 2011 American
Chemical Society

't has to be noted that the d#¥)nhasiatstyongarpact dn¢hese xi d e
values (see chapte.6.3. Nevertheless, a rough mathematical estimation of the specific surface area of
nanofibers compared to pites is presented below (see chatdry.
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Compared to nanoparticle§8. e. a OBnanostructure)the surface of fibergan be calculated to

be as large aswo third of the specific surface are# sphericalparticles with the same radius
r.2"® Hence,in casethe focus liesonly on the maximization o§pecific surface areas spherical
particles are thefavorable structure. Otherwise,the 1Dnanostructure offibers exhibis
advantages which magompensatethe slightly lower specific surface are&or instancein
applications like semiconducting sensing devigestronic conductances required because the
sensing reaction on the active material generates an electronic signal which needs to be
promoted to a drain in order to be able to construct a working sef$df. In this respect
particle-based systems suffer from grain boundandgsich are an intrinsic barrier for conduction
paths because they may interrugie percolation pth from the agive site to the draif’® In
O2y iGN} &aix GKS aSyRfSaaé¢ FEA&E 2F St SOGNR&LIzy FAO:
intra-fiber grain boundaries or fibetracks are present interruptg the percolation patH®”!

As already mentioned (see chapt2.2.1.9, the interfiber macroporosity of electrospun
nonwoven mats enincesmass transport of guest molecules to the surface of the fidéfibers

with additional intrafiber mesoporosity can be prepared this further improves the accessible
surface area not only for small molecules like nitrogen gas but also for larger substrates that
even may be as large as biomolecules. Such hierarlyhiosdse/macroporous fibers are
interesting candidates for applications in which surface reactions are pivotally involved as for
example in heterogeneous catalysis: Electrospun fibers may be used ad (&t&ianaryé
phase) catalyst for processes withetreactants in a liquid or gaseodmobile¢ phase. 8perior
catalytic performancef electrospun fibers was demonstrated for some applicati8t%! which

can be ascribed to the above mentioned beneficial morphology of the nanofibers.

Recently, the mgshology of nanofiber catalysts revealed sorather benefit: Electrospun
fibers can be used as sophisticatethdel catalystto monitor degradation of catalysts under
reaction conditions. If an active matermperiencesny structural degradation durincatalysis,

such degradation cahe observed by simple electranicroscopy on fibrous nanostructures. In
contrast, such morphological transformations cannot be detected in a similar simple manner on
catalysts consisting of packed nanoparticldence, electwspun model catalysts can be
successfully employed to study catalytic activiiiegorrelation tostructural and morphological
rearrangements2*2°!

Apart from the above mentioned advantages, electrospun materials also exhibit some basic
challenges whicmeed to be consideredrirst, upscalingis a challenge if nanofibers shall be

produced inindustrial dimensiongia electrospinningAlthoughsomeindustrial electrospinning

setupsare alreadycommercially availablso far®®#” the dimensions ohonwoven matsthat can

be producedare limited tosome square metex. Furthermoresuchfiber mats usuallyfeature

thicker fiber diametersthan fibers fromtypical scientific latsetupsas aconsequence of the

slightly altered techniqueused in industriabetupsnecessaryo circun@Sy & G KS a0l G OKgA & ¢
of syringes as reservoir for the spinning soluff8hAdditionally such a setup may causeme

problemsif air-sensitive smning solutions should be spumhich is especially problematid

inorganic naofibersare preparedvia solgel chemistryHighly reactive sejel precursors may

% In this comparison the top and bottom surfaces of the cylinder are neglected.
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read and condense in the reservdaefore theycan bespunto fibers Thus especially for up
scaling purposes and industrial production of inorganic nanofibers it isgsisto develop an
electrospinning technique for inorganic fibersot based onsolgel chemistry. Therefore,
electrospinning of dispersible inorganic nanoparticles is a very promising approach (see chapter
2.4.6.

A second challenge concernialgctrospunfibersof oxide materialarises from their mechanical
properties. Metal oxides are generally hard and britthaterials. Ifsuch materials arspunto

fibers with just some huireds of nanometers in diameter the fiber madse prone tocrack
when handlig them RS&a i NRP&Ay3a (KS 0 Shgnbafchitcturef(seead®oidyt Sa & ¢
Furthermore, the preparation of inorganic nanofibers using organic polymers as spinning
auxiliary (see chapte2.4.6 suffers fromhuge mechanical stress within the fiber maigring the
calcination procesalso provokingracks During the removal of the polymenechanical stress
arises from the shrinkage of the fibers that accomparilés process. Attaching electrospun
fiber to substrates may hel overcomesuchdifficulties. But in contrast todip-coated thin

films, which are generallyfixed to a substrate, the attachment of electrospun fibers to a
mechanical supports much more complicatedecause the contact arebetween fibers and
substrateis muchsmaller So far invessgations onfiber anchorage on substratehd not lead to
satisfying result$or a broad variety of materiaf&”

Finally safety and health issues of nanostructures like particles or fibers are still a matter of
researchsincethe consequences of thewasion ofnanostructuresin the human organism for

instance via inhalatiorare unclea®® In this context electrospun nanofibers have the huge
FRGFYGF3S 2F F2N¥AYy3I y2ye620Sy Yl ia 2F aSyRfSa
released as respirableudt than individual nanoparticles. Nevertheless, the release of small

cracked fiber sections which may be generated upon mechanical stress of nonwoven mats needs

to be effectively prevented because it is expected that especially inorganic fibrous rmeatesg!

cause similar reactions of the human body eg. silica based materials e asbestosis

disease.

2.4.5 Rough estimation for the specific surface area of nanofibers

Asthe specific surface area is a pivotal property of nanoarchitectures, it is helpful to roughly
estimatean expectedspecific surface area of electrospun fibéos oxide materials investigated

in the course of this thesig\ comparison of electrospun fibeito nanoparticles with the same
radius r was already presented elsewhé&f® and will not be repeated here. As already
mentioned in chapte®.4.4 these former calculations resulted in a fdbd specific surface area

for nanoparticles compared to fibewsith the same radius.®

% In this comparison the top and bottom surfaces of the cylinder are neglected.
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However, farting from the assumption that a mass ofry material with a density of gicm™ is
consideredhe volume of this material will be hm*.* As abulk material this volume could exist
in a cubic shape with an edge lehgf one millimeter (sedigure 2-10 A) possessing a specific
ddzNF I OS I NBHB™ 2F mMopi mn

4mgmassy =4fchh— V=A10 -

A

B
<>

a=1mm r=50nm, =127 km

specific surface areas:
1. 5A10 mAg 10?%mAg
Figure2-10: @ Y LJ- NJ asBage nibdel naterials A G K ARSYGAOFt @2f dzvySo

A: bulk material with cubic shape; Eelectrospun) nanofiberwith ideal
cylindrical shape

In electrospunfibers the same volume would possess the form afydnder with an exemplary
radius of ® nm which is a typical value for eleospun nanofibersThiscylinde hasa length of
approximately 12km resultng in the assumed volume of one cubic millimeteee figure
2-10Bandtable 2-1).

Table 2-1: Calculation of specific surface areaf the ¢ A K+ LIS Y2 RSt YIFGSNARFfa¢e gAGK Al
volume presented infigure 2-10.

sample morphology specific surface area fsolutevalues) relative surface ratio
@I | i
bulk —_— P T — =1
e PP
nanofiber” SRI M p TEl— 6667
TPne ¢

Y- The areas of the bottornand top-surfacesof the cylinder are neglected in the calculation

“ A density of 4g A B ima typical value for inorganic oxides likeg titania as representative example.
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According tothis estimationthe nanofibers have a specific surface area of approximately
10m?g™ which isroughly the 7000fold value compared to the bulk material. Furthermore,
electrospun fibers,especially inorganic ones, are normally not as smoashan idealized
cylinder. Thiswill certainly lead to an increase in the specific surface area of real nanofibers.
Considering thatte diameter of nanofiberstronglyinfluences thespecificsurface area of the
material it is worth calculating how the specific surface area of nandimmaffected by their
diameter: Reducing the fiber diameterfaa cylinder by a factor of temesults in a 10dold
increaseof its lengthif the volumeis keptconstant. Thiscauses an increase dtiie specific
surface aredy a factor of 10In other wordsassuming a constant volunike surface area and

the diameter of a cylinder armverse proportionato each other.

To concludethe precedingestimatiors lead to an expected surface area okide nanofibers
around10 m?g™* which seems to & in accordance with measured values presented in chapter

It should be noted, that the measured values presented there refer to fibers which exhibit
additional mesoporosity which is not considered in the above calculat@ding to result in an
even hgher specific surface area. This effect is partly counteracted by slightly larger fiber
diametersevidenced by electron microscopy

2.4.6 Synthetic concepts: Different approach estowards metal oxide nanofibers

Metal oxidenanofibers can be synthesized by electrospinning via different syntiaites (see
figure 2-11). These different synthetic concepts exhibit some specific benefits and drawbacks
which have to be considered when inorganic fibers shall be prep&tegever, not alpathway
specificparticularities are known so far and itasmatter of this thesis to gain furthansightin

this context.

The first synthetic approach towards electrospun metal oxide fibers is to add an inorganic
precursor, typically anetal halide or a metal alkoxide, to a spinable polymer solution figeee
2-11A and figure 2-11B). Via sebel reactions these precursors can then be chemically
transformed to the corresponding metal oxide. Suchgallreactions may already start iiing

the spinning process and are usually completed by thermal treatment of the electrospun
composite fibers. The thermal treatment is also necessary to remove the spinning polymer by
combustion and is usually adjusted for the specific metal oxide. Thgesalpproach is already
widely used for the synthesis of a variety of metal oxide fibers and consequently the most
investigated approach®

Basically, it is also possible to electrospin agsblsolution without the addition of any organic
polymer, beause scfgel solutions may become very viscous during gelation of the precursors.
When the solgel precursors react, a network of metygen bonds is established resulting in
the formation of a gel that can be considered asirmorganic, croséinked polymer featuring a

high viscosity in solution. Depending on the degree of condensation of the precursors the
viscosity of segel solutions changes during the reaction. This, however, can be problematic as
spinning of sebel solutions suffers from increaginviscosity with ongoing sgkl transition
which in turn affects the electrospinning process and finally prevents it.
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Polymer, e. g.:
PEO, PVP, PVC,
PAN, PVOH, PVAc,

Solvent(s), e. g.:
EtOH, MeOH,
DCM, DMF, etc.

Sol-gel precursor: Dispersible
M™(OR), nanoparticles, e. g.:
M™Hal’, TiO,, SiO,, ZrO,, etc.

Electrospinning I

\'4

A: Polymer
fibers

| Composite organic/inorganic fibers |

| Calcination I

| | |

B: Sol-gel C: Nanoparticle D: Brick and mortar
fibers fibers fibers

FHgure 2-11: Synthetic concepts for the prepation of electrospun fibers: Apreparation of polymeric fibers;
B:preparation of inorganic fibers via the saefel route (with or without the adlition of organic polymers);
C:preparation of inorganic fibers ia the nanoparticle approach; Dpreparation of inorganic fibers vidhe
GONRO] FYR Y2NII NE | LILINRBF OK®

To avoid such problems an alternative concéptto use preformed inorganic nanoparticles
instead of sobel precursors (seéigure 2-11C).">* In this strategy a viscous solution of an
organic polymer is combined with a dispersion of inorganic nanmbes (NPs) As inorganic
nanoparticles are chemically more or less unreactive compared ta@yedoprecursors the
spinning solution is chemically stable as long as precipitation of canyponent and side
reactions issuppressed. The bottlenecks of thisigyesis route are the availability of dispersible

AY2NEFyAO

YEYy2LIF NIAOEfSa YR GKS LINBLINFGA2Y 27F

concentration of nanoparticles sufficient to form an inorganic fiber after polymer removal. This
nanoparticleapproach (NRapproach) is much less investigated than the-gl approach and
the preparation process is much less understood on its phydiemical basis. The N#pproach
can be considered as part of the more general colloidal electrospinning cofitepalloidal
electrospinning is mostly used to prepare composite fibers of diffecemipoundsso that the
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spinning polymer is only rarely removed after the spinning experiment. Another important
advantage of the NRpproach is that materials are accessjblihich cannot be prepared via sol

gel chemistry. One example is a report on titania in the,(Bfdnodification®® a metastable
crystalline phase of titania, whiclts inot accessible via simple gml chemistry. Hence,
electrospun fibers of this matexi can only be prepared if dispersible XEB) nanoparticles are

spun to nanoparticleerived fibers (NRibers). In this report the synthesis of T(B)
nanoparticles was succeeded in a specific mixed solution of ionic liquids which cannot be used to
prepare a spinning solutionsing thesolgel approach.

In some cases is difficult to sinter the nanoparticles during theombustion of the organic
polymer, resulting in the loss of the fibrous morphology. In this case a synthetic condegt
uses a spining solution containing nanopatrticles and a small amount ofgeblprecursor as

G Y2t SOdzcanNe apdlielEéfigure 2-11, D). Thisrecipewas first reported bySzeifert et

al. for the preparation of thiffilms via dipcoatingand is known as thé& 6 NA O] YR Y2 NJ
concept? Thea 6 NA O1 | YR YB+MipprosEh)is®arefy@plidd for electrospinning
syntheses up to nowlo the best of my knowledge the only report oniatrganic electrospun

G o NR O | fiders Bviidels)NdEe composite metal oxide/silica fibers prepared by
combining silica nanoparticles with metal oxide-gel precursor$” There are no reports on
singlemetal oxide B+Mibers so far Consequentlyfundamentals othis approactstill needto

be studied in detailWithin this thesighe B+Mapproach is investigated and comparedfibers
prepared by the seyjel and NRapproachon the example of tin oxide fiberSuch investigations
can reveal specific synergetic features d+Mfibers comparal to pure solgekderived or
NRfibers. The corresponding results atiscussed in the chapte&5.4and3.5.5

2.5 Formation of mesoporous electrosp un fibers

2.5.1 Porous electrospun fibers

Hectrospunnonwoven fiber mats intrinsically exhibit significanticroporosity in form of inter

fiber void spaces. Consequently, only micand mesoporosity have to be implemented by an
adequate synthbsis of electrospun fibers in order to obtdiferarchically porous nanostructures

in a straightforward manner. Whilehé macropore void spaces represent infdrer porosity,
micro- and mesoporosity have to arise mainly from infilaer porosity (sedigure 2-12). This
thesis focusses on the characterization of the mesoporosity in electrospun nanofibers though
some commetary on microporosity will be given where it is helpful in the overall conteat.a
detailed investigation of microporositthe method of argon physisorptiorshould be applied
while macroporosity can be characterized by mercinyusion porosimetry However, such
investigations are beyond the scope of this thesis and are a task for future projects.
Consequently, this section will focus on the theoretical background concerning mesoporosity of
electrospun nanofibers and former experimental results in tustext to illustrate the state of

the art concerning mesoporous electrospun fibers.
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electrospun
/ fiber mat

) .
/‘ void spaces intra-fiber
representinginter-fiber meso- and/or
macropores micropores

FHgure 2-12: Electrospun nonwoven fiber mat: Void spaces between individual fibers represeter-
fiber macropores Meso- and/or microporosity predominantly have to arise from intrafiber porosity
(adapted with permission fror{®, Copyright 2011 American Chemical Society).

Theoreticalstudies predictedhat porous or hollow polymer fibers may occur under adequate
conditions due to phase separation phenomenagss transport and fluctuations taking place
within the electrospinning jet as a consequence of solvavaporation®<® Several
experimental resultbackthese theoreticapredictionsand also the structure of some inorganic
electrospun fibers seem tioe in accordance with such thed®y®®

Mesoporous electrospun fibersan be prepared by different techniques: Soft templating by
micellegenerating blocicopolymers isan adequate approach to introduce mesopores into
polymeric or inorganic nanofibemnalogously to the preparation of digoated thinfilms [B9%

1921 Alternatively, the combination of two polymers in the electrospinning process and a
subsequent selective removal of one of them afterwards can also result in porous electrospun
fibers everwhen none of the polymers is a micefteming blockcopolymert'®?

Yet, nore elegant ways to generate mesoporosity within electrospun fibers exist, which do not
require the addition of a templater a second polymer which first have be synthesized or
purchased and removed in a subsequent step afterwards. Such synthetic concepts are known as
seltassembly processes. Also in the field of electrospinning several studies give ewit&ince
selfassembly processemay occur durng the experiments resultingn the formation of
mesoporesin polymer fibers In these investigations parametg like humidityin the spinning
chamber**'%! temperature ™' molecular weight of the spinning polyrf&? or solvent

vapor pressuré” % were found to influeme the selfassembly processind hence the
mesoporosity In all cases basically the same explanation for the occurrence of mesoporosity is
given: The change of the parameters always influences a phase separation process during the
spinning process whichdds to the generation of mesoporosity as a consequence.
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However, such results cannot be simply transferred and adapted to inorganic fibers, because the
electrospinning solutions used to prepare inorganic fibers are much more complex. In most
cases the inagzanic material or its precursor are combined with an organic spinning polymer to
achieve an adequate viscosity of the solution for electrospinning (see chaptéd. Hence,
interactions between the inorganic material €i. sotlgel precursors and/or prefmed
nanoparticles) and the spinning polymer have to be considered. Furthermore, it has to be taken
into account that the spinning polymer may also act as pore fornmaggnt (porogen)
complicating the case study concerning the origin of mesoporosity.tioately, solutions for

the preparation of digcoated thinfilms are similar to electrospinning solutions in many aspects,
so that knowledge from this scientific fiefday helpwith the understanding of pore forming
processes in electrospinning of inorgamaterials (see chapté&:.5).

If the literature on porous electrospun inorganic fibersigveyed anotherpoint of criticism is
uncovered: In a lot of cases porosity of electrospun fibers is only investigatddatjualy,
mainly by electronmicroscopyexaminingwhether pores can be foundt all or not. In the
electrospinning community, analysis via physisorption experiments is not very common. Such
analyses on fibers are presented ombrely and the data areoften superficiallyevaluated
Physisorption is predominantly performed to estimate the specific surface areas of selected fiber
samples within some studies. Detailed analyses of porosity and pore size distributions are rare.
This is probablg consequence of ambiguities concerning #valuation ofphysisorption data of
electrospun fibers. Investigations on the mesoporosity via physisorption analysis generally
require some preliminary information on structural features like the pore geometry in the
sample. For electrospun fibers ituaclear which evaluation method of the physisorption data is
best suited to analyze their porosity because pore geometries are not krffowrdetails see
chapter 2.6.2. Furthermore, the intefiber void spaces may have significant fuesumably
unpredic@ble influence on the sorption behavior of electrospun fiber mats, especially in the
upper relative pressure range of the physisorption isotherms. {i/po >0.9), which correlates

to large mesopores. Hence, such fundamental questions have to be iratestipefore any
sophisticated study on the porosity of etemspun fibers can be conducted as will be
presented in chapteB.2.3for some representative samples.

2.5.2 Preliminary investigations on electrospun titania fibers

Preliminaryinvestigations on thdormation of mesoporous inorganic fibers from preformed
oxide nanoparticles were conducted on titania fibErs! giving first insights into mesopore
generating processeim suchelectrospinningsystems Several experimentwithin this thesis,
especiallyregarding the synthesis of zirconia fibers (see chaptgy, were performed in analogy

to the previous titania experimentsThe knowledgebtainedfrom the precedingstudy mayhelp

to understand general conclusions of this thesis concerning mesegengating processes.
Furthermore, the results on different metal oxides will be compared to each other to elucidate
general similarities in the formation of mesopores in electrospun metal oxide fibers irrespective
of the material (see chapteB.6). For a moregeneral consideration the result on the titania
fibers will be incorporated in such comparison
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Table 2-2: Overview of all synthesized titania samples and composition of the corresponding solutions that were used for the

syntheses.
sample . weight ratio wt.-%
| | T |
no. sample category polymer i0; TiO,/polymer solvent solvents
) 15 wt.-% Ti(QiPr),
1 I-gel fib 4.9 wt.-% PVP 0.65/1 EtOH 60.3
sorgettibers wt.% (2 3.2 wt.-%Ti0,) /

2 pure particles none “crystalline” WCS-NPs ---  MeOH 96.0
3 NP-fibers 2.0 wt.-% PEO 1.0 wt.-% ._._ON: 0.5/1 CHCl;/MeOH 48.5/48.5
4 NP-fibers 2.0 wt.-% PEO 1.owt-% .:OM: 0.5/1 CH,Cl,/MeOH 48.5/48.5

1), «

crystalline”, wet chemically synthesized nanoparticles (WCS-NPs)

Table 2-3: Physisorption results on electrospun titania nanofibers: BETY, cPv?, TPV® and relative _“_o_.omE\._ values. For the
calculation of the different data see chapter 2.6.

TPV

2) .
sample . ), . -1 cpv relative
| T I BET . - -

no. sample category i0, source solvent(s) [m?g ] Esw.m Y [cm®-g 4 no_.om.z.a %]
. sol-gel TiO,

1 sol-gel fibers i, e. TI(OIPr), EtOH 68 0.082 0.090 25.9
. “crystalline”

2 pure particles WCS-NPs MeOH 73 0.120 0.126 329
) “crystalline”

3 NP-fibers WCS-NPs CHCl3/MeOH 164 0.335 0.366 58.8
) “crystalline”

4 NP-fib CH,Cl,/MeOH 111 0.285 0.334 56.6

Ders WCS-NPs 2Clo/Me

u, specific surface area calculated by the BET method;

2)

3. total pore volume calculated by the Gurvich rule (see equation (2-11));
. calculated from the TPV values (for explanation of the data reduction see chapter 2.6.3.1).

: cumulative pore volume calculated by the DFT method; this is the pore volume of the last data point in the CPV plot;

32



Theoretical backgrounq 33
Formation of mesoporous electrospun fibe

The compositions of some titania samples investigated in the former study are presented in
table 2-2 and the corresponding physisorption results are listedtable 2-3. All data are
presented analogously to the data of the materials studied within thésith

In the formerstudy dispersible titania nanoparticles were prepared in two states of low and high
crystallinity? These particles werenaccuratelydistinguishedas @ I Y2 N1LJK 2 dza ¢ 2 NJ & ONZ
ones, respectively Here only the fibers obtained fromi KS Y2NB GONRadlGl A
nanoparticles are selected for comparison, because they were calcined at the same temperature

as the other materials (e. 550c / VX ¢ KAfS (GKS FTAOSNA FNRBY dal Y21
were calcined at slightly lower terepature (i.e. 500°C). To complete the selection of samples

needed for the comparisons of the different metal oxidesample oLJdZNBE G ONB & (G| £ f A y S
nanoparticles and titania sajel fibers prepared according to a literature synthé&Stsare

consdered.
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k] £ >
& 5020 {as
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FHgure 2-13: N,-Physisorption isotherms () and CPV plots from DFT (@)different titania fibers and of pure
titania NPsC2 NJ 4 KS 5C¢ Fylfeara GKS GaLKSNRAOIE |Raz2NLIIA2yé Y2R

materials in this thesis (see chapte3.2.3). Magnifications of the isothems can be found in the appendicesee
figure 6-5bfigure 6-8). Color codingred: sotgel fibers spun with 4.9t.-%PVP (sedable 2-2, sample 1); purple:
pure, calcined titania NPs (setable 2-2, sample?); blue: fibers prepared from titania NPs spun from mixed
CHGIMeOH as solvent with 2.@vt.-% PEO (setable 2-2, sample3); black: fibers prepared from titania NPs spun
from mixed CHCL/MeOH as solvent with 2.@vt.-% PEO (se&ble 2-2, sample4).

®The crystallinity of the titania particlesasadjusted in the sythesis of the nanoparticle dispersions by
temperature during and duration of the synthdSxperimental details and characterization of the particles
are presented elsewhéf.
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The following concisions are results of the previotisania study and are only shortly stated

and illustrated here: Firstnanoparticlederived titania fibers showed an increased total
mesoporosity compared to sglel fibers (seefigure 2-13). k was concluded that the

mesoporosity was generated bySbprocess during electrospinning and was not a replication of

a porous struture of pure polymer fibers consisting of the spinning polymeComparative

investigations revealed that thdéormation of such mesoporous titania fibedepends on

parameters like crystallinity of the nanoparticles, solvent composition, molecular weight of

polymer and humidity during spinningt was explained K & G KS aONRBA&AGEff Ay Sé LI
prone to precipitate from the spinning solution due to their inferior dispersibility coragpan

0KS & Y2 NLK 2Tde startingl-condpdsi@oh $fa#yspinning solution containing the

GONRBAGEFEEAYSE LI NIHIAOESE Aa Of2aSN) G2 | LKIFAS o02c
a2t dziazy O2y il AyAy 3 fagiKaBng thé iMtRINjuéikchidgastep EDI(shili A Of S &
figure 2-14).
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Hgure 2-14: Schematic illustration of the decomposition process producing
mesoporous electrospun fibers. The differently composed spinning solutions
containing PEO, titania nanoparticles, and different solvents evolve in different
directions with respect to the ristable region in which decomposition occurs.
Consequently, fibers with different mesoporosity can be obtainedd@pted with
permission from’™, Copyright 2011 American Chemical Socjety
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Theassumednfluence of the solvent composition is illustratedfigure 2-15 and figure 2-14: In

the previousstudy dfferent spinning solutiongvere prepared and investigated. The spinning
solutions were obtained by combining a dispersion of titania nanoparticles in methanol with a
solution of poly(ethylene oxide) (PE® chloroform, dichloromethane or wat&espectively In

all cases both solvents were used in the same weight percentage. The solvent evaporation
during electrospinning causes a change in the solvent composition because the three solvents
used to dissolk the PE(possess different boiling pointd,§. For instance, dichloromethane

(T, =40°Q evaporates faster than methandl,(= 65 °Q resulting in an increase of the ratio of
methanol in this solvent mixture during spinning. Likewise, the portiomethanol decreases,
when water {, =100 °Q is used as csolvent. Thus, the different solvent mixturésverse
different pathways with respect to the phase boundégyondwhich decompositions initiated
(seefigure 2-14). It was concluded that the seént mixture ontaining dichloromethane as
co-solvent is most likely to underg8D Basically, the decomposition is a consequence of the
interaction between a good and a poor solvent (figare 2-15): While methanol is a precipitant

for PEO, chloroform ahdichloromethane are poor solvents for the titania nanoparticles. In
contrast, water is a good solvent for PEO and the titania particles. The solution containing
dichloromethane thus facilitates the separation of PEO ({&pee 2-15A) due to the increasg
portion of the precipitant methanol in the solution during evaporation. Contrariwise, phase
separation is impeded with water as-solvent (sedigure 2-15C), because the portion of the
good solvent water for the particles and the polymer increasesnduevaporation. In casef
chloroform {,=61°Q being co-solvent, the solvent composition stays constant in first
approximation, because both solvents evaporate more or less simultaneously. Consequently,
segregation of PEO and/or titania particles magcur, but the phase boundary at which
decomposition takes place is not reached as fast as if dichloromethane is used@sestd (see
figure 2-14). In summary, the interactions of the spinning polymer, the titania particles and the
solvent(s) determingf an initially stablesolutionis quenched by traversing phaseboundary
triggeringa SDprocess withirthe instable region of the phase diagram

A B C
TiO, NPs Ti0, NPs Ti0, NPs
CH,(l, MeOH CHCIl, _ MeOH H,0 MeOH
T,=40°C T,=65°C T,=61°C T,=65°C T, = lllli“( T,=65°C

FHgure 2-15: Schematic illustration of compatibility and interactions of the different solvents with trspinning
polymer PEO and the titania nanoparticles in the spinning solutioadgpted with permission fror{, Copyright
2011 American Chemical Socigty

As a consequence of the variable behavior of the spinning solutions with differesghoents,
the resulting titania fibers exhibit distinctive internalesoporositiegseetable 2-3 and figure
2-13). SEM pictures of the fibers can be found in the literat{faivhile titania solgel fibers
have a specific surface area of ®8g™ and a total pore vaime of 0.09@&m’g", the NRfibers
2001 Ay SR T NP YE titAnka Sartial€d Nehibiti rhutht largérSspecific surface areas of

35



36 | Theoretical background

Formationof mesoporous electrospu fibers

111 m3g if dichloromethane is used as -solvent and 164n%g™ if chloroform is used as eo
solvent. Furthermore, the total pore volume (TPV) of thefikBrs is significantly increased to
0.366cnrigh (with chloroform as cesolvent) and 0.334m%g™ (with dichloromethane as co
solvent). This increased porosity istra simple replication of the properties of the titania
nanoparticles, which exhibit a specific surface area ahfig* and a TPV of 0.128n%gd"™ if the

pure dispersions are dried and calcined at 360 Accordingly, the increased mesoporosity of
the NP-fibers versus the pure particles has to arise from a decomposition process as discussed
above. ltwasassumed, that such decomposition does not emerge during the synthesisgélsol

fibersbecausesolgel precursorsre typically highly soluble in seasolvents

Another result of the physisorption analyses requires explanation: Although it was deduced that
the spinning solution containing dichloromethane assodvent is most likely to undergo phase
separation, the fibers obtained from the solutioritivchloroform as cesolvent exhibits a higher
porosity (seefigure 2-13E). Ergo, the above discussed pathway for the generation of
mesoporosity in the fibers seems to be incorrect or at ieasomplete. This inconsistenayill

be discussed and analyzeddetailin conjunction with the results on zirconia fibers in chapter
3.3.5 Possibly, an explanation can be found in differences okfiagiotemporal evolutiorwhich

follow upon the initial quenching stepf SD(see chapter2.3.1). However, this discisson is
postponed at this point.

2.5.3 Challengesin studying pore forming processes in electrospinning

The conclusions in the former titania study were all drawn from analysesYEM and nitrogen
physisorption analyses) conducted on the -psepared and/or calcined electrospun fibers.
Similarly, the formation of porous structures by processes like vapor induced phase separation
(VIPS} or thermally induced phase separation (TIB8Explaining the generation qforosity

during thinfilm preparation were deduced from posynthesis analysesesulting in the
conclusion thatSDhas tken place during these synthesddowever, an improved #depth
understanding of such processes would require in situ observations of theimydtructures
allowing for monitoringthe formation processstime-resolved.

Concerning the electrospinning of titania fibeh® origin of mesoporosity was ascribed to a SD
process because it is a justified general belief that decomposition duringradeatning
necessarily has to be spinodal rather than binodal due to the very fast solvent evaporation.
Nevertheless, SD basically includes a spatiotemporal structure evolikeimtroduced before

(see chapter2.3.1). Suchspatiotemporal evolution was aither discussed in detail nor was it
possible to give any evidence that the evolution is in accordance with SD theory because it is
generally not possible to give such prove doubtlessly withinusitu observations This is
consequently also a poilf criticism concerningother pore processes liRéIPSr TIPS

® For example some alkoxide precursors like Zr(QiRgn bepurchasedn 80wt.-% concentration in
isopropanoproving thevery highsolubility of this precursor in isopropanol
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How in situ methods can be used to analyze spatiotemporal structure formation processes in
order to develop a theoretical model of a structure forming prociedsest illustrated on the
example ofin situ investigations on dizoating experimentsin situ methodsare mainly
scattering techniques such as in sivide-angle Xray scattering (WAXSimallangle Xray
scattering(SAXpor grazingncidence smalangel scattering (GISA8hich are ableto monitor

the structure evolution in aemerging thirfilm immediately after it is withdrawn from the dip
coating solutionSuch scattering techniques are especially suitable as in situ method because it
is possible to acquire structural information inoshperiodsof time which may be as short as
some millisecondS™?**¥ These in situ experimeniduring dipcoatinghelped to develop and
prove important structure formation processeas for example the EISA proc&3¥:The EISA
concept explains the atrrence of porous structures in inorganic materials by-asffembly of
organic template micelles in an inorganic continuous phase. Thassmbly of the micelles is
induced by the evaporation of solvent during the synth&$i¥! In consequence, thapplication

of this concept enables a systematic preparation of inorganic materials with highly crystalline
and/or ordered structure$>1411l

Dip-coating experiments are conducted with starting solutiowbich are very similar to
electrospinning soliions consisting ofan organic polymer dissolved in an adequate solvent. In
order to obtain inorganic nanostructures sgél precursors or dispersed nanoparticles may be
addedin concentrationssimilar to those used in electrospinning solutiomfie main dference

in the starting solutionsis the lower viscosity of dip-coating solutions compared to
electrospinning experimentachieved by a lower concentration and/or molecular weight of the
polymer. Consequently the initial situation in electrospinning andip-coating solutions is
comparablefrom a physicechemical pointof view allowinga discussion of structure formation
processes in a similar manneredides the different viscosity of the starting solutions there is
mainly one other relevant disparitywhich needs to be consideredVhile solvent evaporation
and solidification of the resulting material takes several seconds to minutes inodimg
experiments}! an evenshorter period of time of only splisecondS*'%*%is required for
solvent evaporation in electrospinning experimentéwus the time scale available for structure
formation processes before solidification occurs is significantly shorter in electrospinning
synthesesso thatdecomposition processes hat@ be rather a spinodalthan a binodaprocess

in almost any case® In contrast, binodal phase separati@iso needs to be considered as
relevant structure formation procesi dip-coating experiments due to thslower solvent
evaporation Furthermore,considering cases in which amphiphilic, micétleming templates
are added to digcoating or spinning solutions, sel§sembly processemnablingthe formation

of ordered structures via EI$A similarprocesses in digoating synthesealso have to procesk
much fasterin electrospinning experiments. Consequently, tfeemation of ordered pore
systems in electrogm fibers seems to beimplausible due to the fast solvent evaporation
making the occurrence of disordered structures more likélgnce it has tobe doubted if
structure formation processes like EISA can be transferred to the electrospinning teclnidue
for a sophisticatedliscussion of structure formation in electrospinnisgntheses experimental
in situevidenceswvould be of great benefitwithout such evidencea comparison to dizoating
syntheses stays ambiguaus
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Unfortunately, in situ analyses electrospinning experiments are not performed so far and it
has to be questioned if such analyses are possible aFailltwo reasonstructure formation
processedaking place duringthe flight of the jetfrom the capillary tip to the collectocan
hardlybe observed by in situ methodBirst, the observation of a bending jet byge.scattering
techniques would not generate evaluable sigsalThe fast movement of the jet in space
equalizes any detectable inhomogeneities. The local observation of only one position in the jet is
not possible due to the movement of the jet and the insufficient local resolution of typical in situ
scattering setups. Inontrast the observation area in dipoating (i.e. the whole film surface of
several square centimeters) is much bigger and can be observed on a fixed position immediately
after the film is withdrawn from the coating solutioBecondlythe structure fomation during
electrospinning taking place within split seconds is probably too fast to be monitorggioal

in situ methods It would be necessary that the in situ analysis method is able to acquire the
analytic data within a time intervathich isorders of magnitudesmaller than split secondso

that transient situatiors of the structure formationcan be captured Hence, it would be
necessary to acquire scattering profilée.g. SAXSGISAStc.) within less thana millisecond
which is not possible @ far. Consequently, theseractical challenges seem farecludein situ
observationf electrospinning experiments generally.

However, the analysis of processes generating porous structures within electrospun fibers
representsone main scientific challege of this thesis Hence,at least sophisticated thought
experimentsand reasonable argumentatiorae indispensablé direct in situ observations are

not possible. For this reaspthe two pivotal concepts of SD and DLCA which were introduced in
the chapters2.3.1and 2.3.2will be consideredtheoretically concerningelectrospinningin the
following chapters2.5.4 and 2.5.5 including an overviewof investigationsand theoretical
cdculationsalready presentedwithin this context.Afterwards the plausibility of thesehought
experiments and the mechanistic picture of the structure formation processeseptualized

with their help need to be evidenced by pesinthesis analyses ohé prepared electrospun
fibersin chapter3.

2.5.4 SD with respect to electrospinning

The structure formation process leading to mesoporous titania fiblsn preformed
nanoparticless believed to be basicallyDof a polymefrich phase and a phase containitige
nanoparticles Solvent evaporation during electrospinning is so fast, that the spatiotemporal
evolution of the decompositioris fundamentally believechot to be able to proceed via
nucleation and growth (ie. binodal decompositiofif! asalso mentimed in several other former
theoretical®**" and experimentai*'%31%71%! phyplications investigating the formation of
porosity within electrospun fibers. Mathematical models ddlsing decomposition during
electrospinning are based on algorithméhich are in accordance with the spatiotemporal
evoluion of SD However, most of the former investigations and calculations are restricted to
the synthesis of pure polymer fibers without any other additives (see chaptdrd.].
Considerations concerning spinning systems containing inorganic additives which are in the
focus of this thesiare presented in chapte.5.4.2
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2.5.4.1 Electrospinning of polymer solutions without additives

Several publications dealing with the synthesislet&ospun polymer fiber exhibiting intrber
(meso)porosity attribute the structure formationto SD*%31971%8l|n this context there are
some theoretical investigations concernif@in confined geometriesn generdf*32!8%gnd

also with special respect to the confinement in electrospinning experiments using polymer
solutions (without further additives) undergoing a separation into a polyrigr and a solvent

rich phasg?4%6117l

Confined geometries (i.e. spatial confinement) basicatigy influence aSD processes by
interactions with the surrounding.e. & & dzNJF | O)Xeading ® Srich@ent or depletion of
one of the separated phases at the interface while the internal structure may be diffetefif)
Qurface effectsare of rdevance in the special case of the formation of hollow electrospun
fiberd®™ but concerning fibers which are porous throughout their whole cross section such
surface effects are negligiblRathet confinement in electrospinning is dominated by the large
surface to volume ratio leading to very fast solvent evaporation and consequently to a strong
confinement in time(additional to the confinement in spacejhe very fast solvent evaporation
rate not only accounts for a rapid quenching of the systeniliastrated infigure 2-3, path I)

but alsorestricts thetime interval available for the subsequent steps of SD to asuye
millisecondS***® until solidification feezes the separating structur@hus, the time intervabr

the ripening steps of Shs significantly shorter than in other preparation methods like
dip-coating (some second$) or the Nakanishi process (some houf$§” Consequently SDis
interrupted much earlier in electrospinning processes so that the late stage of SD insglfich
similar domain size growthakes place can be assumed to lé minor relevance in
electrospinningexperiments Rather SDin electrospinnings supposed to be restricted to the
guenching step and the subsequent early stage of structure ripening ichwhée evolution of
concentration fluctuations takes plac& hisresultsin solidified structures exhibiting domain
sizes probablybeing not very much larger than the characteristic wavelength of thitial
concentration fluctuationsSuchrestriction is also necessary because sglhilar growth in the
confined space of electrospun fibers would prevent the formation of continuous fibers as soon
as the domain size reaehdimensionsas large as typicdiber diametes (i. e. in the range of
approximately D’ m) leading to fibefracturesat positions of solvent rich domaini turn, this
argumentation also impliethat the size of the (solveatich) domains resulting in the intiftber
pores is necessarily limited to the mesopore size region.

Theoretical calculationssimulating electrospinning experimentnd aiming to explainhow
mesoporous polymer fibers are formed \&Dprovided evidencehat solvent volatility and the
phase diagram of the polymeolvent mixture are of decisive influencen the resuling
structures.®*** |t was predicted that the pore size decreases as the solvent evaporation rate
increasesby calculating concentration swegjpn the jet at different temperatures below the
critical temperature beyond which no phase separation occurs. Higher temperatures are
equivalent to a faster solvent evaporation these calculations but they also enhance other

" Note that fast solvent evaporatiganerally also involves cooling of the residual solufjoath Iin Figure
2-3). Thus, this evaporative cooling does not alter the decomposition process qualitatively so that it can be
neglected for the sake of simplicity in the discussion.
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kinetic processes like diffis. Interestingly, these calculations did not result in larger pore sizes
with increased temperature as it can be expected if diffusion contributes significantly to
coarsening of the separating structure. This finding apparently confirms the solventratiapo
speed being so fast that structure coarsening by diffusion/sietilar growth is effectively
suppressedefore the structuresolidifies

2.5.4.2 Electrospinning of polymer solutions with (inorganic) additives

Hectrospinning with inorganic additives can b@erformed with different substances for
example withsolgel precursors andfr preformed nanoparticles (NPs) (skgure 2-11). In how

far solgel precursors or preformed NPs behave differently concerning structure evohliong
electrospinning needs special consideration (see below) but for the moment the discussion will
focus the fact thainorganic additives generally are sifynificant impact on the phase behavior

of spinning solution.

Whether a spinning solution undgoes spinodaphase separatioms dependent on the phase
diagramand the evolution of thespinning solutiorunderthe exact experimental conditions. For
example, the substitution of the spinning polymér.g. PEQwith a molecular weighi,, of
300,000gimol**) by the same mass dhe same polymebut with a different molecular weight
(e.g. PEOwith M,, =1,000,0005imol™") may be sufficient toinfluence the phase separation
process substantially becausethe molecular weight ofa polymer changesits solubility
consideraly. Smilarly, the phase behavior of spinning solutions with inorganic additives and
hencethe resultingstructure of electrospun fiberss also strongly dependenbn properties of

the deployed inorganic substancese(i.sotgel pecursors and/or preformed nanoparticles).
Parameters like the solubility of sgél precursors and their reactivity or thaispersibility of
nanoparticles- which changes withproperties like their size, crystallinity, chemical surface
modification etc. - are all relevant if the phase behavior of such complex solutions needs to be
considered. Furthermore, the starting concentration of each component in the solution
including polymer and solvent concentrations as welthastime interval available for ahase
separation process play a crucial roknally, atmospheric conditions likeetnperature and
humidity are important parametersnfluencingthe volatilization of solvents and hence the
phase behavior of a drying solutidif***"]

Accounting forall above mationed parameters of influence system with at least eight
parameters ispresent (i. e. three starting concentrations, molecular weight of the polymer,
particle/precursor properties, tim, temperature, humidity, etcnesultingin a phase diagrar(or
better: map) that is at least eightimensional. Consequently, thestimation ofthe complete
phase mapand thus the predictability of the phase behavior of complex spinning soludions
practically unachievabldn order to get insight into the phasbehavior of such systenihe
practical approachis to conduct severakeries of systematic experimenis which only one
parameter per series is varigd order to understand the influencef individual parameters on
the whole systemUnfortunately, it § very difficult tovary only one single parameteat once

and thus obtaincoherent and distinctive conclusiorisecauseit is often impossible to vary
parameters of influencéndependenty from each For examplechangingthe concentration of
one componentonsequently also changes the contration of at leastone othercomponent.
Furthermore, the reliability of predictions based on such systematic investigations strongly
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Accordingly it is not trivial to conduct such a study atite estimation ofphasemapsof multi-

component systemsstays scientifically challengingFor complex spinning solutions like the
investigated ones, a single PhD thesis is by far not sufficient to understand all détsilsh

extensive phase maps Nevertheless systematic investigations werperformed within the

former titania study® and will also be conducted and discussed concerning other materials in

this thesisin order to gain at least partial insight irand understanding ofthe phase diagram

of multi-component spinning solutions.

Basically, it is unclear which the components tafo separating phases are if inorganic
substancesire added to asimple poymer/solvent spinning solutionVhile phase separation in
pure polymer/solvent spinning solution necessarily has to result in one polyicterand one
solventrich phase, the situatin with inorganic additives allows different scenari®sissibly, a
solventrich phase separates from a nanoparticéad polymesrich phase. Otherwise, also the
separation of a polymerich phase from a nanoparticlich phase may occur. In the prelimigar
work on titania fibers evidences suggesting the second possibility to be more reasoverkgle
found, since porous polymer fibers were expected, but not obtained, if the inorganic additives
were left out from the spinning solutions: Keeping the polyme/sat composition the same as
with the additives, no porous fibers were found ruling out the separation of a sehie@mphase
from a polymer (and nanoparticle) rich phase irsuchcase’” This finding suggests th#e
evolution of the spinning systerwith inorganic additives proceadvia a separation of an
inorganic (nanopartickeich) phase from a polymeich phasef mesoporous inorganic fibers are
obtained(after combustion of the spinning polymat 550°Q.

However,mesoporoustitania fibers were only obtaned if preformed nanoparticles we used
while fibers obtained from seajel precursors exhibit nearly no mesoporosity. It will be shown
that this trend is not only valid concernirigania fibers but also generally for all materials
investigated within this thesis. The fundamentally differergorosities of solgel and
nanoparticlederived inorganic fibers could not be expectuadtheir origin has to be found in a
pivotally different behavior of theespectivespinning solutions:

A simple anadeasonable argumenrtb explain this findings that solgel precursors usually exhibit
ahigh solubity in typically appliedsolvents® In contrast, nanoparticle dispersiolike they were
usedare much closer to their stability lim#ssentiallyfacilitating phase separation compared to
solgel systems. Apparently, phase separation betweersolgetspeciesrich phase and a
polymerrich phase seems to be effectivglyeventedin all investigated cases. Alternatively,
could be argued thathe calcinatbn at 550°C led to the collapse of a possibly formed separated
structure in the sebel systems while the calcination temperature was not sufficient to destroy
the separated/porous structure if preformed NPs were used.

8 For example some alkoxidergzursors like Zr(OiPg) can bepurchasedn 80wt.-% concentration in
isopropanoproving thevery highsolubility of this precursor in isopropanol.
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In orderto gain a better understading of the differences between sgel and nanoparticle
based spinning systemsmebasicsneed to be recapitulatedit is a matter of facand part of

the fundamentals creating the field of colloid scierttat (inorganic) NPs basically behave
different than their molecular counterparts @. solgel precursors). For instance, gl
precursors are reactive species whose proper{esy. their solubility)alter with proceeding
reactionduring electrospinning which again may influence the spatiotemipphase evolution
within the jet/emerging fiberFurthermore it wasnot taken into accounso farthat the concept

of SDbased on the spatiotemporal evolution of concentration gradients can hardly be modeled
and followedfor electrospinning of nanopartielcontaining solutionsThe confinement existing

in form of the jet decreases the space of the SD process to such extent, that the concentration of
VI y2Ll NIGAOf S &seefigiire 2416} heBalusiz thé domfiSeR space of an emerging fiber

(i. e. a slightly conical cylinder with a diameter of some hundreds of nanometers) is too small to
allow for an estimation of concentration fluctuations with respect to nanoparticles having
diameters in thaange of typically 1@m.

substance amount fraction y

0 —>
“position*

FHgure 2-16: Concentration profile across the diameter of an electrospinning jet

consisting of a spinning solutiooontaining NPs: The concentration (in terms of

substance amount fractionsc) of NPs in the jet has to be considered as
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structure evolution in terms of SD (compafeure 2-4; see textfor more details).
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In first approximation such particles can tensidered as hard spheres with a sharp interface. In

the confined space of an electrospun fiber their concentration profile across the fiber diameter
Ad GRAIAGEFE AT SRéE 06SOFdzaS GKSNB IINB 2yfée (g2
positon and the molar fraction of the particle is unity or no particle is present and the molar
fraction is consequently zer¢see figure 2-16, lower part) In other words, the difference
between the jet diameter and the particle diameter is too small to estim local particle
O2yOSYyiNY GA2y A 0S O Hazuich rédsdhabléoCed partidle NdnaeSutipris

could be calculatedvould be at least as large as thet is thick. Otherwise, in case the
compartment is selectegignificantlysmallerthan the jet diameter the initial concentration

LJ
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concentration fluctuatios which isstrongy differentto systems in which molecular species are
used Molecules like sejel precursors with a size of typically some hundreds of picometers are
approximately two orders of magnitude smalleallowing the estimation of concentration
profiles within small structures (compare lower parffigiure 2-16 andfigure 2-4).

Hence the discussion of structure formatioin the sense of SIh electrospinning jets with
preformed NP$ecomes ambiguous if the spatiotemporal evolution oficentratons cannot be
modeled.Using NPs for electrospinning tlaly steps left from the whole SD process dahe

fast initial quenching step and\eery short period of time afterwards in which the particles may
move for small distances within the confined spadewever another physicachemical model
exists which may be more adequate to understand structure formation processes with special
respect to particles as building blocks. This model is not mandatorily in contradictibbiat it
elucidates structure fonation from another point of viewThis model, the diffusiotimited
cluster aggregation (DLCA), basically introduced in chah@® is discussed with respect to
electrospinning in the following chaptér5.5

2.5.5 DLCAIn electrospinning : Evaporation -induc ed cluster aggregation (EICA)

Colloidal electrospinnirtf! using initially stablélPdispersionsnay also be discussed in terms of
the diffusion limited cluster aggregation (DLG@AJdel like it was shortly introduced in chapter
2.3.2 The basic idea dhe DLCA model is that a structure consisting of small nanopatrticles is
formed by agglomeration of individual particles which collide and stick together. Collision of
particles in this model is driven by their diffusidgtence, this model is basically apalte to the
movement of nanoparticles in the confined space of an electrospinning jet in which particles
may diffuse for a short period of time before solvent evaporation and solidification freeze the
emergingstructure. During electrospinning the evaporan of solvent from the jet forces the
particles to approach each other until they may experience a net attraction and stick together
(seefigure 2-6). If the energetic sink is deep, this process can be considered to be irreversible
while a less deep eneegjic sinkwould result in a reversible processlowingthe particles to
rearrange bycooperative gyratioror transient detachment. However, even if the sticking of
particles is basically reversible from the thermodynamic point of view, it could be sigaores
electrospinningdue to the very fastsolvent evaporationrestricting the time interval for
rearrangement of particlestrongly so that it might be generallysufficient.
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Solvent evaporation froman eledrospinning jet of nanoparticleontainingsolutions triggers
several simultaneous processes which exhibit important impact on the structure formagen (
figure 2-17): First, solvent evaporation increases the viscosity whagain slows down the
diffusion of the particles in the solution uhtit is effectively suppressedatest when the
emerging fiber solidifies. Secondly, solvent evaporation reduces the volume of the jet gradually
forcing the nanoparticles to approach each otlwdrile the jet diameter decreases from several
microns at the Taylocone down to hundreds of nanometers at the collectbhisincrease in
G 02 y T Ay atesdydibyan ihdiiease in both particle and counten concentration which
in turn reduces the thickness of the electrochemical dodbiger so that the nanopartid
dispersion is destabilized enabling aggregatidine above mentioned conditions during
electrospinningpresumablylead to a randomaggregation of the nanoparticles in the jet,
because there is no time to generate any kind of ordered structures. Suclormapdcking is
equivalent with a fractal structure onbchievableunder kinetically controlled conditions.

Consequently, the cluster aggregation during electrospinning is probably not diffusion limited
odzi GOAGORXAGBREDYS A (ikdSceddbKDifest edapaitds the abdvé

discussed structure formation process illustratedigure 2-17Yl ¢ ©6S OIFIf ft SR |y a9 @t
inducedclusE NJ | 3aNB AL GA2y ¢ 09L/ !0 LINROSa

solvent evaporation
increase in viscosity

decrease in particle diffusion

increase in counterion-concentration in EDL
decrease of EDL/repulsive forces
proceeding agglomeration

FHgure 2-17: Evolution of a nanoparticleontaining electrospinningsolution in course of the spinning jet: Top: Initial
state near the Taylor cone: Isotropic solution with relatively small particle concentration and solution viscosity.
Individual particle are able to diffuse relatively fast. Middle: Intermediate state:rRele concentration increases,

first agglomerates formand the increasing viscosity of the solutidmpedesdiffusion. Bottom: Late stage near the
collector: Solvent evaporation leads to solidification of the jet and the particles stick together in atéia
arrangement because diffusion is effectively suppressed so that a thermodynamically preferable dense packing of
the particles cannobe realized
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When such an EICA process generateBaatal arrangement ofinorganic particlesin the
assynthesized electrospun fiberghe presenation of this arrangementthroughout the
calcination stepwould lead tohighly mesoporous fiber obtained from the inorganic NEse
figure 2-18). However, fom the thermodynamic point of viesuchrandom, fractalarrangement

of particlesis unfavorable and a thermally activated rearrangement of the particles should

always lead to a densification dtoss of the porous structure.

: fiber, diameter: some hundreds of nanometers

: nanoparticle, diameter: approximately 10 nm

';tl : interparticular porosity

Hgure 2-18: Fractal arrangement of NPs constituting the structure of a
mesoporouselectrospun fiber.

In caseporous fibers aréendeedobtained after calcination at g. 550°Cthe thermal energy&n

o g:ig IY 2-6)
with:
"Q =Boltzmann constant;
T =absolute temperaturén Kelvin

during calcination i®bviouslynot sufficient to inducesignificantrearrangement Accordingly,
the sticking of the particlesn the asspun fibers isstronger than E, or further chemical
reactions of the stuck particles strengthen the porous structure sufficiemstly that
rearrangemat during calcination is effectively suppressétbssibly, condensation of particle
surface groups (a. hydroxylgroups) fortifies the aprepared structure before rearrangement
may occurlJsingincreasingly higlealcination temperatures may lead to allepse of the porous
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structure due to rearrangemen(. e. thermally induced diffusignwithin the fiberslike it was
demonstrated in the former titania study after calcination at P& Hence, investigating the
structure of the fibers in dependencd the calcination temperaturevould allow for conclusions
concerning the bound strength between the nanopatrticles in the filagid the thermodynamic
stability of the porous structuresSuch study shdd be envisioned for the future in order to
continue the effort of this thesis.

2.5.6 Concluding remarks: Comparison of SD and EICA with respect to

electrospinning
In the preceding chaptershe experimental conditions under which structure formation
processes during electrospinning take place were introduced. ldigasissedhat up to now SD
is mostly used to explain the occurrence of mesoporosity in electrospun fibers. Nevertheless,
some aguments were found doubting that SD is the only concept which allows understanding
the formation of mesopores in electrospun fibers. Especially in the field of colloidal
electrospinningthe formation of porous fibers from preformed nanoparticles may bétdye
comprehended on the basis of the DLVO theory whiéhdgrporatedin the fundamentalDLCA
concept. From this theoretical background a new structure formation process respecting the
experimental conditions of electrospinning was conceptualized wbihbe understood as an
evaporationinduced cluster aggregation (EICA) process.

IncomparisonSD and EICA are two processes which bothmefyto explain the occurrence of
mesoporosity in electrospun fiberdVhile SDwas often applied coherently t@xplan the
occurrence of mesoporositwhen molecular precursorsvere employedas starting materials,
the concept of SD faces some problemselgctrospinningsolutions containing preformed
nanoparticlesare consideredln such case the EICA concemybe morereasonable However,
whether and in vhich case EICH actually able t@xplain the experimental results of this thesis
has to be discussed in chapt&rAt this point, it only shall be emphasized that these two models
are not contradictory but they focusen different aspects of structure formatiorStructure
formation viaSDis predominantly driven and explainday thermodynamicsSDultimately leac
G2 GKSNXY2ReYFYAO SljdzAif A0 NRdzY &0 NHzO GedaNiStagel & f 2y 3
before. In contrast, EICAis a modelfocusing the kineticsof the processin which the
thermodynamics are of minor importance. Consequently, it is a questitimedfalance between
thermodynamics and kineticand the interpretative emphasiswhich of both conceptsis
preferably used to explain structure formation in electrospinning .jétsirthermore, the
interactions of the components in the spinning solutions are differently emphebiin the
alternative conceptsin the SD concept the initial phase separation leading to-aocdinuous
inorgani¢polymer fiber is triggered by a solubility limit of either of the two componeriise
polymer or the inorganic material. In contrast, the influence of the polyneer the stucture
formation processs neglectedin the concepts of DLCA or EI@Afirst instance, he polymeris
part of the matrix in which a mesoporousrscture is formedby aprocess mainly governed by
electrostatic interacttns between the particles in & matrix consisting of polymer and
solvent(s).
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2.6 Characterization of porous materials by nitrogen physisorption

A standard method to characterize porous maads is nitrogen physisorptioaspecially suited

to analyze mesoporosityn contrast, agon physisorpon is preferably used for the analysis of
microporosity?"! and mercury porosimetry is thenethod of choicefor the investigation of
macroporosity. However, the characterization of porous materials in this thesis focuses on
mesoporosity and its kdepth analysis Thus,this chapter will give some relevant background
information on nitrogen physisorption arits application to the characterization of mesopaos
electrospun fibers. Fabasic information on this analytic method the reader is referred to the
literature 2 The information provided in this section are restricteed special aspects which
need to be introduced and discussedncerningthe analyses performed within this thegsee
chapter3).

2.6.1 Correlation between specific surface area and pore size

Before the characterization of porous materials by nitrogen physisorpodiscussed, the
fundamental correlation between specific surface asand the size ofmesgores will be
calculated Nitrogen physisorfion data can give information on bothut asthe correlation of

pore size and specific surface arsadependentthe overall porosityof the material some
preliminary considerations are require@hus the influence of the pore size othe specific
surfae areais illustrated and discussed under the assumption that the total pore volume (TPV)
is kept constant. Furthermore, it is assumed that the surface area of mesoporous materials is
dominated by the surface area of the pores thatthe outer surfaceof the materialcan be
neglected.

1
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Hgure 2-19: lllustration of a (meso) porous material of cubic
shape with the edge length and a pore radiusr. It can be
shown that the specific surface area of such a material is
reciprocal to the pore radiug if the outer surface of the cube
is neglected and the total pore volume is kept constafgee
discussion below)
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For a simple calculation of the correlation between pore size and specific surfaceaarebic
sample volumeV,,, With an edge length and a poosity of 50%can be assumedseefigure
2-19), so that the total volume of all poré&peeshas to sum up to:

(2-7)

w -

w a
C C

For spherical pores with the radiusthe surface area of one individual po8y. is given by
41 ir>. When a quantity oh pores is present in the sample, the total surface area of all pores

Slotal iS:

Y 56 SO NNS | (2-8)

The quantityn can be expressed by the ratio ¥fj,.es and the pore volume of one individual

pore Vyore!
. ™ J0 T® (2-9)
w “Q
Insertion of(2-9) in (2-8) leads to:
T® X

Formula(2-10) states that the specific surface areainverse proportional to the radiusof the
pores in the samplas long as the porosiffy. e. the TPV3}tays the same. Thabsolute value of
the overall porosity does noinfluence thisbasicfinding, becauseit only changes the constant
factor inthe equationg(2-7) and (2-10).

2.6.2 Physisorption analysis on mesoporous electrospun fibers

Although nitrogen physisorption is a standard method to charaotemesoporous materials
there are fundamental restrictions of thimethod which have to be considsd. Mesoporous
electrospun fibers feature some paliarities in their tpography and pore structure: As
mentioned before (see chapte?.4.d, nonwoven mesoporous fiber mats are hierarchically
porous systems with intrfiber mesoporosity and intefiber void spaces representing
macropores (seefigure 2-20). Concerning intrdiber porosity, it was discussed that
mesoporosity in electrospun fibersisually exhibits a disordered pore structures (see
chapter2.5 with undefined, random pore geometrigeaturing manifold shapessizes and
different connectivity(seefigure 2-20 B).
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electrospun
fiber mat

fiber crossings may behave like

mesopores or small macropores

in physisorption experiments
(seediscussion)

£

void spaces intra-fiber disordered porestructure
representinginter-fiber meso-and/or with undefined
macropores micropores pore geometries
—1 pm —2 m — 250 NM =50 NM

Fgure 2-20: Scheme of an lectrospun fiber mat with disordered pore structuréncluding an illustration of
structural features which have to be considereith pore size analysisfrom nitrogen physisorption data. Left
magpnification A: Fiber crossings magfluence the sorption behavior of the fiber mat. Red circles: Fiber crossings
exhibit surface curvatures which may be in the mesopore size range. Right scheme Bfibberamesoporositycan

be assumedo be of disordered structure with undefined pore geostries. For more details see discussi¢partly
adapted with permission frori{>), Copyright 2011 American Chemical Socjety

While the calculation of specific surface areas for samples with different pore structures is
relatively unproblematic, the calation of poe volumesand corresponding pore sizes strongly
depend ontopographicfeatures ofthe material.lf such structural information ianknown, pore
sizecalculationsmight lead to unreasonablealues.Thus structuraldata like pore geometries
and sizesshould be gathered and confirmdaly other analytic methods likecanning electron
microscopy (SEM), transmission electron microscopy (T&Mjllangle Xray scattering (SAXS)
smallangle neutron scatteringgSANg} grazing inidence smaklangel scattering (GISAS)
confocal microscopyechniques.However, such analyses on electrospun fibers are challenging:
While electron microscopy only acquires tveimensional information of individual sections on
the surface of a sample, thepglication of gattering techniques for the analysis sfrongly
disordered porous materials is very elaborate if discrete structumébrmation shall be
extracted Consequently scattering techniques can hardly be used to analyze disordered
structures raitinely. Also he analgis of cord length distributiof8® or electron tomography+2*

an advanced TEM methodyhich can be used tagather threedimensional informationon
mesoporousdisordered materials are not adequate as standard method to analyZarge
number of samplesHectron tomographyrequires the availability of a higtesolution TEM and
only small samples can be analyzed in a tiemg consuming, elaborate study which can only be
evaluated by few experts.

Due to the lack of alternative sirfgpanalysis techniques, it was decidedstadythe porosity of
electrospun fibersonly by nitrogen physisorptionA special theoretical consideration sues
concerning thepore structure analysisof electrospun fibersby nitrogen physisorptionis
presented in the following:
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First, thysisorption of adsorbate depends on tkarfacecurvature of the samples due to the

fundamental underlying physical interactioh&! Basically, a rough, curved surface exhibits
similarbehavior likea pore with the same radius. Fiber crossingmicd dzOK | & OdzNISR & dzN
in the knee of the crossing with a radidespendingon the angle of the fiber crossing (skgure

2-20A). Consequently, its expected that fiber crossings may behave like pawith different

radii in physisorption experiments. These radii might be somewhere in the randgrgefr

mesopores or small macroporessulting in merging oihtra-fiber mesoporosity and intefiber

porosity in physisorption analysesAs a consequencsuc experiments are not adequate to

distinguish between intrdiber and interfiber porosity. Intetfiber porosity probably leads to the

absence of a plateau in the physisorption isotherm at high relative pressures, so that the
assessment of an overall poitysischallenging b S@S NI KSt S a a JotaliprSsityd 2 Y LI- NR& &
volumeg 2 F RA T T Shhdli\beipossibleritli sBriie constraints (see chaptér2.).

Concerning intrdiber mesoporosity the various different shapes of thergmin electrospun
fibers are a furtheranalytic challengeMesomre size analysis from nitrogen physisorption
fundamentally assumewell-defined cylindrical and/or spherical pore geometries (see chapters
2.6.2.1and 2.6.2.2 which are not representative fothe structure expcted in electrospun
fibers. Thus, pore size analysis of such samiglggoblematic due tainknownpore geometries
Neverthelessphysisorption analyseare able tocharacterize the porosity of electrospun fibers
in some important apectsirrespective ofmissing structural informatian

There are twosuitable analytianethodsselectedto characterize the porosity of physisorption
samplesdn this thesis On the one hand porosity can be calculatemin a single data point in the
isotherm under the assumption of bulk properties of the adsorbate nitrogen (see chapter
2.6.2.7. On the other hand the porosity can be analyzed bydkesity functional theory@F7)
method, whichis a microscopic approackor the characterization of porositysee chapter
2.6.2.2. Thesetwo approachesare not directly comparable, because the data evaluation
processes are fundamentally different resulting in different information. Neverthelass
correlation of both methodsmay help to interpret porosity datacorrectly, so that analytic
uncertainties arising from missing structural information might hgdssed Therefore,it is
necessary to have a closer look on the underlying physical and mathematical backgrdaotial of
data reduction processdseechapters2.6.21and2.6.2.2.

2.6.2.1 TheOA A "dméthind

ThS & R Smeth&Ngesonly oneindividualdata point of a measured isotherm consisting of a

relative pressure value and a corresponding amount of adsorbate to deduce the porosity of the

sample. The calculation of thestal pore volume and the corresponding pore size from the

isotherm data are explained inthe manualibK S & ! { mégAyé Pl fteara az2fdsl N

Assuming bulk properties of the adsorbatee total pore volume (TPV) of a sample can be
calculatedfrom the volumeof the gaseous adsorbaté,s according to the saalled Gurvich
rule.'* The TP\s equal to the volume of the liquid adsorbat,, which normally is nitrogen
Vaas 1S taken from the measured physisorption isothermunder assumption ofambient
conditions. Hencey, can be calculated froriW,s by using the ideal gdaw:
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. r‘-] : ’ 2-11
@ NT3Y (2-11)
with:

p =standard ambient pressure1.01310° Pa;

Vi =molarvolume of the liquid adsorbate 34.7cm’imo
R =ideal gas constart 8.314JK"imol"";

T =standard ambient temperature 273.15K.

" for nitrogen:;

The corresponding pore size is calculatedubing thedde Boek approach, which is basically
corrected Kelvin equation. This calculation has two important intrinsic limitations: Fits¢
usage of the incorporated Kelvin equation generally assumes cylindricplore geometry.
Secondly, the calculatgabre sizeis the maximum pore size filled with adsorbate at teéative
pressure considered. As far Eggerpores are present ithe investigatedsample, thesdarge
pores are not filled completely at this relative pressure, possess surface layer of adsorbate.

The Kelvin equationcorrelates the Kelvin radiusrg to the relative pressure— in the

physisorption experiment:

v ?bAn (212)
YoYs d igh
with:
r =surface tension of nitrogen at its boiling pon8.8510"" Jcm™ at 77K;
V., =molar volume of liquid nitroger 34.7cm’*mol* for nitrogen:;
R  =ideal gas constant 8.314JK imol"";

“Yy  =boiling temperature of nitroger 77 K.

Inserting the characteristic values aitrogen in (2-12) the Kelvin equationis simplifiedto
formula(2-13), giving the maximum pore sizgfilled at a given relative pressufg®!

™ pu

i Tﬁ%

This secalledKelvinradiusrk represens a pore radius smaller than the real pore radius, because
the nitrogen already adsorbed at the considered relative pressure on the pore walls shrinks the
empty space of the pore ik (seefigure 2-21).

(2-13)
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AW

Fgure 2-21: lllustration of a partly filled cylhdrical pore which is assumed
Ay @eKB®eg approachusing the Kelvin equationSide view(left) and
top view (right) of a cylindrical pored,: pore diameter,r: Kelvin radius,
t: thickness of an adsorbate surface layer.

The thickness of the adsorbed nitrogen layer can be calculated by forn@ia4).*>°!

0% G __ P @O (2-14)

Finally the pore diameted, can be calculated bthe addition of the adsorbate layer thickneiss
to the Kelvinradiusry;

Q ¢Oi o (2-15)

When data points of the isotherms with relative pressures near unity are used to calculate the
TPV, the corresponding pore diameters calculated by forn{@#a5) are in the range of
approximately 100m. In other words this TPV values includarge mesopores and small
maaopores in the calculationit has to be noted, that the pore Wwme, calculated by this
method is quite reliable for data points close to unity of the relative pressure, because the
assumption of bulkproperties for the nitrogen adsorbate is reasonable in this pressure range
(see equation(2-11)). In contrast, the corresponding calculated pore sizes have to be considered
with caution and represent only a rough estimation, because pore sizes calculaied f
equation(2-15) are increasinglymprecise the larger the relative pressure is as a consequence of
the exponential correlation of pore size and relative pressure (see equa@oh’) and (2-14).
Under the assumption that the relative pressure can be measured witieeision oft 0.005an
experimentalerror for the assessment of the pore size can be calculated. As an example a
measured relative pressure pfp, =0.9750+ 0.005leads to a calcutad pore size in the range

of 66.2498.2 nm. This experimental error will be respected and discussed in chaj23.2
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The calculation of a total pore volume by equati{#311) does not include macroporosity in a
size range beyond the upper limit of appimately 100nm (seeequation(2-15)). Consequently
inter-fiber void spaces are only partly captured by physisorption experiments because they
cannot be filled with adsorbateompletely.Nevertheless, the data of different samples can be
compared to eaclother, if the TPV data are calculated from data points at similar relative
pressure (see chapter3.2.3.2 though r the assessment of the effective overall porosity
includingthe completemacroporosity, mercury porosimetmeasurements are indispensable.
Unfortunately, sich analysescould not be performed within this thesisbecause the large
sample amounts necessary for mercury porosimetry could not be prepared with the available
experimental setup.

TheTPVcalculatiors canbasicallybe done for every data point of a measured isotheesaulting

in aplot of the TPV versus the pore sigewingl 1 AYR 2F aOdzydz I GAGS G201

similar to the cumulative porgolumeplot obtained fromDFTcalculationgsee chapteB.2.3.2.

Shce the data of the adsorption branch oh measured isotherm do not represent the
thermodynamic equilibrium but the Kelvin equation is only valid at the thermodynamic
equilibriumi KS +ylfeasSa dzaiy3a GKS aRS. 2SNE bMRli K2R
of the isotherm which is assumed to represent the thermodynamic equilibdanterning the
adsorbateadsorbent interactionsOnly if pore blocking occurs on the desorption branch, the
evaluation of the adsorption branchay be considered alternatilye

2.6.2.2 DFTanalysis methods

There are several DFT approaches for the analysis of physisorption data of porous materials.
These different approaches account for special properties and interactions of adsorbate and
adsorbent!®® While the quencheésolid DFTQSDFT) is best suited for the characterization of
microporous carbons, mesoporous oxides are mostly analyzed by thdooanDFT (NLDFT)
approach™! Hence, the NLDFT approadh the DFT method of choice for the materials
investigated within this thesisAs only the NLDFT method is used in this thesis, is will be shortly
referred to as DFT methddom now on

Pore size distributios and the plos of the cumulative pore volumean be calculated by using
the socalled DFT kernels that containfeeence dah obtained from welcharacterized
samples?? The most important limitation of the DFT method is tliais alwaysnecessary to
choose theproper DFT kernel foanalyzinga sample.If the pore sizes and their size distribution
have tobe analyzed, it is essential to choose a DFT kernel that uses reference datamiliin
pore geometies, because the pore geometry is a fundamental feature determining the sorption
behavior of a materiallt would lead to haccurateresults if a samplavas analyzed by an
inappropriate kernelwhich misfits to the pore geometries of the investigated material
Consequently, DFT analyses on samples witkhown pore geometries, as it is the fact for
mesoporous electrospun fibergannot be guaranteed to refuin accurate pore sizesThe
validity of suchresultsis restricted and its limitations have to beaken into accountin this
context t is helpful to compare the available DFT kernelerderto identify the best suited DFT
kernelbefore samples witlunknown pore geometry are analyzethus the differencesamong
the available DFT kernels will belosely examinecand demonstrated exemplarily on silica
samplein chapter3.2.3.1
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For metal oxidesamples DFT reference data are available in form of silica model materials with
different pore geometriesMetal oxidesare similar to silica materials concerning physisorption
physics so thatsilica isthe reference materiabf choicefor all inorganicoxides.Slica maerials

can be synthesized in manifaliifferent micro and mesoporous structurgsee chapte.2.1.9),

so that moresilicareference materials are available than for any other metal ojidéfying its

use as model materiaBased on thse reference datahere are three DFT kernelsakable to
analyze porous oxidmaterials™®!

1 ¢KS AURNM OF t S| dakirigthe dedomérE brawcd Bf $he isotherm under
the assumpwn of cylindrical pore geometry;

T ¢KS aOe&f Ay RNmRod usingthdRadsoipdali Brahgh ff the isotherm under
the assumpwn of cylindrical pore geometry;

f ¢KS &&aLIKSNROI f usingtha adsidgtiok Brafi¢h ofYhe Rdéherm under the
assumption of spherical pore geometry for pores with diameterselatpan 5nm.
However, also this model assumes cylindrical pore geometry for pores with diameters
below 5nm.

For amaterialwith defined, cylindrical or spherical pore geometry the choice BiFdkernel is
straightforward but concerning fibrous or esp&dly electrospun materialwith undefined pore
geometriesthere is a general lack of reference materjalsecause such materials are not
common in the community of physisorption sciend®hich DFT kernel is suitable to analyze
electrospun fiberss one ofthe challenging tasks covered by this thesis (sbkapter 3.2.3.
Within this context als@ general comparison of the TPV and thenulative pore volumeGPY
from DFT calculation will be discussed.

Another peculiarity ofnesoporouselectrospun fibergs that thesefibers are expected tashow
very irregular pore geometrigseefigure 2-22) for whichthe definition of adistinctivepore size

is a fundamental problem. Ignoring all other structural features, a pore afzepherical
geometrymay beestimated resulting ina valuewithin a specific range betweenraasonable
minimum andmaximum (see red circles figure 2-22). Furthermore largeirregularmesgores
might be captured as several smaller mesopores in DFT analysis (see blue cfigiee 1122)
becausethe wall curvaturein the corresponding section of the irregular pore is the same as the
curvature ofa Y I £ £ SNJ & Y 2 R Suchandlziépgoblignisl Brén £onsequence of the fact
that the wall curvature in porous materials is a decisive playgarameterdetermining the
sorption behavior toward nitrogen adsorbate. Hence, themethod-intrinsic predicamerg give
further rise for uncertainties concerning the validity of estimated pore sizes in mesoporous
electrospun fibers. Nevertheless, thersparability of DFT analyses of several electrospun fiber
samples should nadbe affected stronglyby such methodntrinsic problems, because they lead
to the same deficiencies in the analysesalbsamples

54



Theoretical backgrounq 55
Characterization of porous materials by nitrogen physisorpti

disordered pore structure
mesoporous fiber with undefined pore geometries

LA
J”.

illustration of model pores that
might be used to characterize
disordered pore structures with
undefined pore geometries

50 nm

FHgure 2-22: lllustration of intra-fiber mesoporositywith disordered pore structureand undefined pore geometries.
Red circles: lllustration o& minimum anda maximum pore size which might be calculated for such irregular pore
geometries; blue circledf irregular pores exhibit a certain sizéhey may be captured as several smaller mesopores
in DFT analysid-or more details see discussigpartly adapted with permission fror®, Copyright 2011 American
Chemical Sociely

— 250 NmM

In summary, DFT analyses on mesoporous electrospun fibers do not f@fothe exact
assessment of pore sizes but only for the estimation of a porosity of the samplebaatend

of its accumulation with increasing pore size. This constraint concerning the validity of DFT
analyses on electrospun fibers is still a matteroofoing discussion treated within this thesis
(see chapteB.2.3.

2.6.3 Comparison of different materials

If physisorption data of different materials should be compared theiequal physical
propertiesneed to be accounted foiirstof all, the adsorptionpotentials on the surfaces of
materials with different chemical identity are not the samesulting in slightly imprecisanalysis
results if silica reference dateare usedfor other materials**? This problem affect the
comparability only to a smhalextent and can be neglecteds long as metal oxideare
considered,becausemetal oxidesgenerallyexhibit similar adsorption potentialso silica™*?
Secondlyresults ofphysisorption datdike the specific surface arear the specific pore volume
are usuallyreferred to the mass of the samplighich is inadequate if materials with different
densities should be compareéor examplenonporous silica has a density of 2@&%g™, %!
while nonporous ceria has nearlg threefold density of 7.2m%g™ (JCPDScard number
00-034-0394).Consequentlythe physisorptiondata of different oxidesshould be converted to
other physical quantitieswhich are better comparable in aeaningful discussion Helpful
physical quantities for such comparisons are introduced in the following.
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2.6.3.1 Comparison of porosity data

One possibility to compare different oxidesto refer the physisorptiondata to the volume of

the nonporous materiatesulting indatawhich are comparable irrespective of théensity of the

materials These data have to be calatéd by the following procedurbS O dza S & dzOK 4G NBf |
L2 NRaAGE Ot dzSa¢ | NHysisyrptidn anaydistsdtwagey 6§ SR Ay (G KS

The porosity referred to the sampleassp,, can be converted to éporosity per volumee of the

nonporous materiap, by multiplication with the density of theonporousmaterialy :

Ad AT c e
AT f c 2 &I (2-16)

f

AlthoughK A & G @2 f dzp, & a diiAeNSoaldssiphysical index variable helpful to keep
the dimensions with its indices because the volume dimensiang, and } have different
meanings Using p, valuesporosities of materials with different densities rcdbe comparel
guantitatively. However this p, is not very demonstrative anid is beneficial to calculate a more
comprehensiveuantity. From thep, values a& NB f | (i A &, speighhtBhéwiniuéhéof the
total sample volume consists of pore voluiren be calculated, represents the pore volumia

a sample per one cubiceatimeter of nonporous materiabnd consequentlyp, can be
calculatedfrom p, by the following equation

n n o
n p nJ p

(2-17)

Prel IS the pore volume ofa porous materiain percentage termseferred to the total sample

volume andis independentof the material density. A value of,, =0.4 means that 40% of the
sample volume consists of pore volume and consequently 60% of the sample «dusists of

non-porous (metal oxidematerial.

In general, the relative porosity valwan be calculatedrom the CPV or the TPdata. Within

this thesis, tabulatedelative porositydata wee calculated on the basis of the TPV valaes

thus include pore volumes of pores up to a diameter of approximately 1. Otherwise,
comparative discussions, especially in chatér will be done on thédasis ofDFFderived CPV
plots, in which relative porosityalues arecalculated from the CPV values. It has tdddesn into
accountthat the relative porosities dered from the CPV values negletdt porositygenerated

by poreslarger than approximately 3@m, which is the upper pore size lingitcessible bypFT
calculationddzi A Y3 (1 KS & & LIK S NXsé€elcliaptdBR.3.2 NLIJi A2y ¢ Y2RSHt

Relative porosity valuein this thesisare calculated and illustrated in all tables afigures in
FRRAGAZ2Y G2 (GKS daid NJIsRthaitheZedderfisalwiyb @k to hdhpaseNWIE R R (|
data of different materials with each other. Esjaly in chaptei3.6 suchrelative porosity values

will be used for the discussion and evaluation of the physisorption data, when the different

materials are explicitly compared to each other. Within the other chapiersyhichonly one

material is considred at a time, the mass referred data gnesferablyused in the discussions.
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2.6.3.2 Comparison of specific surface areas

Similarly asthe porosity of different materialsalso the specific surface areas of different
materials may be better comparablié they are not referred to the sample masgnfortunately,

it is not possible to calculata physical index quantitfor the specific surface area which is
comparable for different materialanalogouslyas the relative porosity value$n principle a
measured suace areacanbe referred to

a. the sample”snassm,
b. the sample’solumevor
c. the sample”snolar amount of substance

resultingin specific surface are@aluesof the following dimensions

a. GKS a6SAIKEG y2NXIf ASBRE; aLISOATAO adaNFI O
b. i KS a@2fdz¥YS y2NX¥I f A§ERAI&LISOATAO adaNFI O
c. UKS aY2ftl N y2NXYIt AISIREoF4LISOAFTAO &dzNF I OS |

S
S

Fromthe physisorption analysis softwdt&’ specific surface areaderived via the BET method
are usualhygiven asg, value, but with the help of thelensityof the materials or its molar mass
M these data came converted tdS, or S, values

Indeed dl these three specific surface areas aré dimmensionless index quantitiesd which of
them is most adequate to conape specific surface areas dlifferent materialsneeds tobe
investigatedn dependence of the actual scientific problésee chapteB.6.2).

® Suchs, values were already proposarlier?°!
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3 Synthesis of metal oxide nanofibers

3.1 Goals and syntheses overview

Inorganic nanofibersof different oxides, namely silica (see chapt8r2), zirconia (see
chapter3.3), ceria (see chapté3.4) and tin oxide (see chapt&5), were preparedwith the
focus on the preparatiorof inorganic fibersfrom polymer solutions containing nanoparticle
dispersions. Synthesesf oxide fibers starting from polymer solutions containingsolgel
precursors arealready known from literature!®%9138132l and were preparedmainly for the
purpose ofcomparison.Advantages of theapproach startingfrom nanoparticlesas well as
chalenges which had to be overcomeere discussed in chapte.4.6 (seefigure 2-11): First, it
was necessary tprepare nanoparticle dispersions that are compatible wélspinning polymer
and which could be combinagith a spinning solutiomf sufficiently hgh concentra¢d polymer

as well as nanoparticlest was investigatedvhether nanoparticlederived fibers(NRfibers)
exhibit pivotally different properties than sajelderived fibers as it could be assumed on the
basis of the preliminary titania stud§' Afterwards the morphological properties of the
prepared NRfibers were characterized by electromicroscopy (SEM) and physisorption and
compared tothe properties ofda O 2 y @ S vy (-delfigersiTnese dotnparative analysedll be
discussed concerningeneral conceptual differences in the preparation of electrospun fibers
from different building blocks, namely nanopatrticles or-gel precursors.

The chapters8.2:3.5 eachpresent the resultdor one of theinvestigatedoxides. Inchapter3.6

all these imdlividual results are summarizedcludingresults ofthe former studyon titania fibers
(see chapte2.5.2"" in order todeducegeneral trends that can be found for all materials and
that originatefrom the preparation methd.

3.2 Silica fibers

3.2.1 Introduction and sample overview

Electrospun polymer/silica composite nanofibers were first prepared by Shao et al. from
poly(vinyl alcohol) (PVA) and tetraethyithosilicate (TEOS) sgél precursor as silica source in
2003™3 In the same year Choi et al. electrospun a pure, aged FEBD&thout the addition of

any organic polymer to obtain pure silica nanofib&t8 Variouspublications dealing with siliea
based nanofibersised solgel precursors as silica source for electrospinnimghe following
years™*13¥ |n 2006 Lim et al. were the first to use aqueous suspensions of preformed silica
nanoparticlesinstead of sehel precursorsfor electrospinnind™*® Although thereare some
other publications on nanoparticiderived silica fiber§*9**“*'*!Ithere is a lack ofletailed
investigations on the morphological properties of these fibers that go beyond th
characterization by electromicroscopy. Furthermore it is unel if there are any characteristic
differences betweersolgel and nanoparticlederivedsilicafibers. Hence,differences between
these two approaches are explored anbaracterizedn this chapter Thereforevarioussilica
nanofiberswere produced via different synthetic approachesising tetramethyl orthosilicate
(TMOS) as sael precursoon the one hand andifferent commercial nanopéicle dispersions
(known as s | f fuBid¥-dispasions)on the other hand
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Table3-1 gives a survey dfhe synthesizedsamples that were further examined by nitrogen
physisorption(see chapteB3.2.4).

Table3-1: Overview of allsynthesizedsilica samples and composition of the correspondisgjutions that were used
for the syntheses.

sar?;[-)le sample category polymer SiQ g\ll g/?ak:)tl;r:‘tl?r solvent
1 sol-gel fibers 5wt.-% PVP  15wt.-% TMOSI( 6 Wt.-% SiQ) 1.181 MeOHH,0
2 sol-gel fibers 8wt.-% PVP  15wt.-% TMOSI( 6 Wt.-% SiQ) 0.741 MeOHH,0
3 pure particles none LudoxoAZ NPs -- HO

4 pure particles none LudoxdHE NPs -- HO

5 pure particles none LudoxdSME NPs -- HO

6 NRfibers 2wt.-% PEO  0.45wt.-% Si@06 [ dzR 2 E s)d 0.23/1 H,0

7 NPRfibers 2wt.-% PEO  0.45Wt.-% Si@(LudoxéHE ¢ t 0.23/1 H,0

8 NRfibers 2wt.-% PEO  0.45wt.-% Si@(LudoxdSME NFs) 0.23/1 HO

9 ggﬁj‘i;gi“”i“g 2Wt.-% PEO  0.45Wt.-% SiQ(LudoxA% & t 0.23/1 H,0

10 Sgﬁﬁicfﬁi””i”g 2Wt-% PEO  0.45Wt.-% SiQ6 [ dzR2 E s 0.231 H0

11 ggﬁj‘i;gi“”i“g 2Wt.-% PEO  0.45Wt.-% SiQ6 [ dzR2 E sk 0.23/1 H,0

12 NPRfibers 2.3Wt.-% PEO 1.2wWt.-% SiQo [ dzR 2 E s)d ! 0.50/1 H,0

13 NRfibers 2.3wt.-% PEO 1.7wt.-% Si@06 [ dzR 2 E s)a ! 0.791 H,O

14 NRfibers 2.3wt.-% PEO 2.3wt.-% Si@06 [ dzR 2 E s)a ! 1.00/1 H,0O

15 NPRfibers 2.3Wt.-% PEO 2.8Wt.-% SiQ6 [ dzR 2 E s)d ! 1.251 H0

16 NPRfibers 2.3Wt.-% PEO 2.8Wt.-% SiQ06 [ dzR 2 E s)d ! 1.251 H0

17 NRfibers 2.3wt.-% PEO 3.3wt.-% Si@0 [ dzR2 E s)a ! 1.50/1 H,0

Sol-gel fibers were produced fronmethanolic solutios containingTMOS as precursor and
electrospun withpoly(vinylpyrrolidone) RVH as spinning polymer similarly as already published
elsewheré?*? Twodifferent samples were prepare@®ne samplevas prepared from a solution
containing5 wt.-% PVPin the spinning solutionanother contained8 wt.-% PVP In both cases
the concentration of the TMOS precursor waswli5% equivalat to 6 wt.-% of Si@Q Also dl
other experimental parameters were kept constantorderto investigate the iffience of the

polymer concentration.

9 The wt-% of different components in the spinning solutionscaleulatedas mass dthe component per
total mass othe electrospinning solution.
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Nanoparticlebased electrospun fibers were spun from_udoxdispersions with poly(ethylene

oxide) (PEO) as spinning polymer and water as solverhelexperiments the type of.udox

dispersioncy I YSt & a! { oodnffa o 'Rlg@masshedgddia she spinning

solutions while the PE@oncentrationwas kept constantat 2.0wt.-% and the weight ratio of

SiQ particles to PEO was fixed to 0/23The patrticles in the Ludox dispersidrasd diameters in

the range of 10vm in all casesThe differences between the Ludox dispersion are mainly their
RAFFSNBYy (G adGltoAtATldAz2yd 6KAOK | NBYlaarderdoh TASR o é
compare these fiber materials with the propiers of the bare particlesthe pure Ludox

dispersions were dried anzhicined at the same temperature as the fibawhich was550°C*

Further experiments were conducted &ucidatethe interaction between the plymer PEO and
the Ludox particles. It was found that Ludox & { o né R &aré baStNsuite@ 6@
electrospinningbecause other dispersiormuch ad.udoxd | { oluwdoxé2aNJ o né LINR RdzOS |
less stable jet during electrospinningvhen they are used in high concentrationdn the
SELISNAYSy(Ga ¢ AdingarticlésShe pruaing dfludéxdi§persion in the spinning
solutionswas varied while the PEO concentratiomas kept constantat 2.3wt.-%. The weight
ratio of SiQ particles to PEO was variéa the range of 0.8 to 15/1. Except forthe Ludox
concentrations all other experimental conditions were the samehiese investigations.The
concentration of thdLudoxa ! { digpersions irthe spinning solutionsf the above mentioned
experimentswas more than twice as hidh e. in the range of 1E3.3wt.-%)asin the other set
of experiments in which the different kinds of Ludox dispersions atedied. Nevertheless,
these experimentare comparablgbeause all other experimental conditions were the same

Besides SEM ingtigations (see chapted.2.2, detailed analyses by nitrogen physisorption were
conducted on all above mentioned fiber samples order to characterize their porosities
comparatively(see chapter3.2.4). A similar studyhasalreadybeen performedon electrospun
titania nanofiber§ " and these publishedresults will be cited in caseit helps to discussthe
results on silica fibers.

One difficulty in the studyon titania nanofibers was the limited availability of titania
nanoparticle dispersions. €htitania dispersions had to be ssljnthesized and their limited
laboratory batch sizeequired a multiple synthesis of new dispersioitswas not possible to
aeyiKSaxIi RSéaabit RIAOES RAALISNBRAZYAa 2y | fro ao
electrospinning experiments from one batch, so that such-sgifthesized particle dispersions
may suffer from slight variations in their properties like particle size, their size distribution or the
dispersion concentrationetc. In contrast, aqueous Si® nanopaticle dispersions are
commercially availabl&***! in typical batch sizes of one litgfe.g. from Sigm&Aldrich)
preventingproblems of reproducibilitconcerningthe synthesisof the particle dispersiondrhis
amount is sufficient to conduct a lot efectrospinning experiments from only one batch, so that
the dispersion properties ariie same for all experiments

" The Ludox dispersions used are all aqueous based dispersions with the same particle concentrations.
They only differ in properties like the stabilization of the particles (ammonia vs. sodium stabffed).
This may have influence on surface properties of the particles and will be investigated in&2apte
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For this reason the folloing experiments on nanoparticlgerived electrospun silica fibers can
be considered as reliable mel experimentsfor nanoparticlederived electrospun fiberof
other materials (see chapters.3:3.5 facilitating to study gneral questions on the
electrospinning of nanoparticles by using Ludox disperdibme.results obtained for other oxides
(see chapters.3- 3.5 will be compared with the results on silica fibers in cha@€rso thata
more general conceptual understandingay be deduced by combining the results of all
materials.

3.2.2 SEM analyseson silica fibers

Generally,SEM investigationgiere performed on all synthesized fiber samples listedaible

3-1, so that there iroof of a successful electrospinning process for all of thBievertheless,

only representative SEM analyses are presented in this section, because samples prepared from
very similar solutions showed no significant differences in the SEM pictioesexample, the
samples 1B17 from table 3-1 were prepared from the same soluticapart from a different
content of Ludox particles. Only four out of these six samples are @nésd in figure 3-3,
because he two missing samples had a content lafidox particles lying in between the
concentrations of the samples shown, with no significant differencescerning theSEM
results.

FHgure 3-1: SEM picturesf silica fibers obtainedrom TMOS as sadel precursor and electrospun with PVP after
calcination at 550G A: Spun with 5wt.-% PVRseetable 3-1, samplel); BoD: Spun with 8nt.-% PVRseetable 3-1,
sample2).
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The silica segel fibers electrospun with &t.-% PVP (samp in table 3-1) had typical
diameters around 500nm with optically smooth surfaces (seéigure 3-1BbD). Fbers
electrospun with 5wnt.-% PVPhad typical diameters arouni5Onm and arethinner due to the
lower viscosity of the spinning solution and tlessulting stronge stretching of the jet (seigure
3-1 A; samplel intable 3-1) as expectedThe distributiors of the fiber diameters wertound to

be within a narrow range of not more than approximately2f % around the above mentioned
mean diameterdor both samples These homogeneous fiber diameterare a consequence of
constant andwell-controlled electrospinning conditions concerning parameters like viscosity
or charge densityn the jet. Such constant spinningannot begenerally expected for sgel
derived fibers, because the ongoing -gel reactiors during the spinning process ofterause
alteration in fiber diameters.Except forthe fiber diameters there are no other considerable
differences obvious from the SEM @stigationsthat arise from the different PVP content in the
respectivespinning solutionsk-urthermore the calcined silica fiber mats had almost no craoks
contrast to all other oxiddibers prepared within this thesis. This is a consequence of tle als
macroscopically observable mechanical flexibility of these fibers. The silica fiber nmatsdko
gel precursors can be belike polymer fiber mats suggesting antypicallyhigh elastic modulsi
for an inorganic materiaNone of the otherelectrospun ibber samples shoed similar mechanic
properties,irrespective of either the material (Ti¥ZrQ, CeQ, etc) or the starting material (seol
gel precursors or nanoptcles). Also the nanoparticlderived silica fibers were mhcmore
brittle which may be aconsequence of an incomplete sintering of the particles resulting in
predetermined breaking points. Furthermore, such brittleness is geneeaibectedfor the
other investigated metal oxidesbecause theyare typical ceramic materials which are
intrinsically brittle.

Silica fibers obtained from different Ludox nanoparticles were electrospun witv2-@ PEO

and 0.45nt.-% Ludox particles in each experiment. It was possible to obtain silica fibers from all
GKNBS &aAftA0F RO OBSOIEBANDYy@EH DI dIRB Eed@daBA, Gefples T
6-8) after calcination at 550C The SEM investigatiomsvealed very similar results for all three
types of Ludox particles (sefigure 3-2). They #d had typical diameters with a narrow
distribution in the range of 1568m to 300nm. Furthermore, no significant amount of beads was
found in any of the samples and they had only sporadic cracks on the macroscopic length scale.
The Ludox fibers are all aadted in a wounded manner that is significantly different to the sol
gel fibers (sedigure 3-1). The second mionable difference to the sedel fibers is the optically
rough surface structure of the Ludox fibers (compagere 3-2 E andfigure 3-1 D). Such rough
surface structures were observed for all nanopartiaéesed fibers. This finding is the first hint at

an increased porosity of nanopartiebmsed fbers compared to sajel fibers whichwill be
further investigated in chapte3.2.4
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after calcination at 550C Each spinning solution contained 0.48&.-% of Ludoxparticles; A Fibers from aLudox
GAS30¢ R A & L(3B8eNdbla 21y sample6); B: Fibers from d.udoxdHSo n dispersion(seetable 3-1, sample7);
GLE: Fibers from dudoxéSMo n ¢ R A dskatahlé&3Al,Zsgmpled).

2 KSy [ Ao Hispersions were electrospun with a varying amount of particles in the
range of 1.2nvt.-% to 3.3wt.-%and with2.3wt.-% of PEQn the spinning solutiolfseetable 3-1,
samples 1B17) the optical shape of the fibers changed with teenployedamount of silica
particles (see figure 3-3). This is a consequence of the changing proge of the spinning
solution: Particularly the electric conductivity of the spinning solution increases with higher
Ludox particle content, because the Lud@xZ particles areionically stabilized by ammonium
ions. This argumentlsoexplainswhy a PE@oncentration as high as 20&.-% is necessary to
spin theabove mentioned.udox containing solutior(seetable3-1, samplesl2b17).

63



64 | Synthesis of metal oxide nanofibers
Silicafibers

Fgure 3-3: SEM pictures ofeveralsilica fibers obtained fromLudoxAS particles electrospun
with 2.3wt.-% PEGQafter calcination at 550C The concentrationsof Ludoxparticles in the
spinning solutiors was varied A, B: 1.2wt.-% (seetable 3-1, samplel2), C,D: 1.7 wt.-% (see
table 3-1, samplel3), BG: 2.3wt.-% (seetable 3-1, samplel4), HbX 3.3wt.-% (seetable 3-1,
samplel?).
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Without any Ludox particles electrospinning BEO(used with a molecular weight\,) of
1,000,008 i Yanfall these experimentsyould not be possible in such a high concentration;
the solution would be far too viscous. Howeviét.udox particles are added, the high viscosity of
the spinning solutin is counteracted by the iam conductivity of the ionically stabilized particles.

In case only 0.4%1t.-% Ludox particles are added to the spinning solution (see say@gghe
concentration of PEO had to be reduced to %0-% in order to achieve a stable spinning
process due to the lower conductivity of the solution. As a fundamental trend the stretching and
thinning of the jet is promoted by a higher ionic conductivity of thimsimg solution due to the
higher concentration of charge carriers within the jet. Concerning the Ludox paiecdieed

silica fibers the variation of the charge carrier density within the jet leads to the following results
evidenced by SEM pictures (séigure 3-3): With low silica particle content (setble 3-1,
sample 12figure 3-3 A,B) the SEMigures show a material whose fibrous morphology could
hardly be identified. Théigures show mainly large beads in a seemingly random site. Only on
closer irspection is it possible to see the peartcklacelike connectivity of these beads. Due to
the low Ludox content of only 1wWt.-% in the spinning solution and the resulting low
conductivity, the electrospinning process produces only strongly beaded fibafsen the
Ludox contentin the spinning solution is increased to W7.-% or 2.3wnt.-% respectively (see
figure 3-3C,D andB:G), the increased conductivity within the solution leads to fibers that are
more or less devoid of beads and exhibit narrowstributions in the fiber diameters. When the
Ludox content is further increased up to 3v8-% (seefigure 3-3 HbJ) the fiber diameters are
more inhomogeneous and some elongated beads occur. This might be explained by
Gl 3FE2YSNI GAZ2Yy SidoX Rafidedconcenttation withirli theSsolution becomes
too high, small fluctuations in their distribution may lead to such altering diameters of the fibers
after spinning. In conclusig@a Ludox concentration in the range of approximately wt5% to
3.0wt.-% seems to beoptimal to spin homogenously thick fibers with aqueous\2t3% PEO
solutions. When lower Ludox concentrations are to be spun, also the PEO concentration has to
be reduced (setable3-1, sample$ib8). In other words, the concentratiosf the Ludox particles
should be in the same range as thalyamer concentrationThis phenomenon can be observed in
many electrospinning experiments and can be considered as an empirical rule of thumb for the
preparation of inorganic fibers from nanopatédispersions.

A further observation is that lh nanoparticlederived silica fibers are brittle after calcination at
550°C Depending on the location of the SEM picture on the sample, there are areas featuring
numerous cracks on the macroscopic lengtalsgsee eg. figure 3-3 C). Furthermore, all fibers

in figure 3-3 seem to have a porous surface structure which can be observed easily in the high
magnification images G and H. The SEM pictures indicate that all these fibers possess small pores
with diameters of some nanometers. This porosity will be investigdtedietail by nitrogen
physisorption in chaptes.2.4

12 A slightly lower PEO concentration would probably lead to less beaded fibers, as can be evidenced by the
samples inFigure 3-2: The PEO concentration in these experiments had to be reduced to obtain spinable
solutionsbecause the Ludox concentrations in these experiments was muclidaigavt.-%).
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3.2.3 Physisorption: General investigations concerning electrospun fibers

3.2.3.1 (hoice of the DFT model

Qurfaceand porositycharacteristicof electrospunfibers are analyzed by nitrogen physisorption

in this thesis The materials investigated are predominantly mesoporarsl microporosity is
absent in most of the samples so that only nitrogen physisorption was performed to analyze the
mesoporos materials.Only particular samples exhibit some microporosity whadhuld be
analyzed in more detail by argon physisorption but thésbeyond the scope of this thesis

Before the porosity of mesoporous electrospun fibers can be analyzed in dstel chapter
3.2.9), it has to befigured out which DFT kernel is best suited &malyzesuch materials
Therefore the different DFTkernelsare compared exemplarily oseveral representativailica
samples'® (seetable3-1, samples 3, 6, 9, 11, 14andfigure 3-4 figure3-6).*

There arethree kernels for theDFT method available to analygéica materials with nitrogeas
adsorbate:

1. One lernelis for a silicaadsorbentwith cylindrical pore geometry in whicthé non
linear density functional thery (NLIFT) is applied to the adsorption branch of the

measured isotherm. This model will ketitled & G O&f Ay RNAROIFf | Ra 2 NLJiA 3
following discussion. Ifigure 3-4bfigure 3-8 the data from this model are illustrated in
black.

2. The secondernelis for a silica adsorbentvith cylindrical pore geometry in whicliné
NLDFT is applied to the desorption branch of the measured isotherm. This model will be
entitled & aO&f AYRNROI f SljdzA f A 0 NR dzY £In figi@eR S € Ay
3-4bfigure 3-8 the data from this model are illustrated in blue.
3. The thirdkernelisfor asilica adsorbent with cylindrical pore geometry for pores smaller
than 5nm in diameter and sprical pore geometry for pores largghan 5nm in
diameter in which he NLDFTis appliedto the adsorption branch of the measured
isotherm. This model will bentitled I dsphéricall R& 2 NLJi A2y ¢ Y2RSt Ay (¢
discussionln figure 3-4bfigure 3-8 the data from this model arélustrated in red

The compason of the measured isothermith the calculated ones obtained from the three
different DFT models are all in good accordawith each other (sedigure 3-4 BbD). Measured

and calculated isotherms aig such good agreemernhat they canhardlybe distinguishedThe
magnificatiors for small relative presses (seefigure 3-4C reveal that the cylindrical
adsorption model slightly overestimates small mesopores, so that the calculated isotherm is
shifted to slightly higher adsorbed volumes from the measured isoth&hm.magnificatins for

large relative pressures (sdigure 3-4 D) illustrate that the two adsorption models continue
along the adsorption branch and the equilibm model follows the desorptiobranchof the

13 At this point only the general methodological analysis results shall be discussed, so that no details and
interpretations concerning the representative samples are given here. The detailed discussion of the data
will be given later in chapr3.2.4

1 please note that all deductions that will be drawn within this section are also valid for all other
electrospun samples. The followiragalyses were repeated on different further samples with the same
results, so that the general validity was proven. The presentation of these analyses is omitted, because it
would not reveal any nevesults.
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measured isothernprecisely. The staged trend of the calcuthtisothermsfor large relative
pressure valuess a consequence of the limited numberimfplementedreference datdor large

pore sizesn the kernels.
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Hgure 3-4: A: Measured isotherm of silica NFbers obtained from LudoxdAZ NPs (sedable 3-1, sample6); BD:
Gomparison of the measured isothermillustrated in A with isotherms calculated by DFTB: overview of the
complete p/p, range (OKp/poXKL); C: magnification of the low relative pressure range Bp/po.6);
D: magnification of the high relative pressure range (08p/poKL.0). Color coding: purple: measured isotherm;
black: data calculated by theicylindrical adsorptiort model; blue: data calculated by thexylindrical S |j dzA £ A 6 NJ dzY ¢

model; red:data calculated by the ghericall R& 2 NLJi A 2 y £

Y2RSf o

Sinceall three modelsare in good accordance with the measured data, the comparison
measured and calculated isotherms does not helfigare out the optimum DFT model for the
analysis of electrospun fibers. Henagapre profoundconsiderationsare necessaryo assess
which model should be applied for electrospun fibers. Consulting the user manual of
IpSlyheré @reisbriie hintg ® the diffedBrEes between the DFT

Gl {MBsAYE RFGI

models:
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The cylindrical equilibrion model is well suited to characterize samples with a type H1 hysteresis
loop typical of samples with a welkfined pore size and structuf®! However, electrospun
fibers were found tamostly exhibit type H2 or H3 hysteresis loops (see chapt2rd which are
typical of disordered pore structures with a wide pore size distribution. Since the electrospinning
synthesis is not expected to produce wetbered pore structures with a narrow pore size
distribution and the SEM analyses also back this assumygiee chapteB.2.2), the cylindrical
equilibrium model does not seem to be tipal to analyze these samples. In contradie t
cylindrical adsorption model is assumed to give reliable resultsdimpkes with H2 hysteresis
loops!*®® though this model oerestimates the small mesopores (see above figdre 3-4 C)in
electrospun fibers Hence, this model also seemst to be the optimal one.The remaining
spheical adsorption model assumespherical poregeometry for pores larger than 5nm in
diameter. The SEMigures supportthe hypothesis that the mesopores that can be observed
especiallywithin the nanoparticlederived fibers, have a more or less spherical shape, rather
than a cylindrical one (see @. figure 3-3G andH). Consequently, the DFT arsdg of all
samplesof this thesiswill be performedusing this kernel. It has to be noted that the spherical
pore geometry of the samples cannot be verified by SEM analyses doubtlesshuse SEM
pictures only give a twabut not three-dimensional imag®ef a sample. Hence, the decision to
use the spherical adsorption moldderemains an arbitrary decision wittconsiderable
consequences on the data analyses:
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Fgure 3-5: Gomparison of the CPV plots of silica MiBers obtained from Ludox

AS NPs (sedable 3-1, sample6) calculated by the three different DFT

approaches. Color coding: blac® | £ Odzt | G S ReyliRdridall ads@rpigsy &

model; blue: OF f Odzf I § SR cyimdiichl SIFMR YA ONA dzYé Y2RSt T NBRY
OF t Odzt I (i S Rphaitalk IRABPNRYiI A@¥ ¢ Y2RSt o

These consequences become obvious when the results from the different DFT kernels are
compared(seefigure 3-5): Although all three DFT kernels are able to reproduce the measured
isotherm quite precisely, there are significant differences between the nsodehcerning the
calculated pore size distributions. When the cumulative pore size distribution is calculated for
one and the same sample with all three DFT kernels, these significant differences can be seen
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(seefigure 3-5). Generallyl f £ {1 KNB&BS alO0N®IzE @ AifAdzy SE o/t 0
trend for pore sizes in the range of approximateB86nm which will beinterpreted later (see
chapter3.2.4). Qualitatively, he main difference in the three plots is an offset in the pore sizes.

For a gren cumulative pore volume of g. 0.5cm®g™ the corresponding maximum pore sizes

that contribute to this porosity change in a range between approximately 30 ¢ ¢ O& f A Yy RNA
FR&E2NLIGAZ2YE Y2RSt 0 ydzZlJo 8 LIKBINNDER Yh GREAWHID h 2y E Y
irrespective of the fact thatall three models are in good agreementith the measured

isotherm, the calculated pore sizes differ over a range as wide asnlid this exampleThe
GALIKSNROI f FREA2NLIGA2YE Y2 RED%largehtkhas the poi kifes a A1 S &

LX 24 a

200FAYSR FTNRY GKS aOeThis ihndingla@onsequerReiat tNd différehty ¢ Y 2 R
pore geometriesassumed with the different kerneldnterpreting figure 3-5 the other way
round, it also can be stated that thiree different DFT models give different porositiésa
specific upper pore size limit is consider@N2 Y (KA & LIRAYy(d 2F GASsI (K
model always gives the lowest porosity of all three modelwasexpecteddue to the assumed
pore geometries If the same pore diameters are considered, a spherical pore always has a lower
volume than a cylindrical pore which is a gendrahd valid for all investigated samples (see
figure 3-6).
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Hgure 3-6: Comparison of the CPV plots of several representative silica samples fable 3-1, A: samples3,
B:sample9, C:samplel4 and D:sample 1) calculated by the three different DFT approaches. Additionally, data
OF £ Odzf F ISR 6@ (KS & Ritented Zs8eNchapteBRi3.8. 7t corrbBondiny isdth&rms of the
illustrated samples can be found in the appendices (dapire 6-5bfigure 6-8). Color coding: blackcalculated data

F N ¢flindiical adsorptio model; blue: OF £ Odzf | { S ReyliRdridllS |j #@zNE X 6 MR dzY £
RE G PphelcM RE2 NIWRRBY T INBSYyY RIEGE OF f OdzAE I SR 6@ (K
relative pressure range representing the reliability tfe calculated pore sizeat the consideredpressure.
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Furthermore, the two other models, $® G KS GOt AYyRNAROFE | R&2NLIIA 2\
SlidZAf AONARdzYé Y2RSt 020K NBadzZ & Ay &AYAL I NI L2 NP &A

As a consequence of the above considerations, only the trend of GQR¥ plots can be
interpreted when electrospun fibers are investigated. The absolute pore size values have to be
considered with great caution and it has to be taken into account that these values may deviate
considerably from the real pore sizes as longh&y are not verified by other analytic methods.
Unfortunately, the disordered pore structure of the electrospun fibers prevents additional
analyses by methods like @. smalangle Xray scattering (SAXS), which is a standard alternative
method used taestimate pore sizes in ordered mesoporous sampfés?®!

Fortunately, the most important point in the physisorption analyses performed within this thesis
is the relative and qualitative comparison of different samptesicerning their porosity.
Therefoe an &act determination of pore sizie not necessary. As long@sly one DFT model is

used for the analyses of all samples, they can be directly compared and the qualitative
interpretation of these analyses is not affected by uncertainties in the @lounlof precise pore

sizes. If several samples exhibit specific differences in their porous characteristics and the
accumulation of the pore volume with increasing pore size, the DFT analyses reveal such
differences anyway (sefgure 3-7). It has to be oted, that some DFT analyses exhibit a slight
kink of the CPV plot at a pore size ofif (see eg. figure 3-7, plot in green). This kink is
supposed to be amrtifact2 ¥ GKS |yl feadAaX 0SOlFdzAS GKS &&LIKSNRA
from assumed cylindtal pore geometry to spherical pore geomett this pore sizevhich is
probably not consistent with the structure of the samplé a DFT kernel assuming solely
cylindrical pore geometry is used for the analysis, no kink can be found in the corresp@Riing

plot proving the kink to be aartifact originating from the change of assumed pore geometry in
the former DFT model

As long as the spherical adsorption model is used, it can be stated that calculated pore sizes can
be understood as an upper limitebause this model provides larger pore sizes compared to the
other DFT kernels. In the event that the assumed spherical pore geometry within the fiber
samples is not correct and the physisorption behavior of such samples is more similar to a
material with cylindrical pores, the real pore sizes would be smaller than calculated with the
GALIKSNAOFE | RaAa2NLIIA2Yy¢ Y2RSt o
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Figure 3-7: Comparison of CPV plotR SNA GSR FNRY (KS & amisidirsdénf represestadivel Ji A 2 v é
silica samplesThe DFT analyses reveal differences in the porous characteristics of the samples irrespective of the
uncertainties which are intrinsically preserdue to the unknown structural features of the investigated samples

(see discussions)he detailed discussionf the physisorption results is presented in chapt8r2.4. Color coding for

the samples (se¢able 3-1): green: sample3; purple: samples; blue: sample9; red: samplell; black: sampld 4.

It has to betaken into accounthat only pore sizes up to apmximately 32nm in diameter can

be analyzediza Ay 3 GKS &GaLKSNAOFf FRaA2NLIWIA2Yyé Y2RSft X
kernel that refer tolargerpore sizes. The other two models do have reference data for pores of
up to 100nm width, so that theCPV plots also present data in the range d&f18®nm pore size
width. Yet,these data hag to be considered with cautiomAs can be seen from the Kelvin
equation (2-13), the relative pressure and the pore size are in an exponential dependence.
Although he exact mathematical background in the DFT model is much more complicated, this
exponential relation is also roughly valid for DFT calculationerder v illustrate the problem

that accompanies any analysis concerning masréargemesopores by DFTh¢ Kelvin equation

is quite helpful: Using the Kelvin equatid®-13), pores of 4hm or 100nm in diameter
correspond to a relative pressure of p(ak=20nm)=0.953 or p/p(r=50nm)=0.981,
respectively. In other words data beyond a pore diameter ofidOrefer to data above a relative
pressure of 0.95. In this range only very few measured data points can be acquired, so that the
DFT analyses in this pore size region are based gnfew experimental data and hence the
results are vaguelhus it is necessary to limit the DFT analyses to [gizes in the mesoporous
regionto ensure the result¢o be reliable. For the analysis of macropores other methods like
e.g. the mercury porogietry should be used that are more adequate for such pore sizes.
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3.2.3.2 Correlation of the DFT-derived cumulative pore volume and the total pore

volume
Inchapter2.6.2A G ¢l & adz33SadSR GKI G I+ a(CRipotetouldbe S G2 4 f
constructed fomthe a RS . 2 SNJ YS (K2R (B18)b(2d5). Wieh suéhljadaotiish 2 y a
constructedfrom the desorptiondata of themeasured isothernit can be compared wittthe
CPV plots obtained from ttdifferent DFTkernels(seefigure 3-8).
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Fgure38: QR YLI NR a2y 27T total §32 &5 dzO@f Idnvae Srani e idesorption data of the
measured isotherm(silica NPfibers obtained from Ludox AS NPs, stsble 3-1, sample6) by the dde Boek
approach(green seeequation (2-15)) with CPVplots calculated bydifferent DFTmodels Color coding for the
DFT models: black: cylindrical adsorption model; blue: cylindrical equilibrium model; red: spherical adsorption
model.

As alreadymentioned, the calculation gfore size ¥ NR Y  KS éthoé shoulBoBiNge Y
considered a® rough estimation. As long as the pore geometry in a sample is known, the DFT
analysis should lead to more reliable pomédths. Otherwise,the determination of the total
porosity via DFT calculations is not reliablecdgse the influence of macropores cannot be
calculated definitively (see chapted.2.3.]). In contrast,the TPV includes the influence of
macropores more accurately as long as they can be filled with adsorbatang the
physisorption experiment: Hence, he overal porosity of different sampleshould preferably

be compared by using the TPV data instead of the CPV data obtained frorhld@¥ever, the
comparisonof DFFderived data and TPV data allows further insight into the reliability of the
data redution procedures and its results:

15 At relative pressures very close to unity condensation of adsorbate in the measurement cell may occur.
Consequently, the last reliably measureable point of an isotherm lies in the range of approximately
p/pp = 0.99. Applying equatiori2-15), this corresponds to a pore diameter aroundrt®0Hence, larger
macropores cannot be filled in a physisorption experiment.
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Generally, the TPV plot obtaingédeé (G KS & RS liesavEhiihe safdirdngeris tigPV
valuesderivedby the two DFT models assuming cylindrical pore geomefsmsfigure 3-8 and

figure 3-6). This finding is a simple consequence of the fact that cylindrical pore geometries are
assumed irall above mentioned cases. Significant differences between the TPV plot and the CPV
plot can only be found in the range of small mesopores below approxiynatim, where the

TPV plot tends to give higher porosities than the CPV plots. This finding illustrates the limits of
0KS GRS .2SN¥ VYSGK2RY ' G &adzOK avrkft LB2NB aAl S:
measured isotherm, the assumption of bydkoperties for the nitrogen adsorbate fails yaeld
reasonable resultsOn the other hand, the TPV plot and the CPV plots are in good accordance

with each other in the range of pore sizes beyond approximatelgrdQwhich is the range that

normally has tobe considered with caution concerning the CPV data derived from the DFT
calculations.This finding can be interpreted as proof the reliability of the DFT datdt is

generally accepted thathe Gurvich rule (see equatig@-11)) producesreliable valus for the

total pore volume in this pore size range. Hence, the TPV pldissuffer from uncertainties

O2y OSNYyAy3 GKS SaidAYIFGSR LR2NB aARSpEBEThe 1 KS 4R
error bars for the uncertainties in the pore sizes weadculated for the last three data points of

the plots, where the errors are large and hence of eminent significitdevertheless, the large

error barsdo not exhibit strong influence on the general trend of the TPV plot because the trend

in the TPV plois flat in this pore size rang€onsidering not only the sample illustratedfigure

3-8 but also the samples ifigure 3-6 it becomesobvious that the TPV data are adequate to

expand the interpretation of sample porosities for pore sizes up to appiaeiyn 100nm.

Especially the sample figure 3-6 C is adequate to explain suattonclusion: This sample (see

table 3-1 and table 3-2, sample 14)exhibits a very large disgpancy between its TPV of
0.768cm’ig™ (for pores up to approximatel$00nm width) and its cumulative poreolume of
0.348cm?ig™ (for pores up to approximately ¥®m width) derived from DFT calculations by
dzaiAy3d GKS GaLIKSNAOFf FFTRa2NLIWIA2Y ¢ Y2RS$sad ¢KAA
significant porosity in tl size rangeof 32100nm width. Even in casef this sample, the TPV

plot andthe CPV pldF2 NJ 6§ KS GOt AYRNAOIE FFTRA2NLIIA2YE |y
model are very close to each other with similar trends. The error bars of the TPV plotyrough
overlap the trends of the CPV plots. Hence, the TPV platede proof of the general validity of

the CPV data trends irrespective of slight uncertainties in this pore size reiogesver the

validity of such data is not achieved by the precision efuihderlying calculations. It is more a
consequence of setfonsistency. In the considered pore size range of approximaté&i08am,

the presence of only some pores increases the overall porosity of a sample significantly. Hence,
the presence of steep gbes in the CPV or TPV plots in this pore size range is intrinsically
implausible. Steep slopes in this range would lead to tremendous overall porosities which are

not expected for the materials investigated in this thesis. Consequently, the slopes GiPitie

and TPV plots are always relatively flat in thigioe andthus intrinsicallysimilar to each other,

because such plotsave to continuestrictly increasing.

% The error bars were calculated by addamgl sulracting an assumed error 0f0005to the measured
relative pressuréor each data poirfsee chapte?.6.2.), respectiely. Afterwards the so latained relative
pressure range was converted to a corresponding pore size range by using €2@&jion
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However, theabove mentioned deductions lead to the following fundamei@sicsconcerning
discussions of porosities in the following chapt®r2.4:3.6:

As discussed in the last chapter, it was decided to analyze all samples within this thesis with the
GAaLIKSNROIf | Rraigrobalonlg alldws ferahie Getailed analysipare sizes up to
approximately 3z2ym width. Otherwise it was explainatiat TPV values obtained by the Gurvich

rule are adequate to characterize the porosity of samples for pore sizes up to approximately

100nm width. Hence, the comparison of D&&rived ®V data and the TPV values akiive

estimation of sample porosities in the range ob63R20nm. Furthermore,such comparison helps

to distinguish between different sample classkssome cases the CPV results in similar overall

L2 NRPaAGASE Fas (O KS eigl sathple8 &@ 9 intable 3-2). In other cases the

TPV gives significantly higher porositiean the CPV data Of | & & pPeég. sarhpe§JiLIS &

and 14 intable 3-2). Such deviations a consequence othe presence ofargermesopresthat

arefilled by the nitrogen adsorbatat high relative pressuregs already explainedrhese pores

cannot be captured by DFT, but they do contribute to the THdAce,/ t + LJ 2Ga 2F aOf |
samples typicalyNXzy” Ay (i 2 b ddrgérdubsopbres? ii ¢hesd aMples no significant

amounts oflargemesoporesare present, so that the overall CPV converges towards a constant

value beyond a critical pore siz€his behavior is exemplifieby the samplesn figure 3-6 A

andB (samples 3 and %iitable 3-1 andtable3-2). The CPV plo@ ¥ & Of | & &or€rund | YLIX S &
Ayid2 bal (dagerinfesopoées. W 2thebse samplearger mesopores contribute

significantly to the overall CPVhis behavior is exemplified by the sampiedigure 3-8 and n

figure 3-6 C and Osamples 6, 11 and 14 tfable 3-1 andtable 3-2).

Especially for thesé Of | &amples énvestigation of the porosity by mercury porosimetry
would be interesting, because this method is better suited to investigatdlarger pore sizes.
Unfortunately, it is quite difficult to synthesizeenough electrospurfibers for this analysis
method with the lab equipment that was available ftre experiments.Hence,it was not
possible to conductsuch analyseswithin this thesis Howeve, mercury porosimetry on
electrospun fibers is strongly recommendedaasinvestigation method to characterize porous
electrospun fibers more preciseip future projects:Mercury porosimetrywould be ableto
validate nitrogen physisorption analyses begdhe doubtlessly reliable pore sizes range which
ends at pore sizes afpproximately 3(hm.

3.2.4 Physisorption: ¢ omparative analyses on silica fibers

After theoretical background issues were presented and discussed in the previous ctapters
and 3.2.3a detailed interpretation of the physisorption experiments on silica samples will be
presented in this section. Therefore, physisorption results on electrospun fibers obtained from
sokgel precursors (sajel fibers) or Ludox nanoparticles @fBers) wil be compared with
results on bulk reference samples. These comparative investigations have the objective to reach
a more detailed understanding of the structure generating processes during the electrospinning
synthesis of silica fibers. Whether these ésican be generalized for other inorganic materials
will be discussed in chapt8r6.
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3.2.4.1 Experimental results: detailed discussion of specific surface areas and

porosities
Silica sobel fibersspun with 5wt.-% PVPexhibit a surface area of 17®%g™" and a TPV of
0.13cm’ig™ after calcination at 550C The other sebel fibers spun with 8vt.-% PVP hava
slightly higher TPV of 0.1n%ig™ and a specific surface area of 288ig™* (seetable 3-2). The
porosity of both samplesrises mainly from micopores and thelarger surface area of the
second sampleriginates from theincreased microporosity. This can be clearly concluded from
the isotherms and the plots of thBFTFderived CPV(seefigure 3-9): Both isotherms exhibit a
nearly negligible hystestsproving the presence of onlg verylimited amount of mesopores.
This results in two CPV plots that are both nearlyizumtal and parallel to each othefThe
absence of significant mesoporosity in the silicagall fibers proves that fiber crossings in
electrospun fiber mats do not behave like mesopores in physisorption experiments as suggested
in chapter2.6.2(at least concerning the analyzed pore siaege of 232 nm).

The only differencébetween the two sehjelderived silica fiber samples a shift in the pre
volume of approximately 0.0dm%g"* arising from the increased microporosity of the sample
spun with 8wt.-% PVRwvhich concomitantlyresultsin an increased surface are@he orgin of
such microporosity in the silica sgél fibers may be a consequence of a templating effect of the
spinning polymer PVAL is known that ionic liquids like -HexadecyB-methylimidazolium
chloride (GMIMCI) caract asa template for small pores in the sizangeof micro- and small
mesopores®® Similarly polymer chaingnay also act as template for such small por&$™ !
Probably the PVEhains from the spinning polymer generatgcropores in betweerthe silica
solgel material.

In summary the different concentratios of the PVP sphing polymer seeno have only amall
impact on the properties of the calcined silica fibers. The higher PVP content in the spinning
solution increases theurface areaby approximately onethird although the fibers spun with
5wt.-% PVP had smaller fiber diametefsee chapter3.2.2 figure 3-1). Obviously, the
microporosity of both samples exceeds the influence of the fiber diameter leading to the
unexpected result thathte thinner fibers exhibit the smaller specific surface aheaddition no

other differenceswere found by SEM or physisorption analys&®) that the amount of the
spinning polymerdoes not affectthe porousstructure and morpology of the resulting sejel
derived silica fibers.
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Table3-2: Physisorption results o electrospun silica nanofibers: BETCPY, TPV and relative porosit)‘/') values

sample sample weight ratio . BET cPV? TPV relative
. SiQ source . bl 3. L1 - bl )
no. category SiQ/polymer [m2ig™] [emiig™] [cm3g™] porosity” [%)]
' solgelSiQ
1 sol-gel fibers 1.18 from TMOS 178.3 0.113 0.132 225
) solgelSiQ
2 sol-gel fibers 0.74 from TMOS 234.6 0.133 0.144 24.1
3 pure particles ---  LudoxéAZ NPs 215.3 0.244 0.255 36.0
4 pure particles ---  LudoxeHZ NPs 156.3 0.206 0.216 32.2
5 pure particles ---  LudoxéSME NPs 132.3 0.265 0.276 37.8
6 NPRfibers 0.23 LudoxéAZ NPs 213.9 0.574 0.800 63.8
7 NRfibers 0.23 LudoxdHE NPs 187.5 0.520 0.78 63.4
8 NPRfibers 0.23 LudoxéSME NPs 237.6 0.727 0.887 66.1
9 dried spinning 023 Ludox®AENPs 2014 0514 0543 54.4
solution
10 dried spinning 023 LudoxtHENPs 1840 0577  0.780 63.2
solution
11 dried spinning 023 LudoxéSMENPs 2544  0.905 1.17 71.9
solution
12 NPRfibers 05 [ dzZR2E & 201.0 0.512 0.596 56.7
13 NRfibers 075 [ dzR2E & 203.0 0.494 0.640 58.5
14 NPRfibers 1.0 [ dzZR2E « 206.9 0.348 0.768 62.8
15 NRfibers 125 [ dzR2E & 1928 0.470 0.588 56.4
16 NRfibers 125 [ dzZR2E «a 209.5 0.496 0.629 58.1
17 NRfibers 1.50 LudoxéAZ NPs 207.5 0.468 0.542 54.4

1)

2)
lot;

3) P

4)

. specific surface area calculated by the BET method,;
: cumulative pore volumecalculated bythe DFT methodlthis is the pore volume ofhe last data point in the CPV

. total pore volumecalculated byusingthe Gurvich rule (see equatio(@-11));
. calculated from theTPV valuegfor explanation of the data reduction see chapt&r6.3.1).
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Hgure 3-9: N,-Physisorption isothermgA-D) and CPV plots from DHE) of silicasolgel fibers pure Ludox 6AZ
particles and silica fibers obtained from Lud@d< particles. Magnifications of the isothems can be found in the
appendices(see figure 6-9bfigure 6-11 and figure 6-14). Color coding: blacksolgel fibers spun with Swt.-%PVP
(seetable 3-2, samplel); blue: solgel fibers spun with &t.-%PVP (se¢able 3-2, sample2); purple: pure, calcined
Ludox 6AZ particles (seetable 3-2, sample3); red: electrospun fibers from LudoxXAZ particles (seetable 3-2,
sampleb).

The isotherms of two further, representative samples are depictdiyimre 3-9 for comparison:
First, electrospun fibers prepared fromommercidly available Ludox & { € YyIEy2LJl NIAO
exhibiting a surface area of 2i#ig™ and a TPV of 0.80n%ig" are stown. These fibers were
electrospun with the help of PEReing removed by calcination at 55 after the spinning
process.The spinning solutiortontained 045wt.-% of Si@ and 2wt.-% of PEO in aqueous
solution.Furtk SN 2 NB = ( KS Lidep&sioh waR aried aad afsé caldined at 360
resulting in a bulk material with nearly the identical specific surface area o2 and a TPV
of 0.26cnPigh. These two samples illustratbat the NRderived fibers possess a significantly
improved mesoporosity compared to the sgkl fibers. Also the bulk sample features a higher
mesoporosity than the sajel fibersand the pore structurs of all three kinds of sampseare
completely differentThese findings will be investigatadd discusseth more detail below.

One point that was ignoreth the last passage is that the gyl fibers are not really directly
comparable to the Nfibers. There are two important differences between the samples that

may influence the porous charactsticsof the fibers: First, the spinning polymer is PVP in one

case and PEO in the other case. As polymers may agbragenin synthesesof inorganic

materials PEO might acio while PVP does nét“*****!lunfortunately, the sebel precursors

are not compatible ih PEO, because PEO and,$i@cursors are not soluble in the same

solvents. @herwise, the Ludoxdispersionsare aqueousand not compatible with the water

insoluble PVRConsequentlyit was not possible to produce sgél fibers and Nfibers with the

help of the same spinning polymer in the case of silica fibe&Ol dzd S G KA & da2f dzo A
could not be circumventedHence, the influence of the different chemical nature of the spinning
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polymers could not be investigateth this way. Brtunately, it was possible to prepare
electrospun tin oxide fibers from botfi. e. solgel precursors and nanoparticley using the
same spinning polymeragty(methyl methacrylate) (PMMA) so th#te comparability of segel
fibers and NRfibers will be investigatednd discussed exemplarily on tin oxide in detail (see
chapter3.5.4.

The second difference between thedlica solgel fibers and N#fibers is the composition of the
spinning solution: The weight ratio of $i0 spinning polymer is approximately 1/1 ihet two
solgel solutions and only 1/4 in the afereentionednanoparticlecontaining spinning solution.
In other words, in the case of the MiBers 80wt.-% of the fibers are removed when the
polymer iscombusted duringalcination. Possiblyhis largeloss ofpolymermassmay generate
mesoporositywithin the silicaNPfibers while the lower mass lasduring calcination of the
solgel fibers does not allow for the formation of significant mesoporosity.

An experimental series with a varying amount of Ludox { ¢ LJ- NI A Of Sa odzi | O2ya
PEO in the spinning solution was conducted (sdxe 3-2, samples 1R17) in order to elucidate

the influence of the weight (or volume) ratio of $i@ polymer on the mesoporosity of the
electrospun fibers after calcination. The corresponding isotherms and CPV pfigsran3-10

show very similar sorption behavior for all these samples. The physisorption isotherms of all
samples showed a typl~like trend typical for a mesoporous materfd. The CPV plots
revealed a very broad pore size distribution giving evidence that all analyzable pore sizes (up to
approximately 30hm diameter)contribute equally to the TPV attendant on a linear trend of this
plot. The specific surface areas of all six samples lie within the range B21@&7%g"™, which is

within the experimental error of approximately0% Additionally, theporosities also lie within

a narrow range of 0.34.77cm’g"™ for the TPV. The maiconclusion to be drawn from these
data is that the structure of all these silica ffilfers is not influenced by the weight ratio of
nanoparticles to polymer in the spinning solution, at least within the investigated range (weight
ratio of SIQ/PEO in theange of 0.5/1L1.5/1). It seems that the small differences between the
samples are only a consequence of experimental errors in both the electrospinning experiments
and the physisorption analyses. This assumption can be justified with the result on ¢he tw
samples 15 and 16 (s¢able 3-2): Both samples were obtained from two spinning solutions with
identical compositiorand a weight ratio ofSIQ/PEO of 1.25/1. However, the specific surface
areas are 192n%g™ and 210m?%g™, respectively: These two samples have the highest and the
lowest surface area within the above mentioned series, although the spinning solutions were
identical within the experimental error. Hence, the differenadso have to be attributed to
experimentd errors.
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Fgure 3-10: N,-Physisorption isothermgALG) and CPV plots from DHH) of fibers obtained from PEO spinning

a2t dziAz2yd gAGK RAFTFSNByY( Idserd tizymagnificatidn of tHieRGPY plak for{latge hdreNIi A Of S 3
sizes.Magnifications of the isothems can be found in the appendicéseefigure 6-20bfigure 6-25 and figure 6-14).

Color coding for the weight ratio of SUIPEO in the spinning solution (setable 3-2): blue: 0.23/1 (sampleb);

purple: 0.5/1 (samplel3); green:0.75/1 (samplel2); red: 1.0/1 (sampleld); pink: 1.25/1 (samplel5); brown:

1.25/1 (samplel6); black:1.5/1 (samplel?).
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The following points can be regarded as the main experimental errors:

1 When the spinning solutions were mixed from PEO, Ludox femtiand water as
solvent, the accuracy of the balance results in a small error concerning the composition
of the spinning solutions. With a typical minimum batch size for a spinning solution of
one gram and an accuracy of five milligram for each comportéid, error is below
0.5wt.-% for each component.

1 When the physisorption experiments were conducted, the mass of each sample was at
least 15mg and this was estimated with an accuracy of fdL resulting in an error
below 0.7wt.-%.

1 Although it was triedto conduct all electrospinning experiments under identical
conditions, some small differences could not be excluded absolutely. Especially small
deviations in the room temperature (in the range of #Q and humidity (in the range of
+5% relative humidit) have to be considered, which also could not be excluded by
using our electrospinning setup with climate control. These influences cannot be put
into numbers, because their influence is not clear. Nevertheless, the uncertainties in
temperature and humidy during the electrospinning experiments are probably the
most prominent experimental errors, because the relative deviations in these
parameters are higher than the above mentiongdighinginaccuracies

All these experimental errors lead to sligliéviations in the results. The samples 15 and 16
justify that the specific surface areas of all six samples within this experimental series can be
averaged to 204n%g™ with a standard deviation of 6 &g, because all other samples of this
series arewithin the experimental error that is proven by these two samples. Similarly, also the
¢t+ Oly 0S5 I @8N s emigf 2lthpughditreihighest and lowest TPV were
measured for the samples 14 (weight ratio $SREO=1.0/1) and 17 (weightratio
SIQ/PEO=1.5/1), respectively. Here the averaging is justified because there is no clear trend
within the data: The TPV values seem not to correlate with the weight ratio gfPEO. They

rather seem to alternate statistically around a mean value.

Although samplé was electrospun with a slightly lower amount ok2-% PEO (se@ble 3-1) it

is worth comparing the physisorption results with the six samples electrospun witivt29%
PEO. While the TPV of samplavith a value of 0.88m’ig™ is sanewhat higher than for the
other six samples, the specific surface area of @figf" is nearly identical to the other six
samples though the weight ratio of SIBEO is as low as 0.225/1 in this sample. Nevertheless,
the specific surface area also staymstant at this ratio and the TPV increases only to a small
extent.

The CPV plots ifigure 3-10H are very similar to each other, so that they can hardly be
distinguished. Only the plot of sample 14 (weight ratio ,#80=1.0/1) shows a noticeably
different trend that is not completely linear. The origin of this slightly different pore size
distribution is unclear. Hence, the data of this sample have to be considered with caution.
Possibly, this sample provides proof of the extent of experimental ertarsotherwise this
sample also might show a slightly different sorption behavior due to other problems which were
not recognized during the synthesis.
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If the mesoporosity of the NBased electrospun fibers is not dependent on the weight (or
volume) ratioof SiQ to polymer their mesgorous structure has tde explainedby other
reasons

In this context the influence of particle propertiesas to be investigated:Different Ludox
RAALISNBRAZ2YE oyl YSteée [ dzR2E athable8-3) welelu§ed forted 6 { a é
syntheses of electrospun fibers. All three Ludox dispersions were electrospun in the same
concentration with the help of PEO as spinning polymer to result #ibdePs after calcination at

550°C. Br comparisonall three kinds of pure Ludoparticle dispersionsvere also dried and

calcined at 550C. The measured nitrogen physisorption data of all these samples are illustrated
comparatively irfigure 3-11.

The physisorption isothers of all samples showed a typélike behavior ypical for
mesoporous material8® but with some differences in their tresd Thebulk samples consisting

of pure, calcined particles had different specific surface areas in the range of 230m3g™.
Concerning the overall porosity these samples wallsimilar with a total pore wlume (TPV) in

the range of 0.22, 0.28cm’g™. The electrospun fibers exhibit specific surface areas in the range
of 180¢ 240m?g** and TP\ in the range of 0.7®.89cm’d™ (seetable 3-2).

Although the physisorption data differ slightly with the different particles used, it can be stated
that neither the surface area nor the TPV is dominated by intrinsic properties of the Ludox
particles. This conclusion is valid for the electrospun fibersvell as for the bulk samples
obtained from the puregoarticle dispersionsThis becomes clear when the results from the fibers
and the pure particles are compared: There is no obvious trend in the specific surface area
values such that one kind of partisl produces the samples with the lowest surface amaad
another kind of particles produces the samples with the highest specific surface areas. The
differences rather seem to be statistically within a narrow range that is a bit more distinctive for
the bulk samples consisting of pure, calcined particles.

The common features of the samples are most obvious in the CPV plots that reveal similar
characteristics for all fiber samples as well as similar characteristics for all bulk samples. On the
other side, here is asignificant diparity between these two samplgroups(seefigure 3-11 G):

The CPVplots revealed a vgrbroad pore size distributiofor all analyzable pore sizes (up to
approximately 3hm diameter) for all fiber samples, while the particle samples possess mainly
small mesopores. None of thgure particle samplesexhibits mentionable amounts of pores
largerthan approximately 18m in dianeter. Interestingly, these bulk samples generally possess

a higher cumulative pore volume in the pore size range below approximatetynlthan the
electrospun fibers prepared from these particles. This finding will be discussed in detail in
chapter3.2.42.
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FHgure 3-11: N,-Physisorption isothermgALF) and CPV plots from DHIG) of pure, calcinedLudox particles (solid

lines) and electrospun fibers obtained from these Ludox particles (dashed lingg)gnifications of the isothems

can be found in the appendiceseefigure 6-11bfigure 6-16). Color coding: blackd I YLX $& FTNRY [ dzR2E &! { ¢ |
(seetable 3-2, samples3 and 6);blue:a | YLI Sa FNRBY [ dzR2 EableBi2{samplegt anfl 7);0édSa 6aS$S
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The physisorption data seem to prove thiéie electrospun fibers do noéxhibit significantly
enlarged specifisurface areazompared to the bulk samplesvhile the TPVof the fibers is
increasedby a factor of three or fouat the same timeAt first glance it seemamplausiblethat

this huge increase of the TPV does not go aloitly anoticeableincrease in thespecificsurface

area It was already discussed in chapt2r6.1 that the specific surface area of a sample
decreases, if the pore size in the sample increases, as long as the TPV is kept constant.
Furthermore,the TPV imtrinsicallydominated by the volume dfrgerpores while thespecific

surface areas are governed by the presence of smaller pores. Consequently, the presence of
larger mesopores in electrospun fibers predominantly affects the TPV but not the specific
suface areasThisgeneralstatementcan easily be understood by the cumulative surface area
plots which can belerivedvia DFT calculationsimilarlyas the CPV plot&seefigure 3-12): The

trends in the plots are comparable to ttedrresponding trends othe CPV plots (seBgure

3-11G) because the plots are generated from the same underlying pore size distribution
OF t OdzZf F SR @Al (KS GaaLKSNRAROIFf | Raz2NLIflgReyé Y2RE
3-11 G andfigure 3-12 is the much steeper spe of the cumulative surface area plofer the

bulk samples consisting of pure, dried and calcined particles in the range of small pore sizes up
to approximately 10hm. As a consequence, the total cumulative surface areas of these samples
reach thesame ader of magnitudeas those of the fiber samples, if all pore sizes up to a size of
32 nm areconsideredhough they exhibit strongly different porosities
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It remains to be investigatedwhy the electrospun fibers exhibit significantly imprové&8Vs
compared to thebulk samples consisting of the pure, calcinedticles.Possibly, lie increased

TP\$ of the fiber samples asefrom some kind of templating effeadf the spinning polymer PEO

or arother effect of the electrospinning procesk order D investigate this question, the
spinning solutions were dried and calcined in identical composition to the solutions used for the
preparation of the fibers but without spning them. The physisorption characteristics of these
bulk materials were compared to the corresponding data of the electrospun fibers and of the
pure, calcined particles, respectively (Serire 3-13).

Thebulk samples prepared from unspun spinninguiohshad different specifisurface areas in

the range of 18@ 255m?g™. The TPV®f these samplesvere in the range of 0.541.17cmig™
(seetable 3-2). Compared to the electrospun fibers and the pure patrticles, the following findings
can be put o record:

1 The specific surface areas of the bulk samples are in the same range as those of the fiber
samples and therefore only slightly higher than those of the pure particles.

I The isotherms of the bulk samples exhibit mesoporous characteristics witmd that
accords more to the fiber samples rather than to fhee particle samples.

1 Consequently,ite TP¢ of the unspunsampés are also comparabte the fiber samples
and are significantly increased versus the TPVs of the pure particles.

1 The TP¥ of the unspun samples differ much more from each other than the
correspondingl'PVs of théiber samples amongach other

From these findings it can be concluded that the electrospinpiogess itselfs not the decisive

incident generatinghe mesoporasity of the fibers. Obviously, similar mesoporosity can also be

achieved, if the spinning solutions are only dried and calcined without electrospinning ftem.

first glance the spinning polymer PEO seems to play a crucial role in the precdsgyup with

the formation of significant mesoporosity in the resulting silica materials after calcination. The
interactions of the particles with the polymer seem to add an increased mesoporosity to all

these samples, so that especially mesopores with diametergedathan approximately

10615y Y | NBX 3ISYSNIYGSRd ¢KA& FAYRAYI YI& 06S dzyRSN
polymer discussed in more detail in chap8?2.4.2
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3.2.4.2 Interpretation of trends in the results regarding principles of structure

formation
The physisorption experimentpresented in chapter3.2.4.1 gave insight into the origins of
mesoporosity in the differensilica materialsin this chaptegeneral trends irthe results will be
compared andinterpreted in order to develop a fundamental mechanistic understanding
concerning the formation of porous structures in such materials.

Starting with the physisorption results on bulk samples consistinguce, dried and calcined

[ dzZR2E LI NI AOf Sas 2yfe 26 ¢t+a F2NI Iff RAFFSNBY
particles) were found. These TPVs are generated by pores not larger than approximately 10

and beyond this pore size no apprdaia mesoporosity could be found (sdmgure 3-11).

Furthermore, no microporosity was found in these samples proving the structure of the Ludox

particles to be dense and neworous (at least after calcination). The small mesoporous with

diameters in tke siz range of approximately-20 nm in theses samples have to generated by

inter-particle void spaces which are intrinsically present if such particles are packed accidentally

in a bulk material (sefigure 3-14 B). Thesegpores are too big to be intrparticle poressincethe
(Ludox)particlesthemselvesexhibit adiameterof approximately 1ym .3

: fiber, diameter: some hundreds of nanometers
: silica nanoparticle, diameter: approximately 10 nm
i % :mesopore

:'} : interparticular porosity

(pure, dried and calcined
mesoporous electrospun fibers Ludox particles)

Hgure 3-14: Schemaic illustration of nanoparticlepacking inmesoporous electrospun fibers (A) and bulk materials
prepared frompure, dried and calcined_udox particle dispersion§B). The SEM picture in (A) is taken frofiyure
3-3Hillustrating the NPfibers synthesied with 3.3wt£: [ dzR2 E 6 thé spinnmg solution (se¢able 3-1,
samplel?).
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However, if he Ludox particles are dense, nparous materials, it is possible to calculate their
theoretical specific surface areaVith the density of nomorous silicd] siop= 2.2 gicm™)**? and

a meanradius of 5nm for the Ludox particles, which are assumed to be spherical, a theoretical
specificsurface area of 2767%g" can be calculated according éguation(3-1):

w 0 0 132 o
e ” ’ ” 3—1

with:
S. =specific surface area [m%g™];
0 =surface area obne particle
& =mass of one particle;
® =volume ofone particle
" =density of the materia 2.2 gicm"® for non-porous silicd™>?

Nearly alimeasured specific surface areafsNRbased sampleéseetable 3-2, samples d.7) are
roughly in the range of 209 u T vithich is one fourth less than the calculated theoretical value
of 273Y y T. This discrepancy of measured and calculated specific surfaceandseexplained

by two reasons: Either theneandiameter of the Ludox particgeis slightly larger than Iim or

the particles sinter to some extend so that the measured surface areas are smaller than the
theoretically expected one. However, the interestifigding is that almost alLudox particle
based materials exhibit the same specific surfaceaareapproximately 200m%g™ (seetable

3-2) irrespectiveof the kind of Ludox particles or thereparation pathwhile the mesoporosities

of the samples aresubstantiallydifferent (seefigure 3-11, figure 3-13 and discussion below).
Obviously, the pore structuref the prepared silica materialnd hence the packing density of
the Ludox particlesloes not influence the accessibility of the surface for the nitrogen adsorbate.
Furthermore, thesimilarly diminishedurface areadompared to the theoretical onkaveto be a
consequence ok similarly distinctivecoalescenceof the particles though the corresponding
pore structures are varyingThe inevitable contact area and sintering of individual particles
leading tothe formation of amechanicallystable structure s roughly the same for almost any
sampleconsisting ofLudox particle. Sincethe discrepancy between measured and calculated
specific surface areais not too large, it is reasonable that the particle structure is basically
preserved throughout the calcation so that the resulting materials can be regarded as a packed
structure of individualparticles which do not coalesce complete®@nly two bulk samples
prepared from dried and calcined pure particle dispersions (sdde 3-2; samplegt and5)
exhibit noticeable lowerspecific surface areas which mag explained by the formation of
closed, inaccessible pes and/or coalescencdan these samples. In contrast, one dried and
calcined spinning solution (seable 3-2; samplell) has a significantly highepecific surface
area which comes close to the theoretical expected digs sampleexhibits the by far highest
mesoporosity of all samples at the same time and is an exception from the above discussed
general trend whiclturrently cannot be explained.
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Cancerningporosity the experimentsrevealedthat the electrospun as well as the bulk samples
obtained from the spinning solutions exhibit basically the same mesoporous struathbile the

pure, dried and calcined dispersions resulted in less mesoposiisa materials Such
fundamental trendcan hardly be understood in terms of SDwas argued in chapte2.5.4that

the two dimensions of space and time are strongly confined in electrospinning experiments
which was expected to result mther pore strudures compared to the bulk samples for which
such confinement is not presentiowever,only a stronger statistical scatteringf the TPVs and
their accumulation with pore sizeas found as differencef the unspun samplesompared to

the spun samplesvithout exhibitinga generally different trend in the physisorption data (see
figure 3-13). There are only two arguments in the concept of SD which may exgh&En
experimental result Either dfferent pore structures of the phase separated composite
polymer/dlica materials vanish during calcination and/or the differences are in the macropore
size range, k. in a size range which cannot be investigated by nitrogen physisorpfios
chance that the SD process is the same for the bulk and the fiber materiasplausible
respecting the discussions of chapters.4 However, for the formation of a macroporous
structure both preparation paths seem to proceed too fast. The example of the Nakanishi
processprovesthat macroporous structuresften require procesgimes of several hours (see
chapter2.3.1.) but not even the preparation of the bulk samples by wigyand calcination did
take solong Concerning the calcination step tHed argumentation also leaves an open
guestion: It stays unclear why highly mesopus materials are obtained at aith case of
vanishing ofdifferences in the pore structuréuring calcination Such rearrangement of the
structure would be a thermodynamically controlled process promoting the material towards its
thermodynamic equilibrium structure which nevira highly mesoporous structure due to the
large surface energgf mesoporous matterCasequently, the argumentation in terms of SD
stays vague and is not completely convincing concerning the above mentioned experimental
results.

Considering the EIGdncept the resli can beinterpreted differently: During the evaporation of
solvent from tke spinning solutions the Ludox particles agglomerate to clustbish ultimately

may form a system spanning network in the polymer mattiihile this takes place within split
seconds during the electrospinning experiment, this process step is slowdrefdautk samples.
Nevertheless, the resulting particle aggregates are clusters with a fractal structure in both cases.
The slower process for the bulk samples only provides a longer time interval for rearrangement
of the clusterspossiblyenabling the form#éon of clusters with larger fractal dimensiah (see
chapter2.3.2). The subsequentalcination step removes the polymer matard simultaneously

has to consolidate the agglomerated clusters so that a statstsupporting inorganic silica
structure s formed when the polymer is combusted.
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The final pore structuref such material decisively depends on the cluster aggregation and the
fractal structureof the evolvingclusters:Clusters of (Ludox) particléssically can bgenerated

with varyingfractal dimensios d; (seefigure 3-15; legend). Clusters with small cannot be
packed as compact as clusters with large(compare figure 3-15 left and middle).As a
consequence clusters with smdjlform a more open pore structure with larger porees while
clusters with largeid: form a closer packed structure with smaller pores. With this picture in
mind the evolution of the experimentally observed pore structures in the electrospun as well as
the unspunsamples can easily be understood:

bulk sample:
- . bulk sample:
pure, dried and calcined . S . electrospun sample
- - dried spinning solution -
Ludox dispersion IR
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: silica nanoparticle, diameter: approximately 10 nm (ad : polymer molecule
: cluster with small fractal dimension d, : cluster with large fractal dimension d,

Fgure 3-15: Schematicillustration of different pathways producing mesoporous silica materials using dispersed
Ludox particles Left: Preparation of silica materials by drying and calcination of pure (Ludox) particle dispersions
leads to materials of relativelylow mesoporosity after calcination.Middle: Drying and calcination of unspun
electrospinning solutions leads to mesoporous materials with a pore structgimilarly asin electrospun fibers
(after combustion of the polymer) Right: Calcined electrospun oxide fibers prepared from preformed (Ludox)
nanoparticles exhibit high mesoporosity because the particliast agglomerate toclusters with an open fractal
structure (i.e. during electrospinning)which cannot be pack to a ehse structure afterwards (ie. during
calcination) Note: Individual clusters consisting of nanoparticles are colored differently for the sake of clarity in the

illustration.
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If the mesqorosity of the electrospun fibers and thespunsolutionsis bascally the same, the
clusters of Ludox patrticles have to be of similar fractal dimendidgm both cases so that they
result incomparably packed structuseafter the combustion of the polymer. Otherwise, a less
mesoporous structure with smaller pore séig expected in the event thafusterswith largerd;

are formed (seefigure 3-15 left). Exactly such pore structure was observed for the samples
produced from the pure, dried and calcined Ludox dispersionsfigee 3-11).

It remains to be discussed, why the different synthetic approaches generate clusters with small
fractal dimension in one case and with larger fractal dimension in another case. For the
electrospun fibers the time intervalf solvent evaporatiomnd particle aggregationo clusters is

so short that it is reasonable to assume an instantaneous, random packing of particles which do
not rearrange before the polymer/particle composite solidifies. On the basis of the physisorption
data it is a matter of fact, thathe particles of the dried and calcined spinning solutions also do
not significantly rearrange to clusters with largkithough there is more time for such process.

In contrast, the drying and calcination of the pure Ludox dispersions without polymer ugnd

with an arrangement of higher packing density though the timespan of the structure generation
is the same as for the other bulk samples. Obviously, the presence or absence of the polymer is
the decisive difference influencing the cluster aggregatiom the one hand the polymer
increases the viscosity of the system and hence decreases the diffusion of the incorporated
particles impeding a diffusion controlled rearrangement. On the other hand the polymer may be
also crucial in the calcination step: hgithe heating interval of the calcination program the
combustion of the polymer PEO does not take place until a temperature as high as
approximately 340C is reachel!l Meanwhile solgel reactions on the particle surfacesike

the condensation of sholgroups between adjacent particles can take place at lower
temperatures. Consequently, the polymer may act advaid filling structure suppoé rather

than as aypical template by supporting the loosely joined particles during the consolidation of
their packing structure. The void filling polymer prevents a rearrangement of partisiesds a

less mesoporous packirag the beginning of the calcination procedure. In the absence of the
polymer support a rearrangement of particles can take place 1ag &s the crosslinking of the
particles is not strong enough to constitute a smlpporting structure. Hence, the pore
structure of the bulk samples prepared by drying and calcination of the pure Ludox dispéssions
less mesoporousxhibitinga larger amunt of smaller mesopores: In the absence of a polymer,
the particles can directly aggregate to clusters with a ladyeturing drying of the dispersion
and/or initially formed clusters with smatl; rearrange at the beginning of the calcination
procedue.
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Remembering that the drying of the solutions with or without polymer was performed with the
same temperature profile and hence on the same timescale, it can be expected that the dried
structures exhibit clusters with similar as longthe polymerdoes not significantly interact with

the Ludox particlednteractions between ionically stabilized Ludox particles BE®Dare rather
attractive polar interactions than repulsive ones. The hydrophilic/hydrophobic contrast can be
assumed to be low, so thg@bssible interactions rather support the formation of an open fractal
cluster structurethan forcing them to segregate from the polymer matrix forming clusters with
large d;. Thus, potential polymekudox particleinteractions are not in contradiction to the
before discussed process but may even suppbe formation of clustes with open fractal
structure.

Examinindigure 3-13H in more detail it is found that the mesoporosity of the electrospun fibers
and the dried and calcad spinning solutions is basicaltglated though there are slight
differences in the CPV plots. While the electrospun fibers obtained from different Ludox
particles possess very similar TPVs (sdde 3-2) and CPV plots with very similar, linear trends,
the corresponding data of the bulk samples differ stronger from each other. These differences
among the bulk samples are not necessarily a consequence of other interactions between the
different Ludox particles in the bulk samplethough the slower solvénevaporation may
facilitate that slightly different interactionare of stronger influence than in the electrospun
samples. Alternatively, these differences mayunelerstood asa strongerdstatistical spreag of

the TPVs and their accumulation with posize in case ofthe bulk samples While the
electrospining process is strongly confined the both dimensions of space and time (see
chapter2.5), the less confined drying of tHmilk samples may allow fory Ay ONB I &SR & & G |
& LINBdf Ré resulthg mesoporous structure andthe physisorption resultdecauselocal
inhomogeneities may occuluring theless confinedirying process.

A further result of the physisorption experiments is thia¢ volume (or mass) ratio of the Ludox
particdes to the spinning polymer does nimifluence the mesoporosity of the electrospun fibers
(seefigure 3-10) thoughthe variation of the Ludox content in the spinning solution influences
the outer, optical shape of the fibers (see chage?.2 figure 3-3). If the polymer would act as a
GOt lFaaAolfté GSYLX I GS the palymérdbl@me beiofedexldidatibreiy’ A &
identical to the pore volume after calcinatidhenabling to calculate a theoretical relative
porosity from the polymer volume fractioim the polymer silica compositdhus,a theoretical
total pore volume was calculated from the weight ratio of S®OPECN the spinning solutions
By using the densities of SiQ (Jsi0=2.23 1 ©¥? and PEO}feo=1.23 1 B)F¥F" the weight
ratios can be transformed to the corresponding volume ratioghat the calculated theoretical
porosities can be opposed to the measured relative porosities obtained from the TPVbgata
usingequation(2-17); resultsseetable 3-3).

The meaasred relative porosities are all within a narrow range between 54% and 64%. Hence, it
seems justified to calculate the mean measured relative porosity and its standard deviation to
57.8+2.86%.

" This assumption is valid as long as the composite/BEDfibers do not exhibit additional pores before
calcination and no shrinkage of any phase occurs during calcination.
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Table 3-3: Theoretical and measured relative porosities ofahelectrospun fibers with respect to the variation of
the Ludox amount in the spinning solution.

. . . theoretical measured
sample sample . weight ratio volume ratio : .
no categor SIQ source SiQ/polymer  SiG/polymer™ relative relative

: gory poly poly porosity” [%]  porosity® [%]
6 NPRfibers Ludox6AZ NPs 0.23 0.12 89.3 63.4
12 NRfibers [ dzZR2 E & 0.50 0.27 78.7 56.8
13 NPRfibers [ dZR2E & 0.75 0.41 70.9 58.2
14 NRfibers [ dzZR2 E & 1.00 0.55 64.5 60.1
15 NPRfibers [ dzZR2 E & 1.25 0.68 59.5 55.4
16 NPRfibers [ dZR2E & 1.25 0.68 59.5 56.7
17 NRfibers LudoxdéAZ NPs 1.50 0.82 54.9 54.3

Y- calculated with the densitieg of SiG, (4 siop= 2.2 gicm™)**@ and PEO(peo= 1.2 gicm™)°7
?: calculated from the volume ratio Sigpolymer;
9: calculated from theTPV values by using equati@@-17).

This value roughly coincidences with the theoretical relative porosity of sahiplehich is the
sample with the highest SjQo polymer ratio. All other samples exhibit theoretical relative
porosities which are larger than the measured ones leading to the conclusion that the pore
volume generated by the combustion of the polymer shrinks significantly during calcination.
Neither the SD nor EICA concept generally iredgdch a successiwhrinkage pocess though it

may exhibit significant influence on the resulting structures. However, the discussion of the
consequences of shrinkage is more or less the same with respect to both concepts. The decisive
question is how far the loss of a large volumecfian of the composite alters the topography of

the remaining silica phas@he very high theoretical relative porosities timble 3-3 and the

above discussd cluster aggregation processa open fractal structuresuggestthat the silica
volume alone isnot able to represent a stable, selfipporting structure without any
rearrangementsupon polymer removal In terms of the EICA concept shrinkagduring
calcinationis a consequence opacking of silica clustermghich are more or less homogeneously
distributed in the composite materiallhe shrinkage has to occur to such extent thag L_udox
particle network at leasteactesa percolation barrieland a stableselfsupportingstructure is
formed. Apparently, a volume fraction of approximately 42% of Ludoligbes is necessary to

give such a stable structuret collapsingurther. Unfortunately, the volume fraction of Ludox
particles in all investigated spinning solutions and fibers is lower than this 42% threshold.
Consequently, shrinkage of the fiberkés placen all samplesluring calcination until the pore
volume fraction is reduced tdhe apparently critical pper limit of approximately 58%
(equivalent to a Ludox volume fraction of approximately #2¥his rearrangement of the as

spun structure dung calcination mayalternatively be interpreted as ripening step of a SD
process, irrespective of the constraints of this concept concerning electrospinning discussed in
chapter25.4> |, SGX FNBY | O2ftft2ARIf OKSYA parkesisLI2 A y (i
more reasonably discusséd terms ofthe EICA concept (sdigure 3-15): In the electrospinning
experimens the evaporation of solvent leads to the aggregation of particle clusters embedded
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in the polymer matrix. During calcination the polgmis combusted leading to further
aggregation of these clusters accompanied by shrinkage of the fiber volume due to the loss of
the large polymer volume fraction until the aggregation of the particle clusters forsalfa
supportingstructure. The constanporosity beingindependent of the polymer to SjQatio is
reasonable in terms of the EICA concept because the rearrangement does not depend on the
volume of the polymer matrix but the energy available for the rearrangement of the clusters
(see chapter2.5.5). Sinceall samples were calcined at 5%0 the energy for the activation of
rearrangements is the same in all casesnsequently leading to the same fractal structsine

all above mentionedcalcinedsilicafibers.

As the calcination process a&companied by a differently strong shrinkage depending on the
SiQ to polymer ratio it also can be understood why the fiberdfigure 3-3 exhibit different
amounts of macroscopic cracks. The fibers from the spinning solutions with lower Ludox content
(see figure 3-3 AbD) have to shrink to a larger extent than the fibers from the spinning solutions
with higher Ludox content (sefigure 3-3 B-J). Hence, the mechanical stress is larger, when
fewer Ludox particles are present in thegsun composite fiberprovokingmore cracks during
calcination.

In consideration of the above discussed preparation of silica fibers from Ludox particles the
preparation of electrospun silica nanofibers from-gel precursordss fundamentally different

and cannot bediscussedn the same manner, &. on the basis of the EICA concept. $etne
remarks concering the preparation of sajelderived fibers shouldbe made The sofel
derived silica fibers hardly exhibit any mesoporosity (§geare 3-9) becausethey are not
generated from preformed particles or clusters but from molecular precursorsifgrmore
dense materialsFor the preparation of (mesp porous materials from such molecular species
the concept of SD is more adequate to discuss pore formpingesses. As discussed in chapter
2.3.1SD requires #ghermodynamicallyunstable situation triggering a spatiotemporal evolution
towards a phase separated system. In the case of electrospinning witfelsprecursors two
reasons may prevent spinodal pleaseparationFirst, solutions of sehel precursors are often
stable over a very wide range ancentrations,’ so that a thermodynamically unstable
situation cannot be achieved easily. Secondly, the very fast solvent evaporation in
electrospinning expements hardly leaves any time for a spatiotemporal evolution leading to
aSLI NI cBSR NADKES {1 yiLB2 20\@»dUdhikt$hauls debenerally possible to
prepare mesoporous inorganic fibefsom solgel precursors this was not reached by the
experiments conducted so far. In contrastttwe preparation ofinorganic fibers from preformed
nanoparticles vialte above discussed EICA pathwihg solubility of the spinning polymer is of
significant impactwhen solgel precursors are used instead and i&2ds to be the origin of
mesoporosity (see chapter 2.5.4.2. Consequently, itis more challenging to find adequate
synthesis conditions to prepare mesoporous inorganic fibers fromgelolprecursors via
electrospinning A more detailed discussioof the pivotal differences between theolgel and

the EICA pathway for the preparation of mesoporous inorganic fibers is postponed to
chapter3.6.

18 For example some alkoxide precursors like Zr(QiR9n bepurchasedn 80wt.-% concentration in
isopropanoproving thevery highsolublity of this precursor in isopropanol.
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3.2.5 Conclusion on silica experiments

Some t@indamental knowledge orthe mechanistic processesof mesoporegeneration in
electrospun silica fiberas gained in the previous chaptefhese results may aldm relevant

for electrospun fibers of other materialmotivating a short summenat this point before
electrospun fibers of other inorganic oxides are investigatedhe introductionof chapter3.2it

was mentioned that experiments on silica fibers may serve as model experiments for other
(oxide) materials. Consequentlythis summaryrecapitulates the most important faings from

the silica experimentsbriefly with special respect tofundamentas concerning structure
generating processes during electrospinning of inorganic materials.

The specific surface areaf the nanopatrticlederivedsilicamaterials aremainly governed by the
intrinsic poperties of the buildingblocks: All analyzednanoparticlederived silica samples
exhibit specific surface areas roughly around 26%g™* which is basically the specific surface
area of the Ludox particles used as building blaekkiced by approximately one fourth as a
consequace of unavoidableinter-particle contacs and sintering at these contact points.
Simultaneously, theneasuredspecific surface areas proveat the (spherical) particle shape is
basically preserved throughout the calcination process and that they do noalasce
completely.

Some trends in the physisorption results vanoparticlederivedsilicamaterialswere found to

be hardly explainable by SD. On the basis of DLCA the concept of evaporation induced cluster
aggregation (EICAyas introduced and the redsl on the silica NPmaterials could be well
interpreted by this model: The origin of mesoporosity was ascribed to the arrangement of
individual nanoparticles to clusters with an open fractal structure which is preserved throughout
the calcination. Thehermal energy during calcination at 58C is obviously not sufficient to
trigger rearrangement to a dense packing of particlesthis context itwas explained that the
concomitant condensation of the particlef@ surface segel reactions is of decis importance.

Furthermore,alsothe comparable mesoporosity of electrospun fibers and the corresponding
unspunsolutions could be understooih terms ofthe EICA concept: The structure formation
process is basically the same in both cases with the offrelice that the timescale of solvent
evaporation issubstantially different Nevertheless, the aggregation of individual nanoparticles
to clusters with a fractal structure is roughly the same leading to similarly porous structures after
combustion of the polymer because the decisive physical interactions of the dispersed
nanoparticles stayunchanged Besides the intrinsically present macroporosity of electrospun
fibers not investigated in this theside only benefit of the electrospinning process comieg

the resulting mesoporosity is the stronger confinement of the structure formation process in the
two dimensions of space and tim#t was argued that theonfinementaccounts fora stronger
restricted structure formation leading to more homogeneoussmgorous structures for all fiber
materials irrespective of the kind of Ludox particles used in the syntheses. In contrast, the
corresponding bulk materials suffer from local inhomogeneitle® to the absence of such
confinementresulting in stronger stadtical deviations in their mesoporosity and consequently

in their physisorption data.

94



Synthesis of metal oxide nanofibel 95
Silica fibers

However, these results provéhat the mesoporosity of the silica fibers ot significantly
improved by the fibrous structur@enerated by electrospinningDifferencesin the porosity
between bulk and fibrous materiathat were expected due t¢he intrinsically differentshapes
probablymay be found in thesizerange of macropores whicltannot be analyzed by nitrogen
physisorptionin detail Analysis of the macroporogitshould be done by mercurntrusion
porosimetry, which was beyond the scope of thibiesis Nevertheless the above mentioned
results strongly recommend a future project studythg macroporosity of electrospun fibens
detail.

A further result of thesilica experiments ithat the me®porosity of the Ludox particlderived
fibers is independentf the weight ratio between the electrospinning polymer and the inorganic
nanoparticlesOptical differences in the fibrous shape that were found by SEM imget&ins did

not affect the mesoporosity of the fiber§hese findings are a consequence of the large polymer
volume fraction in the fibers before calcination and the consecutive shag@kprocess dump
calcination. With respect to the EICA concept it wigscussedhat the open fractal clusters
present in the aspun compositdibers are packed in identical manner during calcination and
the concomitant combustion of the polymer irrespective of the polymer volume fraction.

In contrastto the preparedNPfibers, the obtainedsotgelderived fibersdo not show significant
mesoporosity. Since the structure formation in electrospinning experiments usinggsbl
precursors is different and cannot be based on and explained by the EICA concept it has to be
explainal by SD if thgreparationof mesoporous fibers isonsidered However, the timescale

of structure formation during electrospinning, the solubility of -gel precursors and the
influence of the polymer properties on SD are some important parameters whintter it a
difficult task to prepare mesoporous inorganic materidi®m solgel precursors via
electrospinningwithout the addition of other porogensgConsequently, the results of the silica
experiments suggedthat using nanoparticles as building blodkstead of sebel precursors
seems tabe advantageous, if mesoporous structures are desired.

The above mentioned resultsonstitute a first mechanisticunderstandingof the processes
determiningthe nanostructure of nanopartictderived inorganic fibersThis understanding of
the electrospinning proceswas envisaged as onmajor goa of this thesis and represents
consderable progress in this field.
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3.3 Zirconia fibers

3.3.1 Introduction and sample overview

Electrospun zirconia nanofibers were firsported by Shao et aln 2004.They werespunwith

an aqueous poly(vinyl alcohol) (PVA$olution under addition of zirconium oxydichloride
(ZrOGi8H,0) solgel precursor as zirconia souréE” Severapublications dealing witlzirconia

based nanofibers inhe following years allsed solgel precursors as zirconisource for
electrospinnind™*** In 2006 Zhang et al.were the first to usecommercial, aqueols

suspensions of preformed zirceninanoparticles for electrospinmin instead of segel

precursors™®

Electrospun zirconia fibers are of scientific interest becausmrza is a materiabf technical
relevanceand a nanostructured shape may be benefittalapplications such as eg. catalytic
applications (see below)Zirconiais widely used as versatile ceramic material. The most
commonly exploitedproperties of zirconia in technical applications are its hardness, ductility,
thermostability and its ionic conductivitpaired with its extraordinary chemical inertness
Furthermore, mvestigationson zirconia fibers may complement and/or support the results
obtained for electrospun fibers ofsilica (see chaptef3.2) or titanid“" concerning the
conceptual investigations on electrospun metal oxide fibers being the pivotal topic of this thesis.

3.3.1.1 Technical relevance of zirconia [128]

Zirconia is the most relevant technical ceramic material with a worldwide annual output of some
megatons. Like titania, it is used as white pigmerall the same Additionally, zirconia is a
relatively cheaphard ceramicwith a Mohs hardness of 78? used as prosthetic ceramic in
medical applicaons, especially as dental material. In contrast to other ceramirconiafabrics

are less brittledue tothe crystallographic polymorphisrof zirconiaand the resulting maniid
polycrystalline compositiors of bulk materials. Zirconia can be stabilized in different
crystallographic modifications by the addition of other elememtich are mainly calcium,
magnesium or yttriumallowing for optimizing itsnechanical propertiesufther. These stabilized
zirconia materialsare also used in otherimportant applications:Especially yttrium stbilized
zirconia (YS2)as a special relevance becausdsitthe most relevant oxygeion conductor
appliedas solid electrolyte ifuel cells or as part of lambdsensorsin the automative industry
Anothervery important property of zirconia is its thermostability and chemical inertness that are
accompanied by a heat expansion coefficient tbahbe matched to stels. This makes zircani

a wellsuitedmaterial forcoatings and heat isolatioain high temperatureapplications

96



Synthesis of metal oxide nanofibel 97
Zirconia fibers

3.3.1.2 Zirconia as example in conceptual investigations on the synthesis of

electrospun metal oxid e fibers
Zirconium is the higher homologuef titanium implyingthat these two elementsact in a
chemically similar manner Since titania fibers were investigated previodsly, it is
straightforward to sudy zirconia fibers inanalogy tothe former titania fibers. With such
congruentproceeding it is possible tmvestigate, ifzirconia nanofibes can be producedrom
nanoparticle dispersions in a similar manrser titaniaor silicafibers and if the results on the
different materials are in accordance withach other Physicechemical properties of the
resultingfibers are tobe compared bySEM and nitrogen physisorption because these methods
allow for analyzingtructural properties like the fiber morphology, their swéastructure and
their porositybeingin the focus of this thesiginally, ombining the reslis from zirconia, titania
and silica fibers may allow for the establishment of a fundamental conekmtidatingthe
processes and formation mechanisms involved in the electrospinning of inorganic fibers (see
chapter3.6). There, also the investigationsé results on ceria (see chaptdrd) and tin oxide
(see chapter3.5) fibers will be consideredso that chemically different oxides will not be
omitted.

In contrast tonanoparticlebasedsilica nanofibers, the nanoparticleased zirconia fibers were
prepaed from selfsynthesized dispersions. The synthesis of zirconia nanoparticles was
developed inthe Smarshgroup by CSuchomskigynthesis to be publish@dAdditionally, this
classicalwet chemical synthesiwasmodifiedtowards a preparaton in amicrowave ovel®” so
that two differently synthesized kinds of zirconia nanoparticleere available for the
electrospinning experiment?ossessinglifferently prepared particlesllows for investigaing
the influence of the synthetic approach ahe ekectrospinning results: By comparing the
experimentsconducted with the microwavesynthesizednangarticles (MWSNPs) with the
experimentsconducted with the classically, wehemicaly synthesizechangparticles(WCSENFs)

it can be studied if there are any differences in the resulting particlesaffecting the
electrospinning process$-urthermore,the nanoparticlebased synthess will be compared with
solgelderived zirconidibersprepared by aynthesis adapted from literaturé>>*>%

With the above mentined experiments comparative investigationarcbe performed studying

the influence of parameters like solvent composition, preparation method of the particles etc.
Especiallythe experiments concerning the solvent composition were performed with the same
solvents as in thdormer study on titania fibef&’ resulting in a direct comparability dhese
experiments.
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3.3.1.3 Detailed sample description

Sol-gd fibers were produced &m zirconium oxydichloridectahydrate(ZrOGI8H,0) precursor
electrospun with PVP as spinning polyméth a mixture of ethanol and wateras solven(1/1 by
weight) similarly as already published elsewhefé® The concentrationf the solidswere
5.2wt.-% PVP and 8y8t.-% ZrOGI8H,O equivalentto 3.3wt.-% of Zr@, respectively.

The selfsynthesized nanoparticlesvere electrospun with PEO in different solvents.
Furthermore reference samples for physisorption analysesre preparedby calcination of the
pure nanoparticle dispersions or the readily prepared electrospinning solutions without spinning
them. All solutions containec@pproximately56 wt.-% methanol while dichloranethane, water

or chloroform were used as second solvent Wit portion ofapproximately39wt.-% in the total
solution(seetable 3-4). The concentration of zirconwas fixed to approximately 2\8t.-% in all
experiments PEO with a molecular weight of 1,000,a@thol* was used in aoncentrationof
2.8wt.-% in the experimentswith MWSNPs or in a concentration of2.2wt.-% in the
experimentswith WCSNPS

3.3.2 Synthesis and WAXS and DLS characterization of zirconia nanopatrticles

The zirconia nanoparticles used for the experiments are characterized by dynamic light
scattering (DLS) and wide angleR&y diffraction (WAXS). These characterizations were
conducted in order tdacilitate interpretation ofthe physisorption results preséed in chapter

3.3.4 Zirconia nanoparticles were salynthesized by two different methods from similar
reaction mixtures. The decisive difference between these two methods was the different kind of
energy transfer to the reaction mixtutgeingheating ty an oil bath in the first case (resulting in

the WCS\Ps) and microwave irradiation in the second case (resulting in the-NIV¢3

98



Synthesis of metal oxide nanofibel 99
Zirconia fibers

99



