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Abstract

Abstract

Novel solgel based ynthesisroutes for (semi)crystalline titania(TiO2) aerogels \ere
developedto achieve raterialsfor photocatalytic applications. The influence of different
synthesis parametesg.amount of acid, type and amount of solvamnid the amount of water

was investigated with regard to adjust the crystallinity and maximize the surfaceTéea.
aerogels are mainly amorphous amne commonlyalcinaedto obtain crystalline phasesgich
arerequirements for an efficient photocatalyst. This thesis provides an alternative strategy to
synthesize (semjcrystallineTiO2 aerogels without calcinaticand thus to maintain the porous

3D structure.The synthesized aerogels were characterized regarding the crystallinity, phase
composition pore characteristics, and electronic properties to evaluate the impact of the
synthesis parameters. Besides the giratt properties, the crystallization process and
formation of different phaseseseinvestigated.

It was found that the aerogel properties can be selectively controlled and abyusiedhosen
synthesis parameter$he crystallinity increases with th@mount of acidused during the
synthesis while the surface area decreases; however, in much less extent compared to
calcination in air or vacuum. The useamncentrated hydrochloric acid (comtCl) leads to
macropores androadens the pore size distrilmn comparedto the narrow pore size
distributionachievedin mesoporougalcined aerogelsSupported by scattering experiments,
the increasing HCI contenteads tochangesin the hydrolysis and condensation reaction
kinetics by protons and chloride ionghich alterthethreedimensional (3Dpel networkt is
assumed that dloride ions from the HCI coordinate differently to theused
titantetraisopropoxide (TTIRrecursor dependent on the steric hindrance @lioxyligands

The usage of different b@nts led to a ligand exchange of the titanibased precursormhis

was assumed tead todifferentintermediate complexasith coordinated chloride ionghich

act as template fothe formation ofeither nanocrystallineanatase omixtures ofanatase
brookite. Dependent on the used solvent, seamicompletely crystalline aerogels could be
achievedHigh water:precursor ratios were observed to influence the formed pAasdgses
performed usingX-ray photoelectronspectroscopy XPS) and X-ray diffraction (XRD)
experimentsndicatethe presence of defects and*Tin the aerogeind supporthe assumption

that chlorideions coordinate to théitanium-basedprecursor butverealsoincorporaéd into

the TiQ crystal lattice leading to differently favoretigses

In-situ analysis methods revealed thaththe anatase and brookite nanocrystals gitaving

aging of the wet gels within a time thiree to seven days. The ratio of amorphous to crystalline
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contentof the wet gelsan be controlled by varyingpe amount of acid anthe aging time to
achieve precidg a crystallinity from completelyamorphougo completely crystalline.

A defined pore size distributiamith pore diameterbetween 1@nd50 nmcan be achieveloy
usage of pursolventsor ethanolisopropanol (EtOH-iPrOH) solvent mixturesbased on the
ligand exchange at thiganiumbasedgrecursoandpresumably onttangein precursocluster

size The coordination of botlsopropoxy QiPr) and ethoxy OEt) groups to thditanium
precursoiare assunteto stabilizealso thestructural integrityof the obtained aerogel.

TiO2 aerogelsprocessed with a calcination step and the newly developed synthesis route,
respectivelywere successfully applieéh cooperation with the University of Bayreufior
phaocatalytic hydrogen generation afat the nitrogen reduction reaction to ammonide
calcined aerogels, which were completely crystalline, were able to produce more hydrogen
compared to the necalcinedsemicrystallineaerogelthatcanbeassigned tthe higher charge
carrier mobility andhe narrower band gayf crystalline aerogels and consequently improved
generation of electrehole pairs.On the other handhe non-calcinedsemicrystalline TiO>
aerogel exhibited superior storage propertigghatogenerated electrons after irradiatiith
ultraviolet UV) light because othe improved charge carrier separatlmased orstructural
properties of the aerogeBased on the developed Ti@erogel synthesis, mixed metal
oxide-based and doped aerogeleres successfully synthesized with a very homogeneous
elemental distributionconfirmed by transmission electron microscopy (TEM)e measured
positions and estimated width of the band gaps of the synthesized mixed metdlasddeand
doped aerogels ftb the reduction potential of hydrogen, so that thetlaereticallyas well

able to photocatalytically generate hydrogen




Abstract

Zusammenfassung

Neuartige SolGelbasierte Synthesewege wurden zur Herstellung von-)kigstallinen
TitandioxidtAerogelen flr potokatalytische Anwendungen entwickelt. Fir einen effizienten
Photokatalysator ist eine hohe Kristallinitdt bei gleichzeitig hoher spezifischer Oberflache
gefordert. Eine hohe Kristallinitat wird Ublicherweise durch Kalzinieren erzielt, wobei jedoch
die gezifische Oberflache stark abnimmt. In dieser Arbeit wird eine zur Kalzinierung
alternative Strategie zur Synthese von {fieiistallinen TitandioxidAerogelervorgestelltbei

der die portse 3B3truktur der Aerogele erhalten bleibt. Systematisch untbtsuurde der
Einfluss verschiedener Syntheseparameter, wie die SandeWassermenge sowie Art und
Menge des Losungsmittels, auf die Kristallinitdt, die Zusammensetzung der entstandenen
Phasen, die spezifische Oberflache, die Poreneigenschaften und leliieonéschen
Eigenschaften, die alle fur die photokatalytischen Eigenschaften von Bedeutuniyehied.

den strukturellen Eigenschafteer hergestellten Aerogefeurdendie Kristallisationund die

Bildung verschiedend®haserwéhrend der Synthese durchsitu Experimentauntersucht.

Die Eigenschaften der Aerogele konnten durch die Auswahl der Syntheseparameter selektiv
gesteuert werden. So steigt mit der Menge der eingesetzten Saldsiestallinitat der
Aerogele, jedoch nimmt die spezifische Okimfie ab, allerdings in weitaus geringerem Mal3e

als durch Kalzinierung an Luft oder im Vakuum. Die Verwendung von Salzsaure fuhrt zu
Makroporen und zu einer breiten Porengrofenverteilung. Im Vergleich dazu fihrt eine
Kalzinierung von Aerogelen zu Mesoporemd einer schmaleren Porengréf3enverteilung.
Streuexperimente zeigten, dass der steigende Sauregehalt, und somit die steigende
Konzentration an Protonen und Chloridionen, zu Ver&nderungen in der Gelationskinetik
(Hydrolyse und Kondensationsreaktionen) ftihivodurch der Vernetzungsgrad und die
Flexibilitat des 3DGelnetzwerks beeinflusst exden Rontgenografische Untersuchungen
deuten darauf hin, dass Chloridionen aus der Salzsaure in Abhangigkeit von der sterischen
Hinderung der AlkoxyLiganden unterschididh an den eingesetzten Titiasierten Precursor
koordinieren wobei de Verwendung verschiedener Losungsmittel einen Austausch der
Alkoxy-Liganden des Precursors zur Folge hat. Als Resultat kénnen unterschiedliche
Zwischenkomplexe mit koordinierten Chidionen gebildet werden, die als Template fir die
Bildung einer nanokristallinen Anati#hase oder eines AnatBsookit Phasengemisches
dienen.Diese Chloridionen kénnen auch in das FKdistallgitter eingebaut sein, worauf
rontgenspektroskopischeuntersichungen und Absorptionsmessungen hindeuten. Die

Ergebnisse zeigen ebenso das Vorhandensein von Defekten*tid Aerogel.

Xl
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In Abhangigkeitdesgewahlten Losungsmittelsnd der eingesetzten Sauremenge weteién
oder vollstandig kristalline Aerogelesynthetisiert. Weiterhin wirkt sich bei hohen
Verhéltnissen von Wasser zu Precursor die Menge des fur die Hydrolyse eingesetzten Wassers
auf die Phasenbildung und die Porenverteilunglausitu Analysemethoden zeigten, dassh
sowohl Anatasals auch Bookit-Nanokristallan den nassen Gelen bei deren Alterung in einem
Zeitraum von zwebis sieben Tagebilden undwachsen. Das Verhaltnis zwischen amorphem
und kristallinem Anteil kanrdurch die Sauremengend durch Variation der Alterungszeit
gesteuert welen, um eine selektive und prazise Kristallinitét Gelevon vollstadndig amorph
bis vollstandig kristallin zu erreichen.

Unter Verwendung von reinen LoOsungsmitteliiEthanol oder Isopropanol)oder
Lésungsmittelmischungekann in AbhangigkeitlesLiganderaustauschider Alkoxygruppen

am Titan-basiertenPrecursoreine definierte Porengrél3enverteilungt Porendurchmessern
zwischen 10 und 50 nm erreicht werdBairch die Wahl des Lésungsmittels werden aufgrund
der unterschiedlichen sterischen Hinderung degahden bei der Synthese vermutlich
unterschiedliche ClustergréfRen errejchtas sich auf die Porenstruktur auswirktie D
Koordination vonAlkoxy-Gruppen an den TitabasierterPrecursor durfte auch Einfluss auf
die Stabilitatdesuberkritisch getrocknetefserogelshaben.

Die TiOz-Aerogele wurden irKooperationmit der Universitat Bayreuth erfolgreich fur die
photokatalytische Wasserstofferzeugung und fir die Stickstoffreduktionsreaktion zu
Ammoniak eingesetztMit den kalzinierten vollstandig kristallinenAerogelen konnte im
Vergleich zu demicht warmebehandelten teilkristallinderogelen mehr Wasserstoff erzetug
werden,was auf die héhere Ladungstragerbeweglichkeit undsdienalereBandliickein
kristallinen Aerogele und die dadurch verbesserte Erzeugwon ElektronLoch-Paaren
zurtckzufihren ist. Insbesondere daisht warmebehandeltéeilkristalline TiO2-Aerogel
zeigte nach Bestrahlung mit UMcht eine besonder8peichekapazitatfir photogenerierte
Elektronen, was auf die verbesserte Ladungstrendurgip die strukturellen Eigenschaften des
Aerogels zurtckzufuhren ist. Auf der Grundlage der entwickeltea-AgdogetSyntheseoute
wurden erfolgreichMischoxide und dotierte Aerogele synthetisienrelche einehomogene
Verteilung des zuséatzlichen Mewlides oder der entsprechenden Dotierungselemente im
Titanoxid-Aerogel aufweisenDie experimentell bestimmteage und Breite der Bandliicken
der hergestelltenMischoxide und dotierte Aerogele erfullen die Anforderungen an das
Reduktionspotential von Wagsseoff, sodass sie theoretisatbenfallsin der Lage sindauf

photokatalytiscem WegWasserstoff zu erzeugen.

XIl



Contents

Cont
Y 013 1 = X S PRSPPI X
Y o] o =Y = 1 L XVII
A 111 o T U T4 1[0 o USRS 1
P = (=30 1 1= o PP PPPPT T PPPPP 5
2.1 L= U101 O (o = PP P PP SPPPPP 5
2.1.1 General, Applications and SYNthESIS..........ccccoiiiiiimmmniii e 5
2.1.2 Crystal Structures, Properties and Phase Transitions f.TiO...............ccvvvieeninnnen. 5
2.1.3 Crystallization Mechanism of Ti&Nanoparticles in SeGel Processes..................... 6
2.2 F =T oo =] 9
2.3 Titanium OXIAE ABTOGEIS .....eiiiiiieiiiiitiee et eeeer e e e e eeeeeenn 11
2.3.1 General Synthesis of TEAEIOGEIS........ccuuviiiiieiieii e 11
2.3.2 Synthesis of Doped Aerogedsid Mixed Metal Oxide Aerogels............ouevvvvevvvvvienn. 13
2.3.3 Alkoxide-Based SOIGEl PrOCESS........uuuiiiiiieiiiiiieeeiiiiieeeee e e e e sreenssereeeee e e 13
2.3.4 Influence of Different Synthesis Parameters amaFAerogel Structure................... 18
2.4 Aerogels as Photocatalysts: Requirements and Material Development Approache®2
2.4.1 PhotOCAtalYSIS......coo i 22
2.4.2 Requirements and Strategies for Metal Ox@#esed Photocatalyst...............cc......... 24
2.4.3 Photocatalytic Active Materials for Hydrogen GeatioN...............cceeveeeerrriiiennennnnns 31
2.4.4 Advantages and Disadvantages of Aerogels as Photocatalysts......................... 34
3 Synthesis Of TIQ ACIOQEIS.........cooiiiiiieeeeeeeee et nneeeeeas 35
3.1 Preparation Of ABTOGEIS. ..ot 35
3.1.1 General Synthesis Route and Parameter Variation...............cccuuueemrivinieeeeeneennnnns 35
3.1.2 Calcination of Selected EtOH SolveBased Aerogels..........ccccvvveeeeiiiiiceensesiinenen 36
3.2 Synthesis of Mixed Metal OXide AEIOgEIS..........uuuiiiiiiiiiiieeeieeee e 36
3.2.1 SnG-TiO2 andV20s5-TiO2 ABTOGEIS ...t ee e 36
3.2.2 MO0STiOz and GOTIO2 ACIOQEIS......uuuueiiiiicece it eees e 37
4 Characterization MethOdS..........cuuuiiiiiiiiee e eeee e 39
4.1 SETUCTUTAl PTOPEITIES ...t ee ettt eens e e e e e e e eneseee e 39
4.1.1 Gelation and Shrinkage BENAVIOL............uuuiuiiiiiiimee e eeees e 39
V0 2 @ o] i To= 1 I/ Tox 1= o0 o Y 39
4.1.3 PhysSiSorption MEaSUIEMENLS...........uuuiiiiiiieiiiceeee e ettt e e e e e e s s srmeee s ee e e e 39
4.1.4 Pycnometry and Porosity Determination..............coovvvviiieeeiiiinieee e 40
4.1.5 Scanning Electron Microscopy (SEM) and Transmission Electron Microscopy (#BM)
4.1.6 X-ray Diffraction and SCAtering............uuveiiiiieiiiicee e rmmee el 41
4.1.7 RAMAN SPECIIOSCOMY....ceetiieeiiiiiiiitiit e ieae e a e s s sttt et e eeeeeeeeeeeeeeesseaneneaas 43
4.1.8 Nuclear Magnetic Resonance Spectroscopy (NMR)............ccoeiiiiiccciiiineenn 44
4.2 ElECIIONIC PrOPEITIES. .. .eiiiiiiiiei ittt ettt e e s smme e 44
4.2.1 X-ray Photoelectron SpectroScopy (XPS)........cccuuriiiiiiiiiieccee e 44
4.2.2 Ultraviolet Photoelectron SpectroSCopy (URPS).........uuuveeeiimmiiiimeaaeeeeeeeeeeeeeeeeeee 44
4.2.3 Ultraviolet Visible Diffuse Reflectance Spectroscopy (IDXis DRS)..........cccceeeeeee. 44
4.3 PROtOCATAIYTIC ACTIVITY ...t e et e e e e e e e e e annnaee 45
4.3.1 Photocatalytic Hydrogen EVOIULIQN............uuuiiiiiiiireieeeceeeceeeeeeeeeeeeeveees e 45

Xl



Contents

4.3.2 Photocatalytic Nitrogen Reduction..............oooiiiiiii e 46

T ==Y 1| £ PRUY 47
5.1 Synthesis Procedure and Gelation Behavior of TidWet Gels...........ccccvvveeeeeiiiiiiceen. 47
5.1.1 Gelation and Shrinkage BEhaVior.............couvviiiiiimeriiii e 47
5.2 Structural Properties Of TiO 2 ABIOGEL.......uuuuuieiiciee e ee e 51
5.2.1 Appearance of TIOAGIOQEIS. ... eeeees b1
5.2.2 Surface and Pore CharaCteriStiCS....... ... e eeeeeeeeeeeeees e 57
5.2.3 DeNSIty QN0 POIOSITY......cceiiiiiiiiiiiiiiieceeee et e et e e emmr e e e e e e e s s s 67
5.2.4  MOIPROIOGY.....ccc oo 70
5.2.5 Crystalinity and Phase Formation of Aerogels..........cccccovvivviiieeeiiiiiiciiiee e, 79
5.2.6 Verification and Formation of Crystalline Phases..........ccccccoviiiiemniiiciiiiiieieeeen 87
5.2.7 Crystallinity and PhasEormation of Wet Gels.............cccoo oot 92
5.2.8 Analysis of the Nanostructure of Wet Gels..............ooo oo 98
5.3 Chemical COMPOSITION...........uuiiiiiiieii e e e e e e e e anseanees 107
5.3.1 EtOH andiPrOH SolvertBased AErOgelS..........cuuiiiiiiiiiiiiimemiiiieiecee e 107
R I A O[] [=To =T (oo = L TP 110
54 [ [=Tox (o] 1ol o (0] 1= g 1= USRS 112
5.4.1 Band gap and Position of Valence Band..................coo v ieeeeii e 112
5.5 PhotocatalytiC ACHVILY ..........ooiiiiiiiiieee e 113
5.5.1 Photocatalytic Hydrogen GeneratiQn.................coooeireeciiiiiiiviiinimeme e 113
5.5.2 Electron Storage Capability...........ccoooeiiiiii i 114
5.5.3 PhotocatalytidReduction of Nitrogen to AMMONIA..........ccceveeerriiiiiinmmnsiiiiiieeeeeenns 116
5.6 Mixed Metal Oxide and Doped AEIOQEIS............evvviieiiiiiiiiie e eeeeens 117
G B 1o 11 (o] OO PPRPPRR 121
6.1 Impact of Synthesis Parameters on Gelation Kinetics and Shrinkage................... 121
6.1.1 Gelation KINELICS.......ciiiiiiiiiiii e ettt e e e s rmmee e e e e e e e e e e e s nmnneaannne 121
0 I ] 1 0] ¢ Vo [PPSR 128
6.1.3 Separation of Hydrolysis and Condensation Reaction..................ccoceeeevvvvnnnnnns 130
6.2 Impact of Synthesis Parameters on Structral Properties..............ccoooeeeiiiiiieecnnnnnn, 131
6.2.1 Appearance of Wet Gels and Aerogels...........coooiiiecei e 131
6.2.2 Surface and Pore CharacteriStiCS........cccovuriiiiiiiiiccrieeeiieeeeeeeeeeveeeevrrree e e e e e e 133
6.2.3 Morphology and PartiCleS SiZ€...........uuvuiiiiiiiiiie e 138
6.3 Impact of Synthesis Parameters on Crystallinity and Phase Content................... 145
L0 00 R O V1 = 1101 2RSS 145
6.3.2 Crystallite Size and Crystal Growth...............oooiiiiiiicee e 148
6.3.3 Crystallization Process afRhase CONteNt..........coceeviiiiiiiiimemiiiiiieeee e e eesiiieeenens 149
6.4 Chemical and Electronic Properties and Structural Defects.........ccccevveevveeiiiiieennn. 159
6.4.1 Chemical COMPOSITION.........uuuiiiiiiiieee i icee et e s rmeee s e e e e e e e aaies 159
L (=T od 1 f0] o 1Tl o ] 01T £ 161
6.4.3 Structural Defects and TiDefect ANalySiS.........ccccovveiiiiiiiiecmriec e 162
6.5 Evaluation of TiO, Aerogel as Catalyst for Photocatalytic Applications.................. 165
6.6 Towards Mixed Metal Oxide and Doped TiQ Aerogels..........cccvvvieeveeeeiiniccee s 168
7 Summary and OULIOOK...........uuiiiiiiiiie e ee e neee e 171
S B = (=] (= o] == 176

XV



Contents

S T Y o] 011 [ [ PP XVIII
9.1 ChEIMICAIS ....ci e s e e XVIII
9.2 SYNtNESIS Parameters.......ccoooiii i mmme e e e e e e e e e e e e e e e e aeeas XVIII

9.2.1 EtOHSolventBased AIOQEIS. .......c.cuiiiiiiiieieeeeeeee e XVIII
9.2.2 iPrOHSolventBased AIOgEeIS. ..ot XIX
9.2.3 Mixed SolventBased AIOQEIS.........cooiviiiiiiiieeeeeeee e XX
9.2.4 CalCined AIOQELS........oeeeiiiiiiiii it XX
9.3 Preliminary Experiments of iPrOH SolventBased Aerogels...........ccccceveeiiiiiicenn. XXI
9.3.1 Gelation and Shrinkage BEhAVIOL...............uuvviiiiiiiei e eeeens XXI
9.3.2 Density and POFOSItY.........cooiiiiiiiiiieeeeeeeee ettt ee e XXII
9.3.3 Surface and Pore CharaCteriStiCS..........uuuueeuiiiiiiermisiiiireeee e seees e XXIII
9.3.4 Crystdlinity and PRaSES........ciiiiiiiiiiiis i vttt ee e a e a e XXIV
9.4 XRD Reference Reflection POSItIONS..........cccuviiiiiiiiiiiee e reeee e XXV
9.5 Ethanol SolventBased Aerogels Using Different Solvent Puties...................... XXVINI
9.6 SAXS CUINVE FitS...cciiiiiiiiiiiiie e emee ettt e e e e e e s rmmee et a e e e e e e e e s e snnnsnnnnes XXIX
0.6.1 WL GEIE2...coiiiiiii ittt ettt e e semr e e e e XXIX
0.6.2 WL GBI ED...coiiiiii ittt e e e e e e e e e e e e XXX
9.7 D TSSO PPPPSRRRR XXXI
9.7.1 Aerogel SAMPIE EB......cooiiiiii e a e e e e e e e e e aneas XXXI
9.7.2  Aeroge SAMPIEIP2...........ouiiiiiiiiiiiierer e eeee e ——————— XXXII
9.7.3  Aerogel SAmMPI@PS...........oeiiiiiiiiiieee e XXX
9.7.4 Calcined Aerogel SampEE2-A-300........cccoeeiiiiiiiiii e XXXIV
9.7.5 Calcined Aerogel SampPEE2-V-300.......cccooiiiiiiiiiiieiiii e reeee s XXXV
9.8 UV-Vis/DRST Tauc Plots and KubelkaMunk PIOtS..........ccccooeiiiiiiiiii i, XXXVI
9.9 THoNIMR et eme et et e e bt e e et e e s e enre e e raa e res XXXVII
9.10  MiXed Metal OXIUES.......cccceieieiiiiiee e ettt e e e e e e e s smmne e e et eeeeeeeeeaane XXXIX
9.10.1  APPEAIANCE......cciiiiiieiiie ittt eeee ettt e e et e e e e e e e e e annne s XXXIX
0.10.2  SEM IMAGES. ...cceiiiiiitiiii et e e e ekttt ettt e e e e s ammme e e e e et e e e e e e e e s ammne e e e nnne XL
9.10.3  TEM IMAQGES....uttiitiiiiiiiiiiiiiiiitiemnreeeeeeeeeeeaaaeaaaeeaaesseaeaeanraraar s aan———eeeeeeeees XL
9.10.4  PhysSiSOrption FESUILS.........uiiiiiei i rr e XLII
9.10.5  CrySTAllNITY......eeeeeeeeiiiiiieie et e e XLIV
9.10.6  Chemical COMPOSILION......cccceiiiiiiii i e e XLIV
9.10.7 Band Gap and VB EdQe.........coovviiiiiiiiiiieeei et XLIX
9.11 Eidesstattliche ErkIArung..........cc.ueeeiiiieiiiiiicen e smeee e e LI
9.12 Publications and CONfEIENCES..........cceiiiiiiiie e LIl
9.13 Zuganglichkeit von Daten und Materiali€n...............uuuuuiiiiiiiiceeeeeeeeeeeeeeeeeeee e LIl
S S = 1= 1 = | P LIV

XV



Contents

XVI



Abbreviations

Abbrevi

a
Absol.
ag.
at.%
a.u.
BET
BF
BJH
CB
COD
Conc. HCI
CTAB
CuKa
CoKa
d

DF
DRS
EO

Er

Eq
EtOH
eV
iPrOH
g

GO

h

hiv
HPLC grade
IUPAC
I

MEK
min
MolP
NHE
NMR
OBu
OEt
OiPr
p/p°
PDF
PEM

at

ons

slope

Absolute

aqueous

Atom percent

Arbitary unit

BrunauerfEmmettTeller method

Bright field

BarettJoynerHalenda method

conduction lnd

Crystallography Open Database
Concentrated hydrochloric acid
cetyltrimethylammonium bromide

Copper Ka; type of radiation usd for X-Ray diffraction
CobaltKa; type of radiation used for-Ray diffraction
days

Dark field

diffuse reflectance spectroscopy

Electrode potential

Fermi level

Band gap energy

ethanol

electron volt

isopropaol

gaseous

graphene oxide

hours

Radiation energy (Plandonstanivave number
High performance liquid chromatography grade
International Union of Pure And applied Chemistry
liquid

methylethylketone

minutes

Molybdenum isopropoxide

Normal hydogen electrode

Nuclear magnetic resonance
butanolate/butoxide

ethanolate/ethoxide
iso-propanolat/isopropoxide

Partial pressure

Powder diffraction file

protonrexchange membrane

XVII



Abbreviations

]
RF

Re

S

SAXS
SgET

sC

SEM
SHE
SnTIP
STEM
T

TTBT
TEM
TTE
TTIP
UPS
UV light
VB

vis light
VOIP
Vp
WAXS
wt.%
XPS
XRD
oD

1D

2D

3D

radius

Resorcinoiformaldehyde

Radius of gyration

seconds

Small angle Xray scattering
Specific surface area

Supercritical

Scanning electron microscopy
Standard hydrogen electrode

Tin tetraisopropoxide

Scanning transmission electron microscopy
Temperature

Titantetrdoutoxide

transmission electromicroscopy
Titantetraethoxide
Titantetraisopropoxide

Ultra violet photoelectron spectroscopy
Ultraviolet light

valence band

Visible light

Vanadum oxytriisopropoxide

Pore volume

Wide angle Xray scattering

weight percentage

X-Ray photoelectron spectroscopy
X-Ray diffraction

Zero-dimensional

Onedimensional

Two-dimensional
Threedimensional

XVII



Introduction

11 nt rtoid

Many states are striving for climate neutrality before 2050. Since aviation is contributing about
3 % of the worldwide C®@ emission, zergmission energy carrier are very important and
envisaged by aircraft manufacturefs.? The Airbus ZEROe concepts comprise hybrid
hydrogen aircrafts with a liquid hydrogen tank for combustion in gas turbine engines and
complementary hydrogen fuel cells flectrical power generatiol! However, less than %

of the hydrogen iso dateproduced in a climate neutral wd$. One main challenge is to
tackle the high demand of green hydrogen for fueling future aircraftsrefore, clean
technologies are required to efficiently generate hydra@esen hydrogen can be produced by
different processing routesOne way is theprotonexchange membrand?EM) fuel cell
electrolysis of water, which has an efficiencyapprox. 63%.5 However, expesive catalysts,

such agridium catalysts, are requireld. Also, developng such catalysts is difficult, as suitable
materials have ofteshortlifetimes due to the corrosive environment in BEM fuel cells.[®!
Another possibility is to use solar ligkh photocatalyticallysplit water into hydrogen and
oxygen. This requires a catalyst with suitable electronic properties and microstructure.
Extensive research has been done to develop and design suitable nanostructured photocatalyst
materials, but the achied efficiency for hydrogen generation is still I0%But what defines

a good and efficient catalystdighly efficient photocatalytic materials depend on many
differentfactors which contribute to the final efficiency of the materials. The crystallinity and
crystal structures are cratifor high photocatalytic activity. Ehcrystal structurés closely

linked with the band gap, which is specific for each material and determines how much light
can beutilized for photocatalytic reaction3 his require band gap engineering tife materal.

The band gap of a semiconductor describes the electronic structurgglstnerhole pairscan

be generated by irradiationith photons Theseelectronhole pairscan be further used for
hydrogen productiorBesides, thenicrostructure of a materiglays also an important roli
developng an efficient photocatalysaind in reducing theecombination ofphotogenerated
charge carriets”! The particle size, specific surface graad the porosity, which are very

special in aerogels, bring many important aspects along for developimemtphotocatalysts.

Many photocatalytic active materials, suchtiganium dioxde (TiO2) with a band gap of
3.2eV, can only absorb light in thdtraviolet (UV) range, below 390 nm. However, this is
only 2% of the solar light. Theoreticallyvavelengthsbelow 1000nm could be usedyhich
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would require materialsg(g.inorganic materials or hybrids) withcarresponthg band gap of

1.2 eV. Even wavelengths below 66 could enhance the efficiency to exploit solar light up
to 16 %. 18 For comparison, the efficiency of photovoltaics is abou®#d AVith subsequent
electrolysis of water to form green hydrogen, the efficiency of the przeskicedo 10%. [
Therefore, there is Bugeneedof innovation to develop new photocatalysts on the basis of
inorganic systems or hybrids, to increaseagh®unts ofjeneratedhydrogen with an efficient
light absorptiorabove 1% but also to improve the stability of catalytic materials for technical

usage.

Nanostructured materiaésg.nanoparticles are favored for photocatalytic reactions, since the
small particleshave very large surface aseavhich facilitate the transfer of photogenerated
electronhole pairs to the surface of the particles amhancethe surface reactions with
adsorbates. Howevemanoparticlesend to aggimerate, so that only the outer sudaxf the
particles carbe penetrated by Wight. The aggregation of nanoparticles ahihitation of
existing photocatalysto exploit efficiently UV-light can be addressely using three
dimensional D) nanostructurednd porouserogels as catalystghich allow sufficient light
transmissiorthrough the materialAerogels exhibit high surface areas and an open porosity.
The solgel process is a prominent technique to synthesize such aerogels by first forming a gel
from precursors and then obtaining by exgpitical drying an aerogel with nanoporous
structureswithin a network ofinterconnectedmesopores® In this work aerogelsare
synthesizedvith regard to improve the photocatalytic activity on the basiE®$. The focus

of this work is on the development of neadjustable solgel synthesis routedor
photocatalytically activamorphous and (senirystallineTiO2 aerogelswhich are doped a@h
functionalizedin a second stemvith other elementse(g. SnO2, M0oS;, V20s) for tuning
electronic, physical and chemical propertiesAerogels are mainly amorphous, but
photocatalysis requires crystalline materiBlg controlling the segel process fosynthesizing
aerogels, different materials can be designed hauiigblespecific surface area, pore volume,
electronic structures, morphologynd crystallinity The synthesis parameters to control the
aerogel properties were mainly studlitor solgel based nanoparticles, whidre treated
differently during synthesis and dryin@rystalline aerogels without calcinati@md phases
besides anataseve been rarely reportethedegree otrystallinity and the crystal phasee
important for photocatalysj especially fothe generation of electrehole pairs, while the
surface area of a material or particle plays an important role for the catalytic reactions on the

surface. Both parameters are therefore crdicigihotocatalytic application8X*% A challenge
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is to achieve crystallinity in simple synthesis routes withawalcination step to avoid

substantiateduction of the surface arekhis work aims at the following main objectives:

- Development of a sim@ and lowcost synthesis route based thie solgel procesgo
synthesizénighly porousamorphous to crystallinBO aerogelsvithout calcinatioras
basic material for photocatalytic applications.

- Optimizing of ynthesis parametergéter {20), hydrocHoric acid HCI), solventyand
characterization othe resulting gels and aerogelgh respect tahe surface and pore
characteristics and crystallinity

- Evaluation of strategies other than calcination to increaserystallinity without
reducing thesuface areaof TiO2 aerogels and elucidatingthe gelation kineticsby
means of small angle-kKay scattering (SAXS)

- Investigation of gystallization processeduring synthesis in the wet geind its
mechanisms within-situ wide-angle Xray scattering (WXS) and Raman
measurements

- Determination of electronic properties angtestigation ofphotocatalyticakuitability
of exemplary aerogel samplis hydrogen generation

- Development of ew sotgel routes for mixed metal oxide or dopedtal oxideaerogels
on the basis of the synthesis routeveloped for Ti@ aerogels but with improved
interconnectionof the particles by forming heterojunctiorar by introducing new
energy levelsn the TiO, aeroget band gape.g.SnQ-TiO2, M0S-TiO2, V20s5-TiO2,
Graphene wide (G0)-TiOo.

The new metal oxidéased aerogekreinvestigatedor generating solar green hydrogeith

the aim torefueling previously mentionedircrafts. Since the aerogels are extremely light
weight materials with high porosity and high electneability, theycanalsoserve as catalyst
support in combination witk.g.iridium catalysts, improving the performance of fuel cells on
board of the hybrichydrogen aircraftddowever, tle latter aspeatill not be addressed in this

dissertation
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Titaniumoxidewith the chemical formula Ti@s a transition metal oxideccurring naturally
as a white inorganic compoundhich is used asnananaterial or pigment in different
applications As whitepigmentTiO2 has been used in paints, printing inks, plastics, ceramics,
paper but also irdrugsor cosmetis. 14 1 TiO; is nontoxic, odorless, tastelessid due to its
natural occurrence attractive for themtienedapplications. In Europe more than one million
tons of TiQ are produced!® SinceAugust2022 TiOzis forbidden as food additive in Europe
due to concerns about possible genotoxiofy TiO>. However, scientific evidence is
missing.'>1"1 In 2024 the Europeamedicines Agency will decide about Ti@s additive in
drugs.Extensive research has been carried out fop Ifi@any other applicains,e.g.sensors
photovoltaics and photocatalysis.*¥ Especially TiO> nanoparticles aredue to their
morphological and electronic propertigomising for many photocatalytic appliaatis, such
as water purification, degradation of organic compounds, decarbonization, antibagemial
and environmentafriendly production ohydrogenor ammonia 4

Different TiO2 narostructurese.g. TiO, nanoparticles'®, nanofiberd'®, nanorodg?”, thin
coatingd?® 22 andaerogeld?®?%, can be synthesized usimgriousmethods Commonly used
methods are thgokgel proces&®!, hydrothermal?” or solvothermaimethodd?®, physical?®!

or chemical vapor depositioB, spin/dip coating ?* 22 and electro spinning:® Some
procedures include already elevated temperatures to achieve crystallinphBi€®s. Other
methods are realized at low temperasjrwhich result in amorphous TiGtructures and
require calcination at highéemperatureso achieve crystalline phaseBEhe crystallinity is
crucial for photocatalysis in generatiakgctronhole pais. 1% 31

2.1.2 Cr y $tt rad c,Pruorpeesr tPh a Sreaamsdioff i 0 h ©

TiO2 appears irdifferent polymorphs in naturéflhe most common polymorphs aeatase,
rutile, and brookiteThey all consist of the same Té©octahedral building blocks, which are
conneted differently leading to different arrangements of these octahedra. The crystal

structuresof the polymorphsre presented iRigure2.1-1.
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Brookite Anatase

Figure2.1-1:  Unit cells ofa) rutile TiO, b) brookite TiO2 and c) anatase TiOLarge blue
and smalred spheres are “riand & 'ions, respectively*"!

The crystal struct@sshow6-fold coordinated titaniumvith surrounding oxygen atom$he
octahedra arsharing edges or corners depending on the crystal structure. Anatase and rutile
exhibit a tetragonal whereas brookite exhibits an orthorhoorlatalstructure. Rutile fans

linear chain®f octahedrdy corner sharing. In anatase crystal structure the octahedra are edge
shared ! 32 Brookite consistf octahedra which share both edges and corti&rs.

Anataseand brookiteare metastableand transform to rutile at elevated temperatures {600
800°C). Rutile is thermodynamaily the maost stablepolymorph however, anatase is more
stable at room temperatus&deratmospheric condition$3® 3% 34 Anatase can transform to
brookiteor rutile dependent on the initial particle sizehich determines the thermodynamic
phase stability for nanocrystalline systefi¥. The phasestability correlateshereforeto the
particlesurface areandsurface energyespectivelysince the surface area is dependent on the
particle size Anataseis found to be stable for small particles in the nanosisalew 11 nm,
brookite between 11 and 35 nmhereas for large particlebove35 nm rutile formation is
favored ¢ Similar data of the particle size dependerghase formation was reported
elsewherel®® Generally, anatase and rutile are used for ithehapter2.1.1 mentioned

applications, especially in photocatalysis

213 Cr yst alMeiczhatnifspiNa @opar BoiGelPe s cesses

Many researchers have studied the-gel synthesis with numerous different synthesis
approaches tproduce TiQ naroparticles Different parameters of the sgél synthesis which

affect the structural properties and crystallinity of the panticlesare reported in literature

3743 These parameters includel palue of wateibased synthesis, type of solvent in solvent
based synthesis, temperature, precursor concentration, type and concentration of catalyst and
drying approachCrystallization is described toccurmostly during the drying process and not
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during the synthesis. High temperature calcination treatments or even drying at ambient
conditions leaddue to grain coarsenirng a tradeoff between sample crystallinigndsurface
area. Especiallythe solventremovalprocesdor sokgel prepared nanomaials plays a major
role for crystallization, leading to overestimation of the crystallinity gfr@pared (nomried)
sample. ¥ There are some reports about aqueougeigprocesses for Té3ynthesis to obtain
nanoparticlesvith crystallinities up to 8®0 %at low temperaturé<100°C) by usage of the
peptization method® Pept i zati on is defined asrmthde fdac
macroscopic oxide precipitates into colloidal particles via hydrolysis and condensation
r e a c t4! ®his procedure isommon for synthesizingiO2 nanoparticlesind is applied in
orderto prevent agglomeratiomhis needs to be clearlysinguishedfrom TiO. aerogels,
where an interconnected highly porous gel is fornted agglomerationis prevented in the
aerogel synthesisy a different strategyFurther thefastprecipitation stepf large particless
missing for synthesizing Tiaerogels.

Generally, anatase and mixed phase>T@noparticles can be synthesized ingall process

by precipitationof analkoxide or chloride precursor with excess of water. Brookite is difficult
to synthesizesince it is a metastable phaséost efficient methods to synthesize brookite
nanoparticles are the sgél process or hydrothermal procedusapported by he usageof
helper ions suchs chlorideions*?, NaOH®, other alkali ion$*, or adjusting thgH value
during hydrothermal processés. It was reported thaty using TiCk in waterbased synthesis

a complex of [Ti(OHX(CI)2(OH.)2]° could be a intermedate precursor for brookite!*”
However, the reportgorocesses andechanism$o grow crystalline TiQ nanoparticleslo not
lead toconsistentesults.

To obtain crystalline Ti@nanoparticles,he precipitatedamorphoud’iO. particles are slowly
dissolvel in the peptization ant €.g.acid) andfurther nucleation and growth of crystalline
TiO2 occurse.g.by heating up to 95C. High concentration of Ti@precipitates results inigh
nucleation rateo form crystallites!* Thisfavorsthe formation of anatase and brookite instead
of rutile, which formsduring slow crystallization*>) However in a different study rutile
formedathigh precursor concemttionsandat 40°C after short reaction times, whereas anatase
and brookitdormed athe same temperature and low precursor concentratitorsy synthesis
times.[46]

This shows that ifferent crystalline phasesan beobtained for TiQ nanoparticles by
precipitation, peptization of the partichegth subsequent dryingndcalcination leading te.g.

anatase or brookite formation. Crystallization of amorphous daursby nucleation and
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crystal growth. This can be achievedusage of a peptization agemtatelevated temperatures

in a precipitatiordissolution processcalcination in a gaseous atmospherfeflon-lined
autoclavationat high temperaturege.g. 220 °C) and the high pressuresoccurring in
hydrothermal processé¥] The crystallization conditions have an impact andtystallization
mechanism and the resulting crystal structife.

In compaison to the synthesis of Ti© nanoparticles,Moussaouiet al synthesized
nanocrystalline Ti@xeroges and aerogslpowders using the sgel approach. The aerogel
was superctritically dried in solvent at 300 and 100 baandappeared to be crystalliné?
Supercritical dryingat low temperature in CQ(Teitical = 31 °C, Ryiticar = 73.8 bar) leads to
amorphous aerogelg/hereas igh pressure (> 100 bar)and temperatusx> 265 °C)during

hot supercriticaldrying or temperatures above 80 °C at ambient pressumg induce
crydallization. The high pressure can influence the crosslinked network, whereas at
temperatures of 30T typical anatase phase formation was reported also elselhé&feHot
supercritical drying also leadstioe decomposition of residual carbon or organic groups which
remain in the gel after synthesi! In literature, it was reported that a conventionally dried
(200 °C, ambient pressuraerogel exhibited crystalline structues showing anatase and
brookite. They have usddNOz during synthesis. The acid was reported to electrostatically
charge the hydroxylated titanium agglomerates formed by denWaals forces. These
agglomerated can be broken into smaller particles bizagjon. Further stirring or reflux at
e.g. 100 °C can be performed to increase tmgmber ofcollisions between particles and
consequenththe probability ofthe crystallization processes. Thiavors the formation of
metastable phases such as anatabeookite. Without acid the fast growth of the agglomerates
leads to amorphous particlé®! The type of catalyshas arinfluenceon the type offormed
phases antheir crystallinity. This was also reported by Moussaetial They observea
slowercrystallizationproces to anatase when using MPH instead of HN@ No brookite is
observed when using NBH. Typical weight fractions of anatase and brookite when using
HNOs were found to be 65.% and 34.8% respectively®’! It was also reported that HNO
favorspure amtase phase whereas Hf@avorsa mix of anatase and brookit€* HCl is less
used due to observations thaeitorsthe rutile phase>?

The pH value was reported to influence the crystallinity ofTh@noparticles as well as the
achieved phases, when using Ti&$ precursofThe brookite content was reported to increase
with decreasing pHalue.™ Li et al prepared mixed phase Ti@anocomposites using a

solvothermal method varying the HTI ratio and found different mixed phase compositions
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dependat on the HCITi ratio. [ In the case of alkoxide presors, the crystallinity and
formed phases are dependent on the amourtypadacid-or ba® type) of thepeptizing agent.

[38] Anatasebrookite mixtures(brookite content o46to 65 %) were reported to be synthesized
using Ti(IV)-n-propoxide and lactic acid at 8 100 °C. With varying acieprecursor ratios
different heterophasewvere achieved.® Anatasebrookite nanoparticles were reported
elsewherel®

Songet al investigated the acidbr basecatalyzedsynthesis of Ti@ powder at different

pH values for the sejel reaction of titaniunalkoxidewhen dried at 156C for 24hours They

found that phase transitions from amorphous to anatase and aoatafle highly depend on

the type of catalyst®® To obtain a high anatase fractibiNOs is used. HCI was reported to
favor rutile formation, which is less photocatalytically activé.

This shows that there are sometimes contradictory results due to the large variety to change the
reaction parameters and involved chemicals.

In waterbasedsynthesis routes, the crystallization and phase formation are catalyzed by water.
Water can adsorb on the surface of Jl€ading to many octahedra wilydroxyl (OH) groups.

These in turn form bridges leiad to rearrangement of amorphous Fi@ crystaline
phases®® In solventbased synthesis routes the solvent plays an important role, as it affects
the crystalline phase and microstructure, as well as the appearance of the gels. Dependent on
the chain lagth thepolarity, andthe steric hindrancef the used solverdifferent leading to
different crosslinking pathsvhich might influencethe possible formation of complexes with
titanium-basedprecursorsFurther,the gel time and transparency are afféddg the solvent

properties!?!!

22 Aerogel s

Aerogels are8D, openporous nananaterialswhich exhibit several outstanding properties,
such as ery large surface areagery low densities and high porosities. Kistler ineeithe

first (silica) aerogell931by removing the liquid of the gel without or little shrinkage of the
gel, which mostlyoccurs inthe casef drying under ambient condition8®! He used a closed
autoclave for the drying process in which the presancethe temperatuis raised above the
critical conditions. e supercritical ilquid turns during subsequent pressure reduciimo a
gaswhich can befurtherremovedrom the aerogedithout damaing the microstructure of the
material. Damages to theigrostructure are generally caused by capillary forces which act at

the surface of thporesor pore walls of thenaterials and lead to collapse of the porous network
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and thus shrinkagistler defined aerogela s fgel s i n which thhe | i gt
gas, without col | ap &¥ImagpntrashNécolagHiidingused INi1®& net wo r
| onger definition for aerogels. She first st
special drying process, the supercritical drying techaigeere called aerogels irrespective of
their structural properties. o However, as ne
shrinkage of the porous structure, this definition might be no longer valid. Her second statement
was fimat er thetypisal strutturevdf thecpbres and the network is largely maintained
(which is not always the case for supercritical drying) while the pore liquid of a gel is replaced

by air ar e ¢%Actodig ta theinergatidnal &nion of Pure and Applied
Chemistry(IUPAC) (2007)thedefinitionofan aer ogel i's a ngel compt
solid in which t he!®dhesopgmal semgel dpfinitos Ey Kistlevasa g a s 0
taken over by A.C. Pieg in the Aerogel Handbook from 201%! This demonstrates that there

is no uniform definition of aerogels. Recentmirnova and Gurikov defined an aerogel as an
oopen col | oicdeawork aomsistipgoof lgosely packed, bonded particles or fibers

that is expanded throughout its volume by a gas and therefore exhibits very low density and

hi gh speci f 8Thisdefinifioadoes natincludedhe synthesis and drying method

but focus on the properties which defareaerogel.

The specific properties of aerogels stem fromntherostructureof the solid network. Typical

properties of aerogels aeehigh porosity(80 to 99.8 %), a very low bulk density 0.004to

0.5gicm®), alow thermal conductivity@.017to 0.021 Wnr%iK™1), ahigh surface area(0to

1600 nfigt), high pore volumes and defined pore size distributtfn

Aerogels can be synthesized usihg solgel process. However, there are also other aerogel
preparation methods to achieve similar physibemical properties. The focus will be on the

solgel method, as it is used in this work. A gel can be formed by hydrolysis and condensation

of sol wlloidal particlese.g.alkoxide precursa; which are dispersed in a liquid. The gl

synthesis can be watbased or alcohdbased. The resulting gel is then called hydragel

alcoge] respectively. The reactions and mechanism of gelatierdeschedin section2.3.3

After gelation the gels are aged to strengthen the struttetere they arénally dried.Besides
supercritical drying, ther drying techniqguesan be appliede.g.freezedrying which leads to

so-called cryogels and ambient dryingaohievexerogels!*% Aerogelsmaybe synthesizeds

monolithic body or may disintegrate into draents, as well be processasl coatings or as

powder. Th& appearance ranges from translucent to opatu®: 64

10
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Aerogels can be made from makigdsof chemical systems aifferent materialsvhich form
agel.E.g., many achievements were made on the preparaticesofcinoiformaldehyde RF)
and carbn aerogels®® biopolymericaerogels®® andinorganicmetal oxide aerogels such as,
silica (SiQ) 7 or TiO2 2%, Further aerogel composites are realiZed combiring different
physicachemical properties. The research aims at the development of ageogeis light-
weight materialswith thermalinsulating and acoustic daimng properties forbuildings or
aircrafts!®® 7! wound dressing aerogéld, biodegradable aerogels for medical uséggefor
energyrelated applications such asbatteries,[’?l supercapacitorsi’”™ or as materials for
(photo)cataltic processe&®!.

In photocatalytic application®.g.for photocatalytic hydrogeproduction TiO2 aerogels can
be used.This was shown by Fujishime and Honda in 1972, wked TiQ electrodes for
photocatalytic water splitting.”! TiO, aerogelsverefirst mentionedy Teichneret al in 1976
[’8] They are synthesized using alkoxide precwgssimilarto silica aerogels. Thiis further
explained in detail in chapt@r3.3 TiO- aerogelsare suitabléor photocatalytic processésit
aretypically amorphous after dryingndersupercriticalconditions inCO;, which means that

crystalline phases have to be obtained by subsequertéament!s 7

23 Tit arOxk u keer ogel s
231 GeneSy at hoefs i:Bse Dogel s

The solgel process is a prominent technique to synthesize 3D matridiss aerogelahich
provide severlaadvantages compared to the other mentioned metlRdldhe solgel process

is a simple method and requires no complex setup, as the synthesis can be carried out at ambient
pressures and temperaturé$.Also, several synthesis parameters can be varied to control the
nanoscale structure and physicochemical propefies® Generally,a titanium precursor is
mixed with solventacid and water téorm a wetgel. This wet gel exists of a 3D network which

is further build up duringheaging processes. After aging the pore liquid is replaced leyaair

by freezedrying, vacuum drying asupercritical drying in CQ@ ethanol EtOH) or isopropanol
(iPrOH). This is required for receiving mesoporous structures, exhibiting pore sizestof 15
50 nm andshouldprevent these pores to collap88. There are several synthesis strategies to
achieve TiQ aerogels. They differ in thganiumbasedrecursorand gelation mechanism that

can be used, the solvent, assisted methods and diffeyamg dnethods.

11
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As titanium (Ti) precursor metal alkoxides @@R; M=metal, O=oxygen, R= organic residue

or metal chlorides are commonly used for-gel reactions. For example, Schatdr al
investigated the synthesis ©iO> aerogels using titanium chbride precursor and received
amorphous aerogels with specific surface areas ranging frorto4@3 m?ig* dependent on
reaction mixtured®% As metal chlorides TiGlor TiCls can be used. Theyre typically used in

a waterbased synthesisut also solvenbased synthesig@cedures.g.in EtOH are reported

in literature.’?* 8 8UTjtanium chlorides are cheaper compared to titanium alkoxides, due the
availability. Bernarde®t al investigated a watdrased synthesis using T#dh a onestep
synthesis. They achieved similar specific surface areas up tm%g%. Y However, often
propylene oxide as gelation aberator is used, which ®xic and cancerous and thus not
favorable for upscaling and industrial usdée8°82!

Metal alkoxides e.qg. titantetraisopropoxid€TTIP, Ti(OCsH7)s4) or titantetraethoxid€TTE,
Ti(OCoHs)4) are less toxic and do not require other dangerous chemicals apart from simple
acidic catalystand solventse.g.HNOs andEtOH. Sadrieyetet al investigated the synthesis

of TiO2 aerogels using titanium alkoxide precursor and received amorghmesoporous
aerogels with specific surface areas ranging from 3655 m?ig dependent on reaction
mixtures[”® Alkoxides are used in an alcoRohsed synthesis routes to produce aerogkksy

can alsdeused to synthesize @y nanopatrticles, based on precipitation, which is whésed.
Different solvents and catalysts can be used, which have an impact on the structure of the final
aerogel, besides other reaction conditions. TypicalliNOs is used as catalyst for the
hydrolysis reactionFor TiO, nanoparticle synthesldCl is reported in literature tavor the

rutile phase instead of anatase during calcinatiéri? In this work alkoxide precursors were
used, which will be explaed inmoredetail in the following chapter.

Aerogels can also be prepared by-fmened TiQ nanoparticlesn an assembly method
Lunaet al and Kwonet al prepared Ti@ nanoparticlebased aerogels for photocatalytic
hydrogen generation. The advanta§éhes method is tha higher crystallinityof the aerogels

can be achieved by preparing already crystalline T@hoparticlesThe gelation was induced

via irradiation with U\light. % 83 However, a secondomplex process is required to
synthesize the TiPnanoparticles beforehandndis a very extensive procedure compared to
classical segel methods using alkoxidd: &l Titania aerogels can also be synthesizsidg
TiOSQy in similar synthesis procedures to achieve high surface areas up to 1ig850H

Other synthesized aerogels exhibited high surface areas but amorphous structures, which

require posheattreatment fora higher crystallinity 2% 31 41. 79. 84,85l gpecific surface areas up

12
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to 450 niig' *and high pore volumes up to 4.4 Tgh! could be achieved® 81 The gelation
rates can also be increased by usage of ultrasssisted segjel method!®®! Different drying
methods were reported to achieve aerogels, which inclymaitical drying insupercritical
CO,, " supercriticaEtOH or iPrOH, (4959 87lsypcritical dryindg®! or vacuum dryingf®l.

232 Synt h®s p éderod g e Misx Mehtdaxld &der ogel s

The solgel process can be used to introduce dopants into the aerogeksyothesize mixed
metal oxide aerogel$.or doping precusors such asopper nitratg Cu(NGs)2i13H20), cobalt
nitrate (Co(NGs)213H20) or iron nitrate (Fe(NQ)319H20) are used which require thermal
treatmentfter the synthesi&? 8% *910ther metal salte.g.SnCh or alkoxide precursorsuch

as tin isopropoxide $nTIP, molybdenum isopropoxide MolP) or vanadium
oxytriisopropoxide(VOIP) can be usetb synthesize mixed metal alkox&l&® However,
many alkoxide precursors are solid and very sensitive to water, so special salvents
weak/diluted solutiorare required and they e@ to be handled with care under protective
atmosphere to prevent premature hydroly¥isEor some alkoxides it is also difficult to obtain
high purity andis thereforedissolved in suitable solventthat consequently changése
reaction kineticsAlso, a titanium alkoxide precursoan baised in combination with inorganic
saltsor nanoparticlesising the precipitatioand impregnatiomethod to synthesize suctixed
metal nanoparticles!®® % °1Some alkoxide precursoesg. MolP form final =O groups in
typical solvents.g.EtOH or iPrOH which hinder the condensation reaction. Special solvents
e.g.acetonitrilearetherefore required, which mek difficult for comparison and combination
with other alkoxide precursors, such a$IP. 8 |t is also important to consider that
interparticle connection is key factor of highlytime photocatalysts. Therefore the synthesis
procedure needs to be reconsideiredhe case thasolid precursor®r additivesare used,
because itmight be more difficult to achieve a homogeneous distribution, whereas liquid

precursors could lead to inteded structure$?®!

233 Al ko-Ba dedGs&Slol Process

To synthesize materials such as Ji@lkoxide precursor can be chosétrecursors are
available having dierentalkoxy ligands, such aBTIP or TTE. The alkyl ligand has an impact
on the reactivity of the hydrolysis reaction. The Tgifecursors more reactive compared to

the TTIP precursoand isdue to the inductive effect of the alkyl group on the Ti atdhs

13
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effect is increasing for longer alkyl groups, as the electrophilic character or positive partial
charge of the metal atom decrea$&5Also the steric hindrance is increasing for longer alkyl
groups that reduces the sensitivity to walfét.The reactivity of the precursors increases as
follows Ti(OBu)a<Ti(OiPrk<Ti(OEt). 2 43 |t was also described in literature, that alkyl
ligands can bexeshanged by excess of a different solveng,. TTIP dissolvedin EtOH leads

to a ligand exchange of tt@iPrwith OEtgroups®®

In comparison to silica precursors, titanium aikie@ precursors are not present as monomers.
The Ti atom in precursorsuch asTi(OR)s are Lewis acids anthe alkyl ligandsare Lewis
bases. This leads to aggregation of precursor molecules formirgyidg@s or complexe&?!

%I The degree of aggregation affects the reactivity of the precuChasterswere formed
dependent on the size of the alkyl groeyg. TTE in EtOH was described in literature forming
clusters consigtig offive to nineTi atoms, whereas TTIP in solution forms clusters withal 1

12 Ti atoms[*® The cluster formatiofis shown as an example figure 2.3-1a. The cluster
sizedepends also on the used solvent, as the solvent molecules can also coordinate to the Ti
atom.The interaton of solvent molecules, which are Lewis bases, with the Ti atom reduces
the tendency to aggregatidmy forming oxobridges. The coordinated alcohol molecules are
stabilized by hydrogen bonding to surrounding alkyl ligands at the Ti &8mhis is shown

as an example iRigure2.3-1b. Silicon (Si) alkoxides are independent frahe addedolvent
during the synthesjsaaind exist as monomeric molecull@his is due to the facthat Si has a

smdler covalence radius of 117 pm compared to Ti 132 pm and higher electronegativity of 1.90

a) b)
OR R OR H‘\
RO., O, OR h
"f//Ti\\\“ ”//Ti\\\\“' RT CR) TR oR
R 0., -
RO/| \O/ \OR RO"‘WTi\\“ “y i\\“
R
'Nuﬁ-Ti\“.t'ow!fﬁ'll'i\\\\--OR RO’ | \8/ | ‘OR
RO, OR
RO/| \0/ \ \OR “~H/
OR R OR

Figure2.3-1: a) Chemeal structure ofTi4s(ORxs (R=Me,Et) and b) alcohol adduct
Ti2(ORX(ROH). with hydrogen bonds between coordinated alcot
molecule and neighboring OR substituéft. Used with permission of
Royal Socieg of Chemistry from Chemical modification of titanium
alkoxides for solgel processing, Ulrich Schube, Mater. Chem.2005,
15, 37013715 permission conveyed through Copyright Clearance Cen
Inc.
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(Ti 1.54).This differencdead silicongo betetrahedrallycoordinated exhibitindpur covalent
bonds. Tiis mostly octahedrally coordinated, famg stable chemical compounds with higher
andvariable coordination numbers, like & 6-fold coordination. Thi®ccurs bycoordination
of compounds having norbinding electron pair (here referred tolase paij, e.g.anions or
chelating compleas Lewis bases or bridging groups between Ti atdffts-°!
The tendency to form the previously mentioaeductsncreases with increasing Lesdcidity
of the Ti center. This in turn can behievedy increasinghe electronegativity of the ligands.
Chloride ions, for example, possess a lone pair and can act as Lewihhs&le ions
additionally coordinated to the Ti atom or replacing an alkyl ligkadis to an increase of the
Lewis acidity of the Ti aton®!
The reactivity of the alkoxide is therefore dependent on the first mentnoperties e.g.
electronegativity of the central metal atom. The electronegativity of the central metal atom
decreases fosopropoxides as follow$§% 101

Si(OPry>Sn(AQPrp>V (OiPry>Ti(OiPri>Mo(OiPrk>Zr(OiPrk>Ce(QPr)
With decreasing electronegativity of the metal atehe difference to the electronegative
oxygen gets larger, leading to more polar and therefore more reactive species. This makes
Zr(OiPry more sensitive for nucleophilic attack during the hydrolysistiea [0 |t is
therefore requiretb introduce catalysts for som#éaxy precursors to increase the reactivity,
whereas other alkoxy precursors are combined with larger complexing agents or other synthesis
parameters to reduce the reactivéyg.d i o idiketonakes, carboxylic acids, amines, or other
organic groups Complexing agents can also influence to condensation reacetiah
crosslinking reactios) due to the sizandconformation of the complexing ligand$!
The solgel reactions a twastep process in which a sol is prepared by molecular precursors.
For the synthesis.g.metal alkoxides are added into a solveatalystwater mixture, which
react in a hydrolysis and condensation rieacforming a wet gel*®l Alkoxides are very

sensitve to humidity and can hydrolyze partially in &tt!

OR ?R
| .
RO—'Il'i—OR + H,O\H —_— RO—IID;OH + R-OH

Figure2.3-2: Hydrolysis of T(OR)x with waterand formation off i-OH bonds.
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In a first step Figure2.3-2) the alkoxideM(OR), (M=metal oxide, O=oxygerR=alkyl group
z=valency of metalyeacts with water formind@i-OH bonds.This occursby a nucleophilic
attack of water to the Ti atom, showm the reaabn mechanism (1) ikigure 2.3-3. This is due

to the Lewis acidity of Tiln step (2) of the reaction mechanism an unstable intermediate is
formedby an intramolecular proton transfer from water to the alkyl ligand. The protonated
alkyl ligand is eliminated as an alcohol (3). Dependentthe amount of water, thisasion
happengartially orto all alkyl ligands leading to fully hydrolyzed prodsiof Ti(OR)4.x(OH)x
andTi(OH)a. 1102,

However, condensation reacti@mtcurs simultaneously to the hydrolysis reacti@nthout

catalyst Thereforethe rate of hydrolysis can be modified by adding catalysts or complexing
agents. The hydrolysis and condensation reaction rate are dependent on the synthesis
temperature, type of alkoxide and concentration, used solvent, amount of water and amount and
type of catalyse.g.anacid. These synthesis parameters influence the final getsteandis

later discussed in chapt213.4

/OR _/OR R /OR
H-OH + RO—Ti—OR RO—Ti—OR Ro—ﬂ:OR
“OR )t SoR |1 Sor

H—OH H OH

U

(1) 2) (3)

_/OR

ROH + HO—T|<-0R

OR

(4)

Figure2.3-3: (1) Nucleophilic attack of wateto Ti(OR} and substitution reactior{2)
Intermediate is formed by an intramolecular proton transfer from water-
alkyl ligand (3) The protonated alkyl ligahis eliminated as an alcohd#)
Partidly or fully hydrolyzed products of TOR)ax(OH)x and Ti(OH}, 7]
Reproduceavith permission from Springer Nature
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The reaction can be aeidr base catalyzed, varying the pH value, which has an impact on the
hydrolysis and condensation reaction rathe hydrolysis reaction can lmatalyzed using
inorganic acids€.g. HNOs, HCI), organic acidse(g.acetic acid) or baseklsing bases, the
hydrolysis and condensation reactmeturssimultaneouslyThis is due to the reduced acidic
character of the Ti atom during the nucleophiliditidn which includes the first step of the
condensation reaction. When using inorganic acids, only the hydrolysis reaction rate is
increased independently from the condensation reaction, whereas organic acids reduce the
hydrolysis and condensation reagtidue to the formation of chelating complexé&®: 1031 At

low pHvaluethe hydrolysis reactiorsicatalyzed by the acidic conditions, leading to an increase

of the partial positive charge of the OR group attached to the Ti atom, as it is protonated. The
OR group is released while the OH group attaches to the metal ion, due to repulsive forces
betweenthe positively charged titanium metal ion. Acid also decreases the condensation
reaction rate, due to decreased interastafrprotonated specieS!

After hydrolysis the OH groups condense formiimnged Ti-O-Ti by oxolation Figure2.3-4)

and alcoxolationKigure 2.3-5) reactionsWater and lohol are released during the reaction
respectively®’

Dependent on the reaction conditions mentioned above, different material structures can be
obtained, so that the sgél process can be ustasynthesize nanoparticles by precipitation,
colloidal particles and gel§°¥ The pH value has been reported in literature to influence the
structure. This is due to the increased or decreased rates of the hydrolysis and condensation
reactions leading to défent rate of particle growth. This effect was reported independent of

the type of alkoxide precursdéf®!

oA oR OR OR
RO—TI-OH + HO-T—OR RO—T-0-T—OR + nOn
R OR OR OR

Figure2.3-4: Formation of T4O-Ti bondsby oxolationwith release of water

OR OR |OR ?F{
RO —Ti-O-Ti—OR + R-OH

| |
RO—Ti—OR + HO—'Il'i—OR
(|)R OR OR OR

Figure2.3-5: Formation of TiO-Ti bondsby alcoxolationwith release of an alcohol

17



State of the Art

At pH value of7 or without addition of acid or base during the reaction, Ti($8cts strongly

with water producing titania hydroxides and hydrous oxide precipitétes.

Also, at basic conditions the condensation reaction is increased leading to precipit&iopn of
nanoparticles. At low pH value the particle formation was reported to be very slow. The
hydrolysis reaction is catalyzed under acidonditions and the condensation reaction slowed
down due to protonation of OH groups of Ti atom. Transparent gels can be formed under acidic
conditions. Also, protonated clusters with positive surface charges prevents aggregation
because of repulsion foes. At very low pH values it was reported that only sols can be formed,
due to very slow condensation reaction, so that clusters cannot condense t{dethkas

been reported that the type of titanium precursor also has an impact on the formed structure
during synthesis. This can be traced back topfexiously formed clusters which serve as
building blocks for structures. As described before, these clusters can have different sizes, steric
hindrance and reactivity dependent on the alkyl groups at the Ti atom.

Also, in the case of complexing ligandbe number of OR groups is crucial for crosslinking

and forming a gel. With fewer OR groups, there are less sites for the hydrolysis reaction and
further condensation reaction forming a gdto, a minimum quantity of watethreeH.O per

TTIP molecule) o hydrolysis level is required to fim an interconnected networR®: 1991
However, complexing ligands can influence the condensation path, that can be advantageous,
and might support the formation of different calBhe phases and control the arrangement of
TiOs octahedra®™ However, aerogels are mainly amorphous or show very few cryasatsey

are synthesized using the gl process at low temperatufé.*1 7 &IThe typical high solvent
content used in the sgkel synthesis to produce aerogels, prevents aggregation of small
particles. Eeric and electrostatic interactions also separate these particles. The solvent can be

considered as isolating organic layer on the metal SUf&cé!

234 I nfl u®nicfe&SpoinhiPFa s aasne tFe nAelrgest r uct ur e

There are several parametargisolgel synthesis steps, which influence the properties of the
final aerogel. These steps include: synthesis/forming the wet gel; aging process; drying process;
and postreatmentsParameters during synthese.g.amount of water, type and amount of
solvent, pHvalug as well as postynthesis parameters,g. calcination temperature and
duration, have been studied previousiyich are described in this chapt€éhese parameters

have an impact on physicaigpertiese.g.the specific surface arearystallinity, particle sizes

and the photocatalytic activity highly depends on the physical properties.
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Regarding the first steqf the solgel synthesis proceduyrihe gel formation, the water content,
solvent acidand precursor concentration play a major role. The water content can be equated
with the hydrolysis level. A high hydrolysis level is required for further condensation to form
a 3D network. Higher amounts of waterthe reaction mixturkead to stald gels(TTIP:H2O
1:7.35), whereas low precursavater ratios lead to unstable g€lTIP:H.O 1:3.75) which
dissolve Sadrieyelet al. investigated the precursesater ratio for the acidatalyzedsynthesis

of TiO2 aerogel based ofTIP precursor using HNOs and EtOH (TTIP:EtOH:HNG::H20
1:21:0.08:3.759). They showed that the specific surface area increases proportional with the
amount of waterSurface areas of 436 655 ntig’ of the TiQ: aerogels could be achieved.
The pore volume (0.58 2.25cn’ig?t) and pore size distribution (4t8 14.1 nm) were found

to be independent from the water amount. Also the gelation time was affected by the water
content, which was faster with higher water amoi#itThis can be explained pordination

of water to the precursor, due to excessive water at some ,pl@atsng toan increased
reactivity. 2% Higher surface areas with higher water and solvent amount were also found by
Baiaet al ?® Similar values for the surface aneere found elsewherg> 8!

The type of solvent and acidic catalyst used in the synthesis playnalspartantrole for the

final aerogel structure. Boujday al investigated the effect of typically used acids, HN6d

HCI, on the physica&hemical properties of Tiaerogels, as well as the impact of different
solvents(precursorsolventHNOs:H-O 1:11(EtOH)/18{PrOH):0.08:23). They found that the
aerogelssynthesizedvith hydrochloricacid andiPrOH showed higher specific surface areas
and pore volumes compared to the aerogpaishesizedvith HNOs and EtOH. 110

The type of solvent and additionakfactants might play a role to achieve crystalline aerogels.
Most TiO, aerogel are synthesized usiatH or iPrOH, that lead to amorphous aerogés.

79 10 Nju et al synthesized crystalline TiCaerogels usg cetyltrimethylamoniumbromid
(CTAB) and acetonitrile as solvent. The crystallinity was probably improved by usage of
acetonitrile and the CTAB surfactant, which has alsénapact on the pore sizé! It was
reported elsewhere, that different solvents might influence the crystallinity efebol
synthesizedliO2 nanoparticle. *2 However, the degree of crystallinity of these aerogels is
rarely determinedSurface areas up to 25Mm#ig* were found!*!! The usage of surfactants
such as CTAB can help to increase the surface &tea'¥ Other synthesis parameter such as
ultrarsonic assistance or stirring speed might also have an impact on the reaction rates and

therefore influences the aerogel structi¥el®®
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Thetype and amount of precursor influences the pore diameter and surface area. Beabario
found that the specific surface areat(919 %) and pore volume (16 20 %) decreases
significantly with increasing precursor concentration. The precursor hgdoll impact on
the size of the mesopores, which slightly decrease with increasing precursor concehtration.
However, the type of precursor showed to have an impact on the pore size. Dagteliene
synthesizedthe TiQ» aerogels using different types of Ti alkoxide precurgprecursor
EtOH:HNGs:H20 121:0.08:7.3% They found micreand mesoporous amorphous structures
with pore sizes between (Bd17 nm, with larger pore diameters fOFIP compared ta TBT
(titantetrabutoxidg, indicating the impact of nature of alkoxy groups at the precuansdhe

kinetics of hydrolysis and condensation reacti¢h.

Besides the direct synthesis parameter, the gel structure can be influenttesl dBcond
synthesis step, thegingof the gel.The aging step is important to strengthen the gel structure.
Different aging times from several hsuto more than 40 days were reportétf: 7 88l
Donelieneet al synthesizedhe impact of aging on Tifaerogels and reported that aging for
threedays at 40°C of the aerogels led to an increasepofe diameter®! Choi et al also
reportedthatthepore size and pore volume depends on the agingfithdowever, the choice

of solventduring aginghas also an impact on the stability of the gels. Gels which were aged in
EtOH were found taedissolve due to syneresis effect and Ostwaldmipgduring aging "

Also shrinkage of the gels was reported during adth.

After aging the gels are dried in a specific way. There are different drying methyguoisally
aerogels are supercritically dried in €@ achiee high surface areas and retain the porous
structure[® This is required for receiving mesoporous structures, exhibiting pore sizes of 15
to 50 nm and tgrevent these pores to collap88. This leads to a 3D nanostructure which is
generally amorphous, that is disadvantageous for photocataltityac ¢! but exhibits very
high surface areas, comparedtwedimensional {D) or two-dimensional 2D) materials 2!
Supercritical drying can also be performedupercriticalsc)solvent,e.g.EtOHor iPrOH, at

high temperatureand pressuse(scEtOH &5 °C, 60to 110 bar saPrOH 300 °C, 100 bar)
This leads to higher crystallinityut also to collapse of the aerogel structure, due to the high
temperature?® 50 87. 1171 This in turn leads to a drastlecrease of the specific surface aféh.
Boujdayet al compared supercritically dri¢oh COy) aerogels \ith xerogels which were dried

at ambient conditions and found that the specific surface area was much higher for the aerogel
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and showed a densely packed microstructure for the xerdf®lMoussaouiet al also
compared supercritically drie@ iPrOH) aerogelswith xerogels, which were ovedried at
200°C. They found anatase and brookite in the edeed sample, whereas in other
supercritical drying technigues only anatase was found. The specific surface area was found to
be higher for thexerogel compared to the aerogel, which was supercritically dried at high
temperature*® Qinggeet al used acuum drying at 60C for 24 loursto receive aerogels

with surface areas up to 563r7ig™? but very low pore volumes of 0.42 éigy®. (86!

Generally, aerogels are amorphous after supercritical drying and require a pastdipant

to achieve crystalline phaség: 7 110A postheattreatmentapplied to the aerogels leatb
sintering and a decrease in surface afggically, aerogels are calcined between z0@
600°C for several hours. Only anatase is observed in that temperaturé??afigé!However,

the specific surfaz area of the agrepared aerogel decreasdrasticallye.g.from 655m?ig*

to 132m?ig? while the average pore diameter increaseg. from 9.1 nm to 14.9 nm’®
Boujdayet al compared the Ti@aerogel crystallinity and crystal structure before and after
calcination at 45@o0 550 °C. They found that all samples exhibit the anatase crystal structure
after calcination but the specific surface area deeckanhile the crystallite size increasétf!

The aerogels can have different appearance after synthesis andBeymayde<t al reported

that an increased hydrolysis and condensation reaction rate can be adbyewedteasing
polarity anddielectric constantf the solventThis in turn prevents particle growth resulting in
high specific surface areas and high transparency of the aerogel. They reported that the usage
of water as solvent leads to more transparent aerogels comp&@Hd?* 84 Also the bulk
density and particle size are crucial to achieve transparent aerddeds.usage of
2-methoxyethanol and-@thoxyethanol showed higher transparent aerogel samples compared
to iPrOH, due b less agglomeratiof®!
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Approaches

241 Photocatal ysi s

Photocatalytic processes can be described by the irradiation of diffierztetrials e.qg.
semiconductors byV or visible (vis) light, generating electrons and holes that can be further
used for different processd§.'d These include for example, pollutant degradation from gas
or liquid phasel?® 119 12%conversion of solar energy into chemical reactions or transformations
such ad42 generation 8 121 122IGenerally, semiconductors are used as photocatalysts, due to
their electronic structurévietal oxides such as T Zn0O 2% Fe,05 124 or WO; 121 are
typical candidatesis photocatalysts, which can be further doped with different elements to alter

the electronic structure.

Semiconductors have an empty region, called band gap, betveegifethvalence band (VB)
and the vacant conduction band (CB). In this region are no accessible energyewelger,
the charge carrisrcan overcome this band gap by energy absorptioadpyight or elevated
temperaturesAlso, the positionand widh of band gags characteristic for a semiconductor,
that will be explained in chapt@r4.2 When a emiconductois irradiated by a photon of
energyhiv that equals or surpasses the bgag energy (B an excited electron (€S ) moves
from the VB to the CB, leaving a hole*(& ) behind(1). Theseelectrorhole pairs can react
with electron donorsr acceptors on the surface of the semicondu@gerecombine 8) or be
trapped in the surface states of the matedall{ '8 Thesefour different steps are shown in
Figure2.4-1.

The photocatalytic hydrogen evolution reaction is one of the typical apphisaif metal oxide
catalysts. The reaction requires a CB whikmore negative than the reduction potential for
hydrogen production HH2 of 0V. Then photogenerated electrons can react forming hydrogen.
For the oxygen half reaction, tM& mustbemore msitive thartheoxidation potential @H>0

of 1.23V. 125 The two half reactions are as follows:

26 +2H'Y 22H 0 =0V Eq. 1
2+ H0Y | 0 2H* 0 =123V Eq. 2
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4H*
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4H* + O,

Figure2.4-1: 3D aerogel structure with scheme dfgbocatalytic processes includir
electronhole pair generation (1), migration of charge carriers to the su
for further reactions (2), recombination of chaogeriers (3) or trapping o
charge carriers in the surface states of the material (4).

For comparison, another photocatalytic reaction is the photocatapeddiction to ammonia.
Thisreactioncan also be divided in two half reactions requiring cenpaisitions of th&/B and
CB. [125]

3H200 ¥ 1.50zg+6H @y +6¢€ 0 =123V Eq. 3
N2+ 8 H @5+ 6 €Y 2NHs' g 0 =0.274V Eq.4

Theband gamf TiO2 is generlly suitablefor photocataltic hydrogen generatigas shown in
Figure 2.4-2. However, TiQ possessea large overpotential on the surfafog hydrogen
evolution why TiO; needs to be modifieé.g. by metal nanoparticles to genh active

photocatalysti*?°!
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Figure2.4-2: CB (1) and VB (2) ofliO2 and oxidatim/reduction potential for Hand NH
generation. Standard electrode potentials avalde of0. 129

The problem of photogenerated electron and holes is the short life time. Photogenerated
electronhole pairs recombmbefore they can migrate and react at reactive sites on the surface.
So, the aim is to increase the charge separation and inhibit the recombination of charge carriers.
This can be achieved leyg.surface defect statesloand gafstatesvhere the electits or holes

are trapped. Also, different material combinations can improve the charge sepHratfott”

128 This will be further discussed in chapged.2

242 Requi r am$rtast fedyte e@xli -8es ehdot ocat al yst

There are several requirements and properties of metal-bagksl photocatalytic materials.
Generally, as described in chafet.1the electrorg structure of the material is very important
and crucial fore.g. hydrogen evolutionThe electronic structure including tip@sition and
width of band gaps characteristic for a semiconductor. This depends ooryfs¢al structure,
particle size and miostructureof a materiall” *?®!In Figure2.4-3 the band gaps of different

materials are shown.

Thepositionof the CB is important for the ability to generate hydrogen. Also, the width of the
band gap is important, how much eneigjyequired to generate electron hole pairs. A material
with a narrow band gap can absorb longwave light, which is initherge.Materials with

large band gaps can only absorb in the UV range.
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Figure2.4-3: Band gaps andositionsof VB and CBof different material§GO [12% SnQ
[130] V205 [120] TIOz [118] ZrO; [131] MoS, [132] WOs3 [118, 133)_

For exampleTiO, anatasevith a band gap of 3.2 eV can absorb light of 390 nm, whereag WO
and FeOs with aband gawf 2.6 eV and 2.1 eV, can absorb light in the wavelengths of 480 nm
and 590 nm respectively. That means #rattaséor example can only absoapprox.3to 4 %

of the sola light. 134 Different TiO, polymorphs exhibit different band gapEO, amatase
showed higher photocatalytic activity compared to rutile, although, rutile exhibits a narrower
band gapof 3.0 eV compared to anatase of 3.2 eV. A narrower bapdirgaeases the
absorption ability of light; however, the specific surface area and surface adsorption capacity is
lower due to larger grain sizes in rutile compared to anatase. tAlsdjigh photocatalytic
activity of anatasean be explained by thmndgapstructure which is directly associated with

the crystal structure. Anatase has an indirect bandnhgagntrast tautile and brookitewhich

have a diredband gapThis leads to longer lifetimes of photoexcited charge cainersatase

Also, themigration rates of photogenerated charge carriers to the surface are indrédsed.
TiO2 with high masdractionof brookite has been reported to be very difficult to synthesize but
becamemore attractive in the last years, due to its photocatalytic performance.-gelsol
synthesis brookite sometimes appeadyproduct. Théband gamf brookite ranges from 3.1

to 3.4 eV.B4 Also, theband gapwidth depends on the size of the material particles. The band
gap decreases with decseay nanoparticle siz&3¢ Materials with different oxidation states

of the metal ion iad defectrich structures can also alter th@nd gap!*>®! The polymorphs also
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differ in their ability to trap electrons and holes in defect sites and influence the recombination
rate.This trapping in defect sites is relatedmid-gap states, which differ for each phd$€!

The midgap states are located below BB and have the effect to increasiee lifetime of
electronhole pairs, howevethey can also reduce the aetivity of the charge carriers,
dependent on the depth of the ngigp states. Ibrookite thepositionand depth of the midap

states are advantageous to trap electrons and increase the lifetime of holes compared to anatase
or rutile. 128l

Defect states in Tigxan be achieved by calcination in reducing atmospigrel> or inert gas
atmosphere Ar, Nor vacuum. This leads to black TiOThe black color is related to the
formation of defective Ti@y, by Ti¥*/oxygen vacancies and disorderthe crystal structure,

which is favorable for photocatalysi$®”! Ti%* is generally not present in white TiG™8 A
narrowerband gap was reported for bkaiO,. %7 Also, crystalline/amorphous mshell
structures were observed for black TiOhe black color was therefore related to the amorphous
outer disordered layer on the surfa¢e®’ % The band gap varieslso for different
morphologiesFor MoS; bulk materialthe band gaps 1.2 e\ whereas foMoS; single layer

it is 1.8 eV.[*32 With material @mbinationse.g. TiO2 or SNQ with MoS; a smalletband gap

can be achieved*®

There areseveral strategies to develop metal oxvdsed materials for photocatalysis. The main
goal is to improve the charge separation and migration of the charge carriers to the reactive
sites at the surface without recombination. So, the lifetime of the cbargers should be
increased, but at the same time charge carrier mobility is required, so that generated charge
carriers can migrate to reactive sités-*°!

One approach is to improve the charge separatiamdating heterojunction3he principle is
shownin Figure2.4-4 for a type Il, pn heterojunction. The electron separation process is caused
by electron transfer from the C& semiconductor 1 to the CB of semiconductor 2. The
photogenerated holes are transferred from VB of semiconductor 2 to VB of semiconductor 1.
The electrons are accumulated in semiconductor 2 whereas the holes are accumulated in
semiconductor 1, that maki impossible for these charge carrisvgecombineThis requires
differences in thevidth of the band gamas well asn the position of the CB and VB. If the CB

of semiconductor 2 is lower compared to semiconductor 1, no electrons can be trarederred,
more energy would be required. Also, if the CB of semiconductor 2 is higher, allowing the
electrons transfer, the VB of semiconductor 2 must not be lower, otherwise recombination can

OCcCur
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Energy (eV)
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Semiconductor 1

Semiconductor 2

Figure2.4-4: Two particles o8D aerogel structureith the scheme ofeparation of
photogenerated charge carriers in peterojuction. A=Acceptor,
D=Donator.

The interface of semiconductor particles 1 and 2 must beealsso that electrons ahdles
can be transferred by diffusioff. This improves the overall photocatalytic efficiency due to
the facilitated charge separation. Examples are-BD: heterojunction®r TiO, 1 anatag-

rutile heterojunctiong®® 141 1421

Another approach is to ipnove the photoabsorptioAs explainedearlier, thepositionand
width of theband gapletermines how much energy is required to generate eldudterpairs
Also, asuitablepositionof the CB is required for hydrogen generatidhe electronic structer

can therefore be altered by introducing a new energy level produced aridegapof
semiconductor by dispersion of dopant atoms (catiéhgbisition or anion & position) in the
crystal structure. For example, transition metalg. Mo, V) can be sed,which narrow the
band gapThis difts theabsorbedvavelengthgrom the UV to the visangedue to theeducel
value ofband gapas shown irFigure2.4-6. " °* 3% Thereoccursa charge transfer between
the d electron of the 32p groups by the new created electron state. This enhances the electron
trapping and chargecarrier separationcapability and nhibits the recombinatiorof charge
carriers [l Other examples are N, C or S anionic doping at the@siion. 143 44 Scan also

be used for cationic doping at the*Tposition. This leads to an impurity state near the VB
edge.Also, doping with normetal materials, such as C, B, I, F and P, introduces structural

defects, which alter the metal oxidband gapresulting in high visible light absorptiof?*3 1441
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Figure2.4-6: a)General modification of band structure by introducing new energy lev
for the examples of b) SrMo0S, doping and c) Ti@carbon doping.

Another approach is to construct reactive sites at the surface by additioeaihiest such as
noble metal nanoparticle¥his can retard the recombination of charge carriers and enhance
surface reaction ratey iorming a Schottky junain. A Schottky junction can be explained by

a potential energy barrier for electrgnghichis formed at a metademiconductor junction.
Electrons are transferred to the metal from the semiconductor. This continues uiatifvihe
levels(EF) are alignedleading to deformation of the band structdriee electrons accumulate

on the metal surfa@nd are not able to migrate back to the semiconduidtcs is demonstrated

in Figure2.4-5. Also, noble metal nanoparticlenable lighabsorption in th&V-vis rangeby
localized surface plasmon resonance (LSHRis approach is not further described, as it is not

Energy (eV)

-

Metal co-catalyst

D* Semiconductor

4

Figure2.4-5: Formation of Schottky junction between metahoparticle and
semiconductor A=Acceptor, D=Donator.
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topic of the dissertation and resulEsxamplesof noble metal nanoparticles which have been
used ago-catalystsare Ag, Ay Pt, Rh, Pd®* 1451471

Besides the electronic structure of the materials the physical properties are very important. The
morphology of particles or interconnected architectures influence seveparpessud as the
specific surface area, porosity and surface chemit#y.

There are different kind of morphologiesg.spheres or nanoparticles which are described as
zero-dimensional QD) materials which exhibit high surface areas. Nanowires, rod§lmrs

such as carbon nanotubes are described as 1D nanomaterials, which exhibit high light
scatterings propertieB*® 14°1GO sheets are described as 2D nanomaterials which exhibit high
adhesion propertie&>% Aerogels exhibit an interconnected architecture andleseribed as

3D materials*48 151 182IThey exhibit highchargecarrier mobility and high surface are.

high specific surface area of the catalytic active material is important for the efficient adsorption
of reactants. The specific surface area is directly associated with the partidlé%ixasmaller

particle size igavoreddue to the higher specific surface amiso, UV light has a penetration

depth of approx. 160 nm, thus the particles size should be below thisfvahie.

Regarding the surface chemistry of the nanostructures, the number and kind of surface defects
is crucial and determines the chemical reactivity and thus the photocatalytic poBsefeats

in photocatalytic materia influence theslectronicstructureand charge carrier migrati@nd
consequentlyhe photocatalytic activity. Defects can be classified according to their logation

the materiglif they appear in the bulk (bulk defects) or on the surface (surfagetsldDefects

can act arecombination centers and decrease the photocatalytic activity, but also trap charge
carriers for improved electremole separatiori*>* 51 These most found defects in Ti@re
e.g.oxygen vacancieand thus unpaired electrons irtTivhich introduce new discrete energy
levels below the CB, the smlled midggp states [12% 145 156lwhich shift the range of
wavelengths of which light is abdmd.This leads to a shift of the light absorpti@alcination

of the materialst elevated temperatures and different atmospleenredead to an increased
number of bulk or surface defect$* %1 Highly defective black TiQ was reported in
literature. The high number of defects were produced by calcination at different drggen
atmospheresi*?” 1371 resulting ina more narrow band g&” It was also reported that
photoexcited charge carriers can be trapped and stored at the surface of the materials with the
formation of T?* states. Thsecharge carriers can be in turn used for furtieactions!*>”: 15!

Also, a porous structure of the mategah improve the charge carrier separation by decreasing
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the migration distance of photogenerated charge carriers and increase the catalyticyreactivit
due to highly reactive environment@f.especially active crystal facet&!

For interconnected architectsrguch as aerogelthe porosity is also an important factor. The
higher the porosity of the materi#the more reactive sites are accessible at the surface which
increase the photocatalytic adty. Also, the reflection of light is increased and therefore the
quantum vyield can be increased due to selective absorption of thefight® 1¢%A higher
efficiency for the separation of photogeneratedteorthole pairs was reported due to a higher

excitedstate density in the aeroggf?

Finally, the crystallinity and the crystal structure play an important role for photocatalysis. In
comparisond amorphous structures, crystal phases have different electronic structures (band
gaps) dependent on the exposed crystal facets which lead to different photocatalytic
activities.[*% 1621 Amorphous materials exbit a wide band gap, large disorder and defects,
originating from impurities, which cause unwanted electronic states. Toalled tail states
located at thé/B and CBedge are present in amorphous materials compared to crystalline
materials.This is caued by disorderge.g. different bond angles a discrepant number of
coordination of Ti and O atom&% 64 Thjs |eadgo adecreased ability of charge carriers to
migrate to the surface anthus promote the recombination of charge carriefhe
photocatalytic activity was reported in literature to increase with decreasing amorphous content.
This can be explained by lesbarge carrier mobility in amorphous parts of the material and
thus insulating parts, whidavorthe recombination of photogenerated holes and electtds.
Small nanocrystals of the rutile phase showed similar photocatalytic activity compared to
similar sized artase nanocrystal88 The crystalline phase promotes photocatalysis while the
specific surface area is responsible for the catalysisopatie surface of the materialfs°!

Both parameters are crucial for photocatalylsut crystallinity seems to be more important for
efficient electrorhole pair generation? ¥ The crystallinity ofe.g. TiO, increases with
calcination at temperatures above 3@) so that the amorphousrdent can be reduced. A
higher crystallinity increases the mobility of charge carriers as mentioned above, but increases
also the probability of the recombination of charge carriers, if they are not efficiently separated.
However, the specific surface aredecreases due to sintering and crystallization with
calcination of the material. This leads to smaller adsorption area for the reactants in
photocatalytic reaction&33!
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243 Phot otc AdtaiMeyé e f ioHylds oGeerrer at i on

Many materialsmetal oxides and composites have been tested for hydrogen eva@uaoton
photocataltic processeshe examples shown in this chapter are not limited on aerogels due
to the loose definition of aerogels. Basically, m@®mising nanomaterials based on F&de
described.TiO2, as the most prominent photocatalystchibits a high photostability and is
chemically inert. It is a commonly used semiconductor in heterogeneous photocatalysis but
exhibits a wide band gald! TiO, anatase has been reportethé more photocatalytically active
compared to rutile. However, rutile exhibits a narroband gapcompared to anatasé®®!
Brookitebecame more attractive over the last years due itaéisesting and special electronic
properties.3* 169 Titania nanostructures andragels have been tested for photocatalytic
hydrogen evolution and showed higher hydrogen evolution rates compared to nanocrystals
prepared by hydrothermal method or P25 Jlin@nogrticles (Degussa)Also, the addition of
co-catalysts such as FtO aerogel had been investigated, which increased again the hydrogen
evolution compared to pure aerodéil Other materials based on titania have been tested for
photocatalytic performances.g. material composites with carbamng. TiO2-0n-C3Ng 249
TiO2/GO 188 or TiO2/carbon spherogel¥”l. Mixed titanium oxides Ti@Ti20s [*68 andTiO>

in combination with other metal oxidesy.SnQ-TiO2 canincrease the photocatalytic catalytic
activity. [ Additionally co-catalystse g. CuO/CleO and CoO*%*171 or Rh-loaded TiQ 4%

were used in the literature for photocatalysts. £&0Q0s/VO2 and Mo$S are also common
oxides to boost the photocatalytic efficieng§.172174l

SnQGis besides Ti@a high pdential material for photocatalysis. It has been extensively studied
and offers many advantages such as chemical stabititytoxic propertiesas well as good
physical and chemical properties, similar to ZiBowever, Sn@exhibit also a widéand gap

and can therefore only absorb UV light%&of solar light).*”% Despite the largband gap

Sn(G can formheterojunctionsvith TiO2 and thus improve the sepéion of charge carriers for
enhanced charge carrifietime and photocatalytic activity®® %71 Also, TiO, exhibits a very

low electrical conductivity. In combination thi SnQ the electrical conductivity coulfe
increased to improve the charge carrier mobilit§! Sasikalzet al investigated Sngon TiO;
nanoparticles for photocatalytic hydrogen evolution. They observed that the mixed oxides
absorb visible light which is due to defects, such as oxygen vacanciedbanthgamf TiO-.

They suggested the mechanism, that the photoexcited electrons.ahifjate to theCB of

SnG (0 eV), as it ismore positivecompared to Ti@(-0.5 eV), even though théand gaps
broader compared to T¥OThis leads to a better charge separaand lower recombination
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rate. However, the photocatalytitydrogen evolutiorof mixed SnG-TiO2 decreased with
increasing Snecontent. This was explained by Sasiketaal because of Snihanoparticle
aggregation instead of a fine dispersion of Srfarticles on TiQ The synthesized
nanoparticles exhibited surface areas of approx. 16@*mand pore volume approx.

0.5 cnrig?. ¥ GuerrereAraqueet al investigated Sn@TiO, nanostretures based on the
hydrolysis ofTTIP andSnG nanoparticles (Sn£TriO2 molar ratios (01:99, 03:97, 06:94, 12:88
and 20:80). The nanostructures were synthesized by adding 6 mpl#vadusly synthesized
SnQ nanoparticles to a solution ®f IP dilutedwith iPrOHin a 1:4 molar ratio under vigorous
stirring, then calcined at 43C for three hour#n air. They reported an improved photocatalytic
activity and hydrogen evolution due to the direct contact of the both oxides leading to a better
charge separan due to energetic states at the S interface. This was explained by the
tetragonal crystal structure of Spé@nd TiQ which offers great compatibility. Also the band
gap positions fit well for improved charge separatid®?! High photocatalytic or
photoelectrocatalytiactivity of TiO2-SnG: nanostructures have been reported elsewkére.

141, 177180]

Metal sulfidese.g.Mo$; exhibits advantageous properties such as a ndvao gagand high
electrical conductivity. Due to its laysat structure it offers high surface areas and was reported
to absorb visible light for photocatalytic hydrogen productidi.*8?Similar effects has been
reported for Sns 183 A high photocatalytic activity was reported for Mo&ecorated TiQ
materials or Sn® Liu et al investigated single or felayer MoS nanosheets rooting into
TiO2. They found that the edges of Ma&nosheets are highly active for hydrogen evolution
and need to be exposed for high efficiency. They also stated that highly porous materials such
as nanofibers are advantageous due to the large contact and consequently better charge transfer
as well adetter exposition of MoSedge sites. The Me@Si02 showed an increasetructural
stability and durabilityt*®* Zhanget al. investigated muliayered MoSon Ti foil. They found

that MoS exhibits a highhydrogenevolution rate when irradiated under vishligThey also
stated that the use8D meshlike Mo, nanostructures are beneficial for high photocatalytic
activity. '8 Changet al investigated MoSon-SnQ: coreshell submicrospheres in a two

step hydrothermal process usitig(IV) chloride as precursor. They assumed the improved
photocatalytic activity in the vis range due to the better surface to volume ratio of the
MoS-SnQ microspheres and the better charge separdtfShSimilar results were reported

by Singhet al 871 Similar photocatalytic or photoelectrocatalytaztivity of TiO2/MoS;

nanostructurebave been reportegisewherel!8: 189
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TiO2-carbon material composites afavorable for photocatalysis, due to the increased
electrical conductivity, similarly to MaoS This improves the ability of charge carriers to
migrate to the surface area to reactwatisorbents. Also, carbon can replace oxygen in the
crystal structure of Ti@and thus introduce a new energy level aboveMBein the band
structure. This helps to absorb more light in ti®range.[” *°° Wang et al. investigated
TiO2/Graphene aerogels and reported a modified band gap, dependent on the nanostructures
andthe interfacial region between #enanostructures$t® TorresRodriguezet al. combined

the synthesis of RF Wi  watersoluble titania synthesis based on
titanium(lV) bisammoniumlactate. After carbonization the obtained aerogel was
microporous with encapsulated titania, which showed improved photocatalytic activity, due to
the carborshell structure.2®”l Mallikarjuna et al synthesized carbondoped Sn@
nanostructures based on tin chloride and urea, which absorb lighwis thege. The presence

of carbon in the crystal structure of Snl@ads to new energy levels above Y& of SnQ.
Theband gap is narrower and is therefore able to absorb nsdight, dueto the GSn bonds.

Also, the charge separation is supported by the additional energy levels, capturing the holes
from the SN@VB. This enhances the photocatalytic activs

Vanadium oxide(V20s) belongs to the promising materials itaprove the photocatalytic
activity. V°* (ionic radius 0.063 nnmjan be introduced to TiTi** ionic radius 0.68 nmjue

to the similar ionic radiusThis makes it possible to shift the absorption from UWi®

light. 124 1921 Also an increased electrical conductivity was reported fatoged TiQ. 4
Mkhalid etal. investigated3 % V20si TiO2> nanocomposé which showed anincreased
photocatalytic activity compared to PZbBO.. This was related to the formation of
heterojunctios between ¥Os and TiQ. 74 Saidharanet al developed YOsi TiO;
nanoparticles on GO with lower electrbnle pair recombination probabilityhich increasd

the migration rates of charge carriers. Agglomeration was identified as problem of
nanoparticles, so that active sites are irasible. GO waghereforeapplied to prevent
agglomeration?4 Aerogels could solve this problem, due to the high porosity. Beatigér
reported that the age of vanadium as dopant could effectively stabilize the anatase crystals
and prevented the crystal growth which occurs typically during sintering and calcination.
Vanadium showed to increase the specific surface area of d@bgels after calcination in

reducing atmospher&#
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244 Advamsapn@esadvsorhreageg ¢h et asat al yst s

Aerogels exhibit several advantader photocatalytic processeThe mesoporous structure of
the aerogels offers a coherent network, which is advantageous in photocatalytic applications,
due to the efficient absorption of lighierogels exhibitvery goodlight scattering properties
due to internal multiple reflectis. This means thathe incident light is reflected internally
achieving a high exploitation of the light, as the transmission of UV light is only approx.
160nm, so that inner particles of agglomerated bulk material cannot be re&ctigd>53

Main advantage of TiQ@ aerogels in photocatalytic applicatioms that aerogels do not
agglomeratecompared to Ti@ nanoparticlesso reactive sites are better accessiblee
catalytic active sites atbereforeretained in the 3D nanostructufé: 152

However, aerogels are typically amorphous after drying wifOs, thatmeans that crystalline
phases have to be obtained by subsequenttezdment at temperatures ab@®00 °C or even
high temperature supercritical dryiff§l, accompanied by a strong decrease of porosity and
surface area. A high specific surface area and open porosity of aB@gelsfavor the
adsorption and diffusion of reactants, therefore offers many active sitéseandccessibility

for photocatalytic reaction§113. 1931
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Three types of TiQaerogels were prepared wahacid catalyzed sejel method using TTIP

as precursor based on eitk#OH( s a mp | e s | aiPrOH (damples labglledh SHPOd) )
ormixedsolvenf s amp | e s I-iRA dThé dereerdl syathesisigfocedure is schematically
shown in Figure 3.1-1. The synthesis was modified regarding tleeuivalents of
TTIP:solventacidwater and in the case ofixad solvents, the molar ratio BtOH andiPrOH

was additionally variedThe amount of acid was increadeaim 0.05 to 0.33HCILTTIP molar

ratio for the aerogel samples with increasing numberinggeagmp | es | b el iE@ oas
Additional samplesvere synthesized with an increased amount of acid comparedhtadE1

and increased amount of water compared to the respective samples E4, ESpoaiRMEBES
andiP6 (sampl es | abiXl &Adspluian camtkidng TTdP iro EtOHfwas
prepared under magnetic stirring at 0 “Concentrated hydrochloric aci¢conc. HCI) was
added aftefive minutes. Deionized water was added dropwise to the solution after 20 minutes.
In the case oiPrOH as solvent solution containing TTIP in the half amaiuof totaliPrOH

was prepared. After acid addition, the deionized water was diluted in the other half of total
iPrOHand added to the solution after 20 minutegel formed after few minutes. Gels were
aged forseverdays at 50C andthen washed iPrOH four times The samples were stored in

the lab for several days or weeksfore dryingall the samplesvith CO, at supercritical
conditions (6C°C, 115 bar, flow rate 1® 20 kgh™). All chemicals used for aerogel synthesis
are listed inthe appendixn chapte©.1l Thedetailedsynthesis parameters for the three types

of TiO2 aerogels are listed the appendix in chapt&r2

H,0 Gelatlon 1. Aglng 7d at 50°C _scCO, |
0°C 20 C 2. Solvent exchange

conc. HCITTIP H,O:TTIP
0.05-033 ’ 4-12 }
0 min 5min 20min  20min30s 22— 45 min 1.7d—

Figure3.1-1: Scheme of the generalrghesis procedure for Ti&erogels.

TTIP in solvent
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3.1.2 Cal ci n &etlieocnt e&ti | k-BaDdldedr o ge |l s

The TiQ; aerogel E2 with the largest surface aremas calcined in various conditions
(atmosphere, temperature, holding time), as indidatédble9.2-5. Thecalcination in air was
performed in a Nabertherm P330 furnace withatihg rate of 10Cimin™. The aerogels were
calcinedat300 °C 400 °Cand 500 °GespectivelyTheholding time waswo hours, four hours
and ten houtsThe calcination irvacuumwas performedn a Gero Carbolite GbH Tubular
Pyrolysis Furnace. Vacuummditions were achieved by lowering the pressure tmbar and
flooding the tubular furnace with argon. The evacuation and flushing preessspeated for

a total ofthreetimes.The pressure wasept constant &0 mbarfor the calcinationThe heating
ratewasset to 10 °@nint. The aerogels were calcined at 300 °Ce Tblding time wagwo
hoursand four hours respectively The calcination parameters are listed in the appendix in

chapte©.2 The samples were labelled as folls : 2-afmBspheréemperaturel ur at i on o0 .

32 Synt hews ix¥dda faxli Aeer ogel s
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For SnQ-TiO2gels TTIP and SnTIP were used as precursbms V-0>-TiO2 gels, TTIP and
VOIP were used as precursoiie gelswere prepared viathe previouslydescribedacid
catalyzed sefel method. The synthesis was performed under nitrogen atmosphem@nd-
bottom flask with septunirhe following equivalentef SnTIRTTIP/iPrOHacid/water vere
used:0.05:1:35:011:4.2. Since the SnTIP was already dissolvedPnOH, the amounbf
additionaliPrOH in the synthesis was adapted to keep the total amounvehsobnstantA
solution containing TTIP inPrOH was prepared under magnetic stirring &C0 Then, the

SnTIPwas added using a syrin@feigure3.2-1).

TTIP in EtOH VOIP/SnIP f‘\
N, 0°C

conc HCI Gelation 1-Aging 7d at 5 50°C _scCO;
20°C 2. Solvent exchange

omn  Simin | [ioHA 25min  25mn30s 2245w 1_

Figure3.2-1: Scheme of the generatrghesis procedure SalY,0s-TiO aerogels.
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For V.0>-TiO2 gels the following equivalents of VOIP/TTIiIPfOH/acid/watemwere used:
0.05:1:26:0.11:42. The liquid VOIP precursor was added with a syringe to the reaction mixture
under stirring. No adjustmesrtegarding the solvent were required, since the precursor was not
prediluted and ready to use as liquid. The furthewcpdure @ddition of HClwate) was
performed similarly as thgeneralTiO. aerogelsynthesisin chapter3.1.1 Also the aging
process, solvent exchange and drying proceaassperformed according to the general aerogel

synthesis of this work.

322 Mo STi@n@QOTiBer ogel s

DopedTiO2 aerogls werealso preparedwith MoS; and GO (Figure 3.2-2). The following
equivalents of TTIP/EtOH/acid/water were used: 1:26:0.11:4. The used andWibS, or
GO were 1 at% and 5 a®o with regard to TTIPThe solid MoS, or GOwas dispersed in the
EtOHfor 30 minutes in an ultrasonic baifthe TTIP was added to the MgEtOH or GO/EtOH
dispersion. The further procedure vasoperformed similarlycompared tdhe gemral TiQ

aerogel synthesis in chapted.1

1.  GOMoS; in ElOH

Ultrasemcatlon
30 min

2. TTIPin EIOH!GO{M052

: 1. Aging 7d at 50°C
H,0 Gelation ging

0°C 20°C

scCO, O B
0°C
2. Solvent exchange

Figure3.2-2: Scheme of the generatrghesis procedure GO/MeSi02 aerogels.
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4 Char act eMeitzhe

41 St r ucRhrwrpelrd
411 Gel at iSoni akedhgpgevi or

The gelation timds defined as the time from tHeeginningof the condensation reaction
measured+ 30 s)from the addition of water to the liquid sol untisalid gel is obtained. The

sol is poured into aylindric plastic container prior to gelation. The diameter of the formed gel
directly after gelation was measuregtically with a ruler(+ 0.5 cm)without removing the
sample from the plastic containdrhe diameter of the gel was measured again after ageing.
Fromthe difference of these values, the percentage of shrinkagealeatatedwith an error

of 5 %.

412 OptiMcafkroscopy

Macro images of wet gels were taken by a Nikon camera D33@appearance of tlugied
andwet gel gives first indication on thmorestructureand strength of the aerogelsiages of
small aerogel pieces in the millimeter range, originated from fractured aeledelsvere
taken by means of a digital microscope,-¥YBIOR, Keyence GmbH. Dark field (DF) and bright
field (BF) images were takedependent on theolor of the aerogel and the occurring light

reflection.

413 Physi sMagguroemment s

The specific surface area was determiuwedN2 physisorption measurements at 7%vikh a
Micromeritics 3Flex and Tristar instrument in a partial pressange of 0.05 g/p° < 0.3 using

the BrunaueEmmettTeller (BET) method. The total pore volume of the samples was obtained
from the N adsorption isotherms at a partial pressure of 0.98, and the pore size distribution was
obtained using the BarrelbynerHalenda (BJH) model.The software MicroActive
(Micromeritics, Version 5.02) was used for data analy&igr to physisorption analysis, the
samples were outgassed at 60 °C for dAr&with a MicromeriticsSmartVacPrep Gas
Adsorption Sample Preparati Device The standard deviation of the surface area, pore volume
and BJH maximum was determined from ten aerogel samples (E2) from different batches

preparedvia the identical synthesis procedu(&able 4.1-1). However, theerra of the
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Table4.1-1: Relative and absolute error mifiysisorption measurements gample E.

| Absolute error| Relative error

Surface area | + 31 nfig? 5%
Pore volume | # 0.2 cnfig? 9%
BJH maximum +1.5nm 9 %

measurements could not be determined for all samples. All other results are based on single
measurements, due to the availability of the instrument. The calculated error of sample E2 was
approximately applied to the other samples. Aerogel samplts different pore size
distributions compared to E2 might behave differently gnaNsorption and could lead to a

different error.

414 PycnomaeRbrryo Pett ¢gr mi nati on

The skeletal density of the aerogels was determined udiedjtan pycnometer AccuPyc I

from Micromeritics. The measurements are based on the gadadement methodith an
instrument compartment of the known volume ofl\8273 cni, where the sample is placed.

The solid sample displaces the gas, of which the volume is used in combination with the sample
mass to calculate the skeletal density of ghmple.Ten measuremestwere performedor

each sampland thevaluesaveragedThe porosity (p) of the samples was calculated by using
the previously measuredkeletal density }¢) and total pore volume (¥ determined in
physisorption measurements, as indicated in E§#3

I — Eq.5

The error was calculatda the equation

v ) )

Ww —y — V0 pnm Eq. 6

415 ScanBl agtron Mi cr osaon$ inil$eScEMM) o naongdd & My

For microstructural analysis scanning electron microscegeiss Ultra 55vas used. Small
pieces of the aerogelgth the dimensions in the micrometer range were depositedcarbon
pad which was stuck onto treample haler. The samples were coated with platinum using a
Baltec SCD 500 sputter coater priorS8&M investigation in order to avoid massive charging

of the sample surfac&puttemg for 90 s with21 mAfrom the top an&0 s from the sidevas

40



Characterization Methods

used to achieve aomogeneous platinum layer on the porous aerdgetondary electron
imageswvere taken using an acceleaavoltage of 3 kVand working distance of approxnym.

An aperture diameteaf 20 or 30um and thenigh current modus were used.

A transmission eleobn microscopelecnai F30(Philips, The Netherlands) equipped with a
CCD camera (Gatan MSC 794, Gatan, USA) and a comiBfédF scanning transmission
electron microscopySTEM) detector (Philips, The Netherlands) andhigh-angle annular
darkfield (HAADF) detector (Fischione, USAyas used to achieve images of aerogel particles
and structure at higher resolutioR-spacing(x 0.005 nm)of the crystalline phases was
determined from TEM images using Imad#layne Rasband, National Institutes of Health,
USA, Version 1.520l The transmission electron microscop@s operated an acceleration
voltage of300 kV. STEM and a detector foenergydispersive spectroscopy (windowless
Apollo EDS detector,EDAX, USA) was used to perform elemental mappings of the

mixed-oxide and doped aerogel samples.

416 X-raypi ffrao$iadn eri ng

4161 LaborRawdegrayX Di ffr &gui pme 1t XRD)

XRD measurements were performed for phase analysis on Bruker D8 ADVAN(E X
diffractometes (in Bragg Brentano geometrysing Cu KJ(a- 2.5406 A)or CoKU( 21=7889

A) radiation sourceand LYNXEYE XET 1D-detectos. The diffraction data were collected

in the range of 180° A (Cu KU or 20-100° 2d (Co KU) with a step size of 0.01°. Phase
analysis was performed using timernationakenterfor diffraction database (ICDIPDF2)

and respectivpowder diffraction files (PDFand DFFRAC EVA software (BrukerVersion

5.2). Phasamass fractiomuantification, the crystallite size and determination of the amorphous
and crystalline phase cotent was performed by the Rietveld method implemented in the
DIFFRAC.TOPAS software (Bruker Version 5 using highcrystalline CeQ@ (10 wt.%) as

internal standard.

4162 SynchRatdin@an i on Sour ce

WAXS and SAXSexperiments were conducted at the PO7 Jgigergy materials science
beamline operated by the Helmhekentrum Geesthacht at PETRA IIl at the Deutsches
ElektronenSynchrotron (DESY), German¥-ray scattering depends on the electron density
in the sample, generating contrast renometer length scal§SAXS) and atomic scale

(WAXS). WAXS experiments were performed for phase analysis in the wet gels and to
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determine the degree of crystallinity in the gels. Complementary, SAXS measurements were
performed to achieve information about the gel networkptiteary and secondary particle

size of the wet gels and the particle shdpesitu andexsitu measurement&ere performed.
ForteincidentXr ay beam, a mean photon energy of 75
Perkin EImer XRD 1621 flat panel detectaith a pixel matrix of 2048 x 2048 and a pixel size

of 200 um x 200 pm was used for WAXSperimentsThe WAXS detector was placed approx.

4 m behind the sample. A Varex XRD4343CT detector with a pixel matrix of 2880 x 2880 and
a pixel size of 150 pm x80 pm was used for SAX&perimentsA 1 mm beanstop was used

that enabled the measurement of particle sizes up to B nm The SAXS detector was set
approx. 11 m behind the samplEhe SAXS/WAXS setup is shown iRigure 4.1-1b. For
calibration, LaB was used for WAXS and glassy carbandsilver behenateAgCz2H4305)

was used for SAX$detector distancandabsolute intensity)The specimens wepepared in

glass test tubes or quartz cuvettes arabed in transmissiofhegel samples were measured

with SAXS and WAXS with a beam size of 0.14m x 0.14 mm. For SAXSa single
measurement time of 0.1 s and accumulation of 500 images was set to avoid detector overflow.
For WAXS, a single measurement time osJand accumulationf 100 images was sefhe
obtained 2D diffraction images were integrated using the software Fit2D (Andy Hammersley,
European Synchrotron Radiation Faciliersion 12.077) to receive the respective scattering

curves.

I - — N ! 1 I p # ! ¢
: il | WAXS detector \ ' Shutter for SAXS
e TiO, wet gel ‘ ~— | 1 - ‘ ‘ detector in the back
. ¥ : 3 ] hutch
3 ‘obyats f_!v’:',__ s ) . i ) .
- N — el E -

l g, Heating unit 3

X
—

Figure4.1-1: Experimental setup fom-situ and exsitu SAXS/WAXS measurementsf
wet gels using synchrotron radiation
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Different EtOH andiPrOH solvertbased TiQ gels were synthesized in the lab and poured in
glass test tubesr quariz cuvettes. The gels were pagedfor different days at 50 °@rior to

the measuremenfs amp |l es | &K db | @dX dics WHL-Thd (days). Some
samplegiP1to iP6)were measured only in WAX&xperimentsvith addition of an internal

standad in the wet gel (Ceg). A beam size of 0..nm x 0.9 mm was usetb increase the

number of crystallites in the measured sample volume and therefore to incremsa

intensity. Besides thexsitu experimentsthein-situ WAXS was performed for saneiP5.

The sample was praged forthreedays and measured eaem minutes during heating at 50

°C for 48 toursto observe phase transitions. The heating of the sample was achiesed by
heating plate and copper block with a small opening for the samgltha beam path. This is
shown inFigure4.1-1a.

417 Ram&mectroscopy

Raman spectra of the aerogelngples were recorded using an XploRA PLUS Raman
spectrometer (HORIBA Scientific) with an operating wavelength of 53Z/H6mW). The
dried aerogels were measured to confirm the crystallinity and crystal plhiheesying process

of the gel was analyzdd identify crystallization processe§herefore, aim-situ Ramarprobe
was placed at a defined distance to the weingah oven at 50 °QFigure4.1-2). The gel was
rotated to prevent localized crystallization by the Raman &s@#to receive average intensity
values of the entire geThein-situ measurement was performed during the complete aging
process okevendays or longer. For eaalatapoint, two single measurements of 30 minutes
each were taken artble obtained signalsccumulatedo avoid peaks from cosmic radiation
The data wabaseline corrected arahalyzed using the LabSpec6 software (Hgrbersion
6.6.1.1).

Figure4.1-2: Experimental setup fan-situ Ramanmeasurementsf wet gels
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418 Nuc IMagm &e¢ s @ean pneccet r oscopy ( NMR)

The*H-NMR measurements were performed using a Magritéksdfve 80 Ultrainstrument
NMR measurements were performed to determine changes in the chemical structure of the used
precursor molecules in different solverftsrin-situ measurements the samples wamnalyzed

in intervals of 15 sNo deuterated solvémvas used.

42 El ectAromiec t i es
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XPS analysis asperformed by the Interdisciplinary Center for Analytics on the Nanoscale
(ICAN, University of Duisburgessen North RhineWestphalia, Germanyp determine the
elememal compositiorof the aerogeland the oxidation state of titaniufeasurements were
conducted on a ULVA@PHI VersaProbeldy st em usi ng mo madiatibnvithmat i c
a photon energy of 1486.eV. The instrument was equipped with an™Aeand electron
neutralizer for charge compensation to ensure stable measure@ienssgnal was set to 284.8

eV for the spectrum correction.

422 Ul t r akhioa loeetlSg e ¢ tr o @JsPcSo) p y

UPS analysis wagerformed by the Interdisciplinary Center for Analytics on the Nanoscale
(ICAN, University of Duisburgessen North RhineWestphalia, Germanyp determine the

VB maximum and to analyze eleatio states, such as mghp statesMeasurements were
conducted on a ULVAE H | VersaProbe 11 Sy sThe@is sigral ng He
form XPS measurements, which was set to 284.8 eV, was also used for UPS spectrum

correction.

423 Ul t r aviioilkelte Di ffuse RefillVesRS)Once Spectros

UVi Vis DRS was performed b4nja Hofmannof theUniversity ofBayreuthto determine the
absorption range of the material and the band gdperkinElmer Lambda 750 UV/viskar
infraredspectrometer, equipped with a PrayiMantis mirror unit from Hargk, was used to

record the diffuse reflectance of the aerqgehderswith a step size of 1 nm. The used white
standard was a Spectralon pellet. The spectra were converted into absorption spectra using the
KubelkaMunk function. Tauc plots were used toiestte the band gaps.
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43 Photocatal ytteyg
431 Phot ochHBydrogefcuti on

The photocatalytic experiments for hydrogen evolution were performed by Anja Hofmann of
the University of BayreuthlT'he following description of the experimental proceduraken

from the respective publication (Roseal). %! For all photocatalytic experiments, ultrapure
water with TOC = 2 ppb was used. The experiments were conducted with a 300 W Xe lamp in
a topirradiated glass reaction vessel. Measurements were all performed at(ECOCRE

1050G (Lauda) thermosdatinder stirring. The system was flushed with argon 5.0 before the
measurements to remove residual air. Detection of the evolved hydrogen was performed every
11 mirutesusing a GC2014 gas chromatograph from Shimadzu, equipped sliih aarbon

ST column (Restek) and a thermal conductivity detector, using argon 5.0 as the carrier gas. The
argon 5.0 flow rate for the measurements was set to 2&imt with a Bronkhorst mass flow
controller. The hydrogen evolution experiments with Pt pdefmosition were carried out with

100 mg aerogel sample dispersed in a mixture of 135 mL water amd hsethanol. The
dispersion was irradiated for 100 mteswithout cocatalyst. The lamp was turned off to wait

untii no hydrogen evolution was detected anymore; then, an aqueous solution of
hexachloidoplatinate(lV) hydrate(H2PtCk) was addedia rubber sealing without opening the
reactor to reach a loading @0076smolim?. The lamp was turned on again after the hydrogen
evolution peak was observed, and the sample was irradiated for another l@@smin
Afterwards, the lamp was turned off, and it was left to rest until the hydrogen evolution was
zero. A certain amau of HoPtCk was added to the calcined aerogel dispersion to reach the
same loading amount of 0.1.94 Pt as for the asynthesized aerogel sample. The dispersions

of the calcined aerogel samples were irradiated again for 1@@eyithe lamp was turneaff,

and the measurements were stopped after no hydrogen evolution was detected. Photographs of
all dispersions were taken before the measurement and after each irradiatiomatsgrond
experiment theeaction parameters were kept identical to thedgyeh evolution experiments.

The argon 5.0 flow rate was set to ¥80imin!, and the hydrogen gas evolution was detected
online using a mass spectrometer (Hiden FBRRY/C) every 13 s. The samples were irradiated

for 100 min, and it was left to rest umib hydrogen evolution from that irradiation was detected
anymore (this time was set to zero). Then, 0.24WPt as precursor was added to the dispersion

via a rubber sealing without opening the reactor, and it was left to rest until no hydrogen

evolutionin the dark was detected anymore.
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432 Phot oc Hittarl ®gducct i on

The photocatalytic experiments for nitrogen reduction were perfoahéte University of
Bayreuth.The following description of the experimental procedure is taken from the respective
publication (Roset al). %! For the nitrogen reduction reaction, 100 mg of theyashesized
aerogel were dispersed in 150 mL of 2.5iimdlagqueous methanol solution. The dispersion
was irradiated for 100 mutesunder the same conditions as for the absorbance detection
measirements; the argon 5.0 flow rate was set to 50miri:. After the irradiation under argon

5.0, the carrier gas was switched to The flow rate was set to 50 fimhin™* N for severhours

for the nitrogen reduction reaction in the dark. Afterwards, ayate test was performed to

determine the yield of N¥uantitatively
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51 Synt PeccsduGedtaBedn avi onWeke ITsi O
511 Gel adanS$h ni nBeahggev i or

The TiQ gels are synthesized describedn 3.1 with the performed variations dfifferent
synthesis parametrThe reactants have a direct impact on the rate of the hydrolysis and
condensation reaction and thus on the gelation process, particle and poféeiganium
basedrecursr generally reacts strongly with water forming undesired precipitates of titanium
oxo and-hydroxo species?® Different chemical reaction conditions influence the structures
which are obtained from Talkoxide precursors.g.colloidal particles (sol), precipitates or
gels. 204 |t is therefore very important to employ such reaction conditions to control the
reactions so that gels are obtainéd.mentioned in chapte; different amounts and types of
solventg(with different steric hindranceas well as solvent mixtures, are used in the synthesis
to investigate the reaction kinetics. The amount of HCI is also varied, which can on the one
hand catalyze the hydrolysis reaction tlo@ other handanform complexesvith chloride ions
influencing thereaction kinetics and gel formatiofihe amount of water was varied, since the
amount determines the hydrolysis level, that is important for further condensation reactions to
form a 3D retwork.Also, the condensation reaction continues during aging of the gels, due to
Ostwald ripening and rearrangements. This leads to changes in the gel and shrinkage.
Therefore it is important to investigate the impacttbe synthesis parameter on thedagion
kinetics, espcially thegelation time and the shrinkadpehavior as it is crucial to finally

controling this process.

5111 Et C3d | v-Banst&all s

After mixing TTIP andEtOH the solappeared to b#ansparentThe reaction is performed in
relatively high amount of solvent, compared to literatf8.The usage of exce§&OH and
TTIP as precursor leads to a ligand exchange of the alkyl groups. Thisweatgated by
in-situ'H-NMR, comparechapter9.9in Figure9.9-1 to Figure9.9-4., showing a shift in peaks
that can be assigned to the exchangeiBr @ Cet groups athe TTIP precursorFew minutes
after the addition of acidhe reaction mixturehanged occasionally to a cloudy appearance
and precipitation of small white particlescurred which dissolvd again after the&ropwise
addition of water in a last stephe precipitate could be isolated leaving the suspension for a

few months, while reducing the amount of solvent slowly. The precipitates were analyzed using
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XRD, as shown inthe subchapteb.2.5.4 The precipitates were only fouridr low acid

amounts and did not occur forcreasing amount of acid\fter 20 minutes, e waterwas

added, whichnduced the gelation.

Figure 5.1-1 shows the gelation timeof EtOH solventbased gels (Equivalers

solvent:TTIP:water 26:1:4)dependent on thEICL: TTIP ratio usedduring the synthesisThe

gelation time increases frotaess tharfive minutes for very low TTIP:HCI molar ratios up to
45 minutes for high TTIP:HCI molar ratios (E& E6, cf. Table 9.2-1). At very high HCI

amounts gelation does not occur and a sol rem@amsple E4.%1o0 E6.1were synthesized with

an increased amount of acid compared tagd increased amount of water compared to the

respective samples E4, E5, a8 The sample€4.1to E6.1 show an opposite treifat the

gelation timeto the sample&4 to E6. Shorter gelation time are observed foE4.1to E6.1

compared to sample E4 to Efmilar to sample E1 and E2

The shrinkage behavior of tR#OH solventbasedyelsis depicted irFigure5.1-1. The size of

the formed wet gel before and after agimgs considered focharacterizinghe shrinkage

behavior.For low acid amountsised during the synthes{gl to E2, cf. Table 9.2-1) the

shrinkage varies between 40d15%. The shrinkage increases up to 33 % for sample E3.

45 T T T T T 50
40 "N F45
35+ -_40
30 L35 8
c [ L =~
'E 254 ] i S
E _30 g
® 20 <
£ X X 2 £
= 15 @
% o 20
10 i
- 15
54 m ;
’.‘ - 10
ol X |
5

0.05 0.10 0.15 0.20 0.25 0.30 0.35
El E2 E3 E4/4.1 E5/5.1 E6/6.1
Molar ratio HCI:TTIP

Figure5.1-1: Gelation time and shrinkage of Efbo E6 (dark blugred symbols;
TTIP:EtOH:HO 1:26:4) and E4.1 to E6.1 (lightbluered symbols;
TTIP:EtOH:HO 1:268-12) dependent oRCLTTIP ratios.
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For higher acid amounts (B4 E6, cf. Table9.2-1) the shrinkage decreases again to the initial
value comparable tahe sampleE2. The shrinkage is much higher, up to%5for samples
E4.1to E6.1 with increasetHCLTTIP and water:TTIP ratios used during the synthesis (cf.
Table9.2-1).

5112 iPr C3d | v-Banst&all s

The reaction prameds similar forPrOHsolventbased gels compared to EtOH as solvent. The
reaction mixture stayed completely clear during the synthesis. However, the water could not be
added directly to the reaction mixture, due to very fast inhomogeneous gelatioriorgh¢he
water was dissolved ipart of thetPrOHto prevent premature gelation.

Preliminary experiments were performed to optimize the amount of solvent and Teger.
iPrORTTIP ratio was changed from 30to 451. Solvent molecules can coordinate he t
precursor and prevent quick agglomeration of formed partiéféshe solvent is therefore
important to control the gelation. The gelation times and shrinkage belkapendent on the
acid amount ishown inFigure9.3-1 and Figure 9.3-2 for differentsolvent:TTIPratios The
results show that a higher solvent content (solvent:TTIP 8045:1) leads to longer gelation
times. However, the differences in gelation time are quite small for large TTIP:HCI molar ratios
of 0.171 t0 0.271. At amaller TTIP:HCI molar ratios of 0.05 to 0.11:1 the differences in
gelation timeare larger A solvent:TTIP ratio of 33 was choseras optimum for further
experiments.

Forthehydrolysis of TTIR four equivalents KO are required to achieve complete hydrolysis.
In preliminary experimenishe amount of water was therefore varied fitwro, four andeight
equivalents of water to invegtte the impact on gel formatidrigure9.3-2 shows the gelation
time and shrinkage of tesesamples. N gelation is observed for.B:TTIP ratios of 21 atlow

and highHCl amountgdHCI:TTIP: 0.051 to 0.221). Instable gels anthusincomplete gelation

is observed for HO:TTIP ratios of 41 at low HCI amount¢HCI:TTIP 0.05:1) For increasing
HCI:TTIP ratio up to 0.22:1 the gelation time becomes shortanaidlar ratiofor H2O:TTIP

of 4:1. A highermolar ratio ofH>O:TTIP of 8:1 leads to stable gels atite gelation time varies
betweenl10 and 30 minutesi but no clear correlation between molar ratio HCI/TTIP and
gelation timeis observed. The shrinkage of the samples increasesheiimount of water for

all gelled sample¢Figure9.3-2).

Figure 5.1-2 shows the gelation time ofiPrOH solventbased gels Hquivalents:

solvent:TTIP:water 35:1:4) dependent on H@L: TTIP ratio usedluring the synthes.
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Figure5.1-2: Gelation time and shrinkage dP1 to iP6 @dark bluered symbols;
TTIP:iPrOHH2O 1354) and iP4.1 to iP6.1 (light bluered symlols;
TTIP:iPrOHH20 135:8-12) dependent oRICI:TTIP ratios.

The gelation behavior aPrOH and EtOH solvenbasedgels show huge differencedhe
gelation timeof iPrOH solventbased gels is very high (30 minutes) for a very low TTIP:HCI
molar ratio of 0.04L (iP1, cf. Table9.2-2). The gelatioris reducedo approxfive minutes for

a TTIP:HCI molar ratio 0$0.111 (iP2iP6 cf. Table9.2-2).

SamplesP4.1to iP6.1were synthesized with an increased amount of acid compaifed &md

anincreased amount efater compared to the respective sambedo iP6 ForsampleiP4.1

to iP6.1 the amount of water was simultaneously increased to the amount afhaeiihg

gelation timedess tharfive minutes.For iP6.1 the gelatiomccurredinstantly, so thatlue to

the non-controllable gelatioran inhomogeneous getas obtainedwhich was not further
analyzed

The shrinkage of the gelR1 toiP6increasesrom 0 %up to H % with increasing amount of
acid.This was also observed for solvent: TTIP ratios 01 3945:1 (see appendikigure9.3-1).
The shrinkagdehaviordoes not change dependent on the solvent ambhesamplesP4.1
andiP5.1 exhibit a similarshrinkagebehavior, but its much highefor iP4.1 compared td*4

with lessamount of water. FaiP5.1 the shrinkage is similar ii©5.
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5.1.1.3 Mi x 8d v-Banst&all s

Mixed solventbased gelswhichmainly based orPrOHas solvenéexhibit veryshortgelation
times as shown irFigure5.1-3. For EiP1 EtOH:iPrOH 1:10) the gelatiomccurredinstantly

so that an ihomogeneous gel resulted, which was not further analyzed, due to the non
controllable gelationThe gelation time can be extended with increagimgamount of EtOH

up toa 1:1 mixture of EtOHPrOH.Above 1:1 EtOHPrOHmixtures the gelation time varies
between 2.5 and 6.5 minutd$ie samples #P2 to E-iP4 with excess ofPrOHexhibitaneary
constant shrinkage at approx. 819 %. Similar values were found for 1rholar ratio of
EtOH:iPrOH (E-iP5). For the samples-H6 to E-iP9 with excess of EtOH th shrinkage is
lower but vareswithout any trend in the range of 1®16 %.
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Figureb.1-3: Gelation time and shrinkage ofixed solventbased aerogeB-iP1to E-iP9
dependent on the mole étton of EtOH(EtOH+HPrOH).
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521 Appear anxerofells O

The appearance of tlegynthesizedvet gek givesafirst indication on the structure befoifee
gelis dried under supercritical condition3he appearance ttie driedTiO2 gels ranges from
transparent to opaque and powtlkee to monolithic. This depends on the crosslinking process,

formation of porous structusgand the strength of the gel.
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5211 Et C3d | v-Banst&all s Aemalgel s

The gel sample£l to E6 were synthesized in aBtOH solventbased synthesis routeth
increasing HCIL:TTIP ratio from E1 to H6f. Table9.2-1) and are shown iRigure5.2-2. The
gelsaretranslucentfor low acid amounts used during the synthesis (sample E1) and turned
opaque with increasing lte amourt of acid during the synthesisThe gelsbecome less
transparenduring theaging processAging was actually performed tostrengthen the gel
structure. Howeverhe gels E4o E6 with high HCI: TTIP ratioappeared to be quite instable
after aging, leading to a slurtike appearance fayel samplde6. This isshownin Figure5.2-2
for sample E6. The samptiisplayed nearly no shrinkage during aging.

The resultingsupercritically driecaerogels appear to beryebrittle leading to many smaller
fragmenation (Figure5.2-1). The aerogelanplesE1 and E2 appeared to be transpanehtle
with increasing amount of acid usddringthe synthesis, the resultiagrogels turn opaque, as
obseved for the wetgels For high acid amounts the aerogels exhibiteposvderlike

appearance

Figure5.2-2: Images ofwvet gelsshowing the ppearancef the gelsafter aging with
increasing acid amount froEil to EG6.

Figure5.2-1: Optical microscope images of supercritically drésgtogelshowing the
appearance dhe aerogels with increasing acid ambfromE1to E6.
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Figure5.2-3: Optical microscope images of supercritically driaerogelsshowing the
appearance ofhe aerogels with increasing amount of acid and water
E4.1to E6.1.

The aerogels £1 to E6.1 were synthesizedith the EtOH solventbased synthesis royteut
containedhigh acid and water amountSmall fragmentsvere found forthe aerogel samples
E4.1to E6.1shown inFigure5.2-3. Because of the higher water content, stebility and
transparency of the aerogels E4dlE6.1 were generallyhigher compared to the aerogel
samples E4 toE6, as shown irfrigure5.2-1 andFigure5.2-3.

5.21.2 iPr C3d | v-BanstAalr ogel s

The iPrOH solventbased gelgiP1 to iP6) were transparent directly after the gelation but
turnedcloudy after few minutes. With increasing HCI contentdloeidy appearanceccurred
quicker The gelsiP1to iP6 are shan in Figure5.2-4. They appear to be less transparent
compared to E1o E6. The amount of acid used in the synthesis increasesiRamo iP6and

theappearance of thgels turned from translucent to opaque.

Figure5.2-4: Images ofwet gelsshowing the ppearanceof the gelsafter aging with
increasing acid amount fromrP1to iP6.
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Figure5.2-6: Images ofwet gelsshowing the ppearancef the geliP5(HCL:TTIP 0.27:1)
aged forone to sevedays respectively.

In Figure5.2-6 the changes due to thegingtime are shown for sampi®5. Afteroneday of
aging, the sample exhibits many crackse Shrinkage process starts slowly afteo days.
After four to fivedays the Brinkage rate increased until the sample wastake of the furnace
after seven days.

Thesupercriticallydriedaeroges synthesizedith theiPrOHsolventbased synthesis rouaee
shown inFigure5.2-5. Theaerogelshow a similar translucent to opaque appearike¢he

wet gels inFigure5.2-4. The aerogels appear to be brittle leading to many small fragments
similar to EtOHbased aerogel®Vith increasing amount of acigsed during the synthestbe
aeroges turn into powderlike aerogelswith some larger fragment§ince changes ithe

appearance were observaidofor the samples E4.1 to E6.1 with increased water and acid

1mm

Figure5.2-5: Optical microscope images of supercritically driaerogelsshowing the
appearance ahe aerogels with increasing acid amount fiéhto iP6.
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Figure5.2-7: Optical microscope images of supercriticallyedriaerogels showing the
appearance of the aerogels with increasing amount of acid and water fi
iP4.1toiP5.1

amount used during the synthesis, it was expected that also sédend iP5.1show

differences. Howeverhe stability and transparency of the aerogBi.1andiP5.1 ddnd t
changefor an increased water and acid content used during the synthesis, as skaguman
5.2-7.

5213 Mi x8od v-BamsAed ogel s

The aerogels #°1 to EiP9 appeared to be opaque. As an exampl®5H1:1) is shown in
comparison taheaerogels E2 andP2 which weresynthesized in puretOH and puraPrOH,
respectively Figure5.2-8). The aerogels made froEtOH are more transparent compared to
the mixed solventbasedand theiPrOH solventbased aerogels. However, tk&uctural
integrity sems to be influenced by the mixture of solvents. The sampkb Ehowed a
monolithic structurein contrast to all other synthesize aerogels, which exhibited

fragmentation

E 2

Figure5.2-8: Images of supercritically dried aerogelspwsing thestructuralintegrity and
transparency adheaerogelsample€2 (left), E-iP5 (middle) andiP2(right).
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The aerogels were calcined at different temperaurair. The aerogelshow alight brown
color after calcination at 300 °C in air for hours as shown irFigure5.2-9. Further increase
in calcinationtemperature lead to white aerogels. Shorter calcination tietsgeen twaand
four hoursin air at 300 °C result in dark brown aeroge¥bereas alcination in vacuum show

even darker aerogelgth a brownishblack color.

E2-A-300 E2-A-500

Figure5.2-9: Optical microscope imageshowing theappearance oderogelsample E2
calcined at 300, 400 and 500 °C for duks(h) in air (A).

E2-A-300 - 2h

E2-V-300 - 2h

Figure5.2-10: Optical microscope imageféhowing theappearénce of aerogshmple E2
calcined at 300C for two and fourhours (h) in air (A) and vacuum (V)
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522 Surface and Pore Characteristics

Nitrogen physisorption experiments were performed to determine the surface area, pore volume
and pore size distribution of tleerogelsamples. These values are important for thelytad

activity of the aerogel. The surface area influences the adsorption of reactants for catalytic
reactions since the surface area determines the amount of adsorbed .speeiesre volume

and pore size distribution determine which size of reactat¢aule can access the catalytic
aerogel structurdn the synthesis, the selectsalvent, amount of acid and water, as well as the
calcination treatments have an impact on the aerogel structure and therefore alter the pore

structure.

5221 Et C3d | v-Banstdalr ogel s

The physisorption isotherms dfe EtOH solventbased TiQ aerogels E1o E6 are presented
in Figure5.2-11. The isothernshapeand hysteresis loops are classified accordingedUPAC
recommendationst®®! For sample Eto E3 with low acid TTIP molar ratios (0.08, 0.111,
0.171) the isotherm exhibits a type IVa character with the H1 hysteresis To@psaturation
plateau othe N2 adsorptionbranchaswell as the steep and narrow hysteresis inoatea
mesoporous materiglith a narrow pore size distributioRurther, with increasing acid:TTIP
ratio the hysteresis is shifted to lower relative press(pgs< 0.7), indicating less accessible

poresof the shape ¢f.g.ink bottles with smalbottlenecksFor sampleéE4 to E6with higher

a) b)
1600 <
] 2 10 E1
o 1400 5 E2
- 3
£ 1200- 2 8 E3
2 ) £ E4
Ee] =
S 1000 9]
5 o © E6
@ 800 - 2
© ] o
> 600+ 4
E J e
T 400 - g ,
e} ] T ]
2001 L sask 3
' 0 A P S =
0{ T T T T T T T T T T T T T T
00 02 04 06 08 1.0 0 20 40 60 80 100 120

Relative pressure p/p° Pore width / nm

Figure5.2-11: a) Physisorption isotherms abjipore size distribution aierogel samplesl
to E6. The amount of acid in the synthesis increases from E1 to EG6.
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acidTTIP molar ratios (>0.17) the isotherms exhibia combination oftype 1Va and Il
character. The steep ending of the isotherm at high relative prépfaire 0.7) and the very
narrow hysteresis loomdicat mese and macroporesThe plateau at the ending die
adsorption path is missing. The hysteresis $sbyow a steep ending and closkigher relative
pressuresindicating readily accessible pores. Tisigonsisterwith the pore size distribution
shown inFigure5.2-11. A narrow pore size distributiomas obtained for low aci@mountdor
sample E1E2, and E3while high acidamounts during the synthesead tovery broadpore

size distributiongor the samples E4 to E6

In Figure5.2-12 theisothems and pore size distributisnf EtOH solventbased aerogels4

to E6with increasedHCI:TTIP ratio (>0.22:1areshown in comparison to the aeroge& 1 to
E6.1 with simultaneously increased watsntent Interestingly the aerogel€4 to E6with
highHCIL:TTIP ratiobut lowwaterTTIP ratioexhibit abroadpore size distribution, whereas
highHCI:TTIP ratioand highwaterTTIP ratiolead to narrow pore size distribution. Even for
very high HCI:TTIP ratios the broadening effect of the pore size dsition can be
compensated to achieve a narrow pore size distribbti@mply increasing the water amount

simultaneouslyo the acidamountduring the synthesis
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Figure5.2-12: a) Physisorption isotherms at pore size distribution aierogel samplg4
to E6 and E4.1 to E6.1. The amount of acid usethé synthesis increas
from E4 to E6 and E4.1 to E6.1. The amount of water used in the syn
increases from E4.1 to E6ahd is highecompared tdhat ofthe respective
samples E4, E5, and E6
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Table5.2-1: Physisorption results @ferogel€€1to E6and E4.1 to E6.1

Sample Sser/ MPAY Vp/ cnPA Y BJH vdue / nm
El 692+ 33 2.4+0.2 1715
E2 600+ 29 1.5+0.1 11+ 0.9
E3 568+ 27 1.3£0.1 10+ 0.9
E4 416+ 20 1.7£0.2 24+ 2.1
E4.1 269+ 13 1.1£0.1 18+ 1.5
E5 383+ 18 1.8£0.2 40+ 3.5
E5.1 290+ 14 1.4+£0.1 23+ 2.0
E6 410+ 20 1.9£0.2 66+ 5.7
E6.1 289+ 14 1.4+0.1 23+ 2.0

The physisorption results are summarizedable5.2-1. TheEtOH solventbased TiQaerogel

E1 exhibits the highest specific surface area and pore volume of B98'and 2.4cm*A’g!
respectively. For E2 the surface adegreased to abo600 nfA'g! however, the pore volume
decreased more drastically from 2.41t6 cm®A'g This trend is continued for B8 E6, that

the surface area and pore volume decreadeinéreasing amount of acid. The surface areas
and pore volumes of the aerogefs1,E5.1 ande6.1 withhigh HCI:TTIP and high water: TTIP

ratio are generally lower compared to lespectivevalues ofaerogelsamples E4, Eand E6

with high HCL:TTIP butlow water:TTIP ratio The BJH maximum values obtained from the

pore size distribution shifts to larger pore sizes (10 to 66 nm) for the samples E2 to E6 with
increasing acid amount used during the synthesis. The sample E1 does not fit in this trend and
shavs a BJH value of 17 nm. The samplesIEES.1 ande6.1exhibit BJH values between 18

to 23 nm similar to the sample E1. T$aries of EtOH solvertiased aerogels was synthesized
using absolute EtOH. Due to availabilittome aerogel samgl®f E2 (basisfor calcined
samples) were synthesized using denatured/technical grade EtOH. This led to an increase in
pore volume, surface areand BJH value compared to the sample E2 synthesized with absolute
EtOH. Therespectivecomparison of physisorption data isogm in the appendix ifrigure

9.51.
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Preliminary experiments were performed to optimize the amount of solvent and water to
maximize the BET surface aretiPrOH solverdbased aerogel®ifferent solvent:TTIP molar
ratios from 301 to 45:1 were investigated. The results are shown in the appendsgiure

9.3-3and show that the highest values of the BET surface area and pore volume can be achieved
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for asolvent: TTIP molar ratio of 3%. The surface ardartherdepend on the amount of acid,
whichis show in the following for the aerogel sample with optimized solvent:TTIP molar ratio
of 35:1. No clear dependence of the BJH pore size distribuiiothe solvent amountas
found. Between HCLTTIP ratios of 0.1l1to 0.22:1 the pore size decreases slightly with
increasing solvent content. However, for larger HCL: TTIP ratios very similar BJH values were
found at different solvent amountBigure 9.3-3). Also, the amount of water was therefore
varied betweentwo, four andeightequivalents of water tbnd the optimum. The surface area
and pore volume showed slightly higher valuesightequivalents of water comparedftur
equivalents of water. However, the gelation time is nakarterfor eight equivalents of water
makingthe synthesis less controllable. Therefdoair equivalents of water were chosen as

optimum for further experiments.

The physisorption isotherms of th#’rOH solvertbased TiQ aerogelsiPl to iP6
(solvent: TTIP:HO 35:1:4) are presented Figure5.2-13. For low acid/TTIP molar ratios
(0.051) the isotherm exhibits a type IVa character with the H1 hysteresis loop according to the
IUPAC classificationd!®®l, indicating a mesoporous materi&or higher acid/TTIP molar
ratios (>0.111) the isotherms exhibit type IVa/ll character indicating rmesw macropores

similar to EtOH solvenbased aerogel$he plateau at the endtbieadsorption path is missing.
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Figure5.2-13. a) Physisorption isothersandb) poresize distribution othe aerogel sample
iP1toiP6. The amount of acid in the synthesis increases fRio iP6.
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The hysteresis loop shows a steep enang/FF0.99)and closes atigher relative pressures

(at p/p°F0.7), indicating readily accessible pores. The pore sizes increase with increasing acid
amount, aslepictedin the pore sie distribution inFigure5.2-13. In Figure5.2-14a and the
isotherms and pore size distributionsxOH solventbased aerogel®4to iP5 with increased

acid amountare shown in compason to the aerogelgP?4.1to iP5.1 with simultaneously
increased water additiomhe samplesP4.1to iP5.1behave veryimilarly in physisorption

experimentgo the sampledP4to iP5

The physisorption results are summarizedTable 5.2-2. The iPrOH solventbased TiQ
aerogel iP1 exhibits a high specific surface area and a pore volume of 3B4g'm
and2.5cm®A’g! respectively which is similaio the findingsof sampleE2. Thehigh surface
area andargepore volume are agktved by the mesopores of average size of 20 nmiHzor
andiP3 the specific surfac@ea is similar toP1, while the pore volume increasdrastically.
This is achieved by the combined meand nacroporous structure with an average pore size
of 43 nmand 52 nm, respectivelyfhe samplgiP4to iP6 showsmallerpore volumesnd the

surface area varies between 211 andr@®&'g'which is lessompared toP1andiP3.
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Figure5.2-14: a) Physisorption isotherms ajlpore size distribution aderogel sampld”4
toiP5andiP4.1to iP5.1 The amount of acid used in the synthascreases
fromiP4toiP5andiP4.1toiP5.1 The amount of water used in the synthe
increases fromP4.1to iP5.1and is highecompared tdhat ofthe respective
samplesP4andiP5.
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Table5.2-2: Physisorption results aderogelsP1toiP6andiP4.1to iP5.1

Sample Sser/ MPAY Vp/ cntAY BJH value / nm
iP1 554+ 26 2.3x0.2 20+ 1.7
iP2 536 26 51+£0.5 43+ 3.7
iP3 586+ 28 44+04 52+45
iP4 266x 13 2.0x0.2 51+4.4
iP4.1 280x 13 15+£0.1 54+ 4.6
iP5 211+ 10 1.3£0.1 67+5.8
iP5.1 271+ 13 1.5+£0.1 71+6.1
iP6 307+ 15 1.2+£0.1 72+6.2

The aging procesand its impact on the specific surface area and pore volenefurther
analyzedfor sampleiP5, which showed a high crystallinity (see cha@e2.5. This sanple
was choselecause ofhe large shrinkage during aging. As stated insgrghesisection, the
gels are aged faevendays to strengthen the gel network. The sanipewas therefore aged
betweenone and sevendays respectively and the reactiomsre stopped by removing the
sample from the oven andxchanging the liquid immediately with fresh solveiihe
development of the surface area and pore volume is shokigure5.2-15. The surface area

and pore volme staynearlyconstant for the first two days of aging before the values decrease

steadily.
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Figure5.2-15: Surface area and pore volumetloé aerogel sampi®5 (HCI:TTIP 0.27:1)
agedbetweermneandsevendays respectively.
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The physisorption isotherms of the mixed solveased TiQ aerogels EP2 to E-iP9 are
presented irFigure5.2-16. The aerogels were synthesized using albsditOH.The samples
E-iP2to E-iP4, mainly containingPrOH, show similarisotherms which fit taa type IVa/ll
isotherm %! The plateau at the endingtbadsoption branchof the isotherms is missing, as
previously observed foPrOH solventbased aerogels. The pore size distributiofrigure
5.2-16showsaslight decrease in pore sizes from 23 nm to 17 nm with incrggsDH content
in iPrOH dominakd aerogels. The samplesiE6 to E-iP9, mainly containindg=tOH, show
almost identical isotherms which fit édype IVaisotherm 1% Also, the pore size distributions
are almost identical. The pores are slightly smalleEf@H dominaedaerogels (1%0 18 nm)
compared toaPrOHdominaed aerogels (170 23 nm). The pore size distributions of the pure
iPrOH solventbased aerogéP2and pureEtOH solventbased aerogel E&eshown inFigure
5.2-16 for comparison.The mixed solverdbased aerogels have pore sizes betweemtbe
extreme valuesf E2 andiP2 The sample EP5 withthe same amountf iPrOH and EtOH
exhibits a type IVasotherm but the adsorbed amount of ¥ much higher compared to the
other EtOH dominaed samples. Alspthe hysteresidoop is shifted to higher pressures,
indicating larger pores than the otH&OH dominaed sampes. [1°®! The pore size oE-iP5
about26 nm lies in between the puirOH solventhased aerogéP?2 (45 nm) and puretOH

solventbased aerogel E2 (11 nm).

In Figure5.2-17a comparison of the surface area and pore volume is shown for the mixed
solventbased aerogels atioe extreme valuest E2 andP2dependent on the mole fraction of
EtOH. The iPrOH dominatd aerogels eibit slightly higher surface aredsetween640 and

660 nfA-fcompared to the puri®rOH solvertbased aerogeP2 (540m?A-d). The surface

area drops below 600%AYfor a 1:1EtOH- iPrOH mixture but increases again f&tOH
dominaedaerogelgo values between 610 and 6&8A Y However, the values vary add not

obey any trend. ThieerOHdominaedaerogels and the 1BtOH-iPrOHmixture exhibit much

higher pore volumes comparedEtOH dominaedand pureEtOH solventbased aerogels.
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Figure5.2-16. a) Physisorption isotherms ankl) pore size distribution of mixed solver
based aerogels-iP2 to EiP9 in comparison to pore size distributionsRi?
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Figure5.2-17. Surface area and pore volume of mixed sohsaged aerogelsiP2 to EiP9
dependent on the mole fraction of EtOH/EtOPHOH. Reference lines
indicate tle values for the surface area and pore volume of E2R&hdor
pure solvents.

64



Results

5.224 Cal cAenreodg e | s

After calcinationof the aerogelsn air for 10 tours the pore size distribution is slightly
narrower, and the average pore size shifts to larger poret (2B nm) compared to the
noncalcinedsample E2. This can also be observed aptisetionof thehysteresis loops, which
occur ata higher relative pressure and in a narrower pressure range for higher calcination
temperatures. The surface area as well@pore volume decrease for the calcinec Bi€dogel

at 300 °C. The surface area and pore volume show a further decrease for therdgels
calcined at 400 and 500 ;@spectivelyTable5.2-3).

The results othe calcinedsampls E2-A-300-2/4 and E2/-300-2/4 in Figure5.2-19 are not
comparable talata of thecalcined aerogelshown inFigure5.2-18 regarding the pore volume
and pore size distribution. This is due to theage of denatureBtOH for the samples
E2-A-300/400/50010, whereas for the other samples absdhif@H was used for synthesis.
The usage of different puiets of EtOHleads to different pore volumes and pore sizes but no
differences in surface area. Armaparison of the used solvents is showmrhapterd.5in the

appendix.
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Figure5.2-18: a) Physisorption isotherms atd pore size distribution of calcined aerog
E2 (based omlenatured EtOHjor 10hours (h) at 300 °C (red), 400 °C
(blue), 500 °C (green) in afA). Reprinted (adapted) with permission frc
A. Roseet al Photocatalytic Activity and Electron Storage Capability
TiO2 Aerogels with an Adjustable Surface AreeCS Applied Energy
Materials, 2022.5(12): p. 1496614978 Copyright 2022 American
Chemical Society.
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Figure5.2-19: Physisorption isotherms and pore size distribution of calcined aerBge
(based on absoEtOH) ata) 300°C in air(A) for two hours(green) andour
hours(orange)b) 300°C in vacuum(V) for two hourg(green) andour hours
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Shorter calcination timdsetweentwo to four hoursat 300 °C in air lead to an increase in pore
sizes to 13 nm compared to E2 (11 nm). The surface apeaases significantly for longer
calcination timesand the pore volume decreases accordingly. Interestingly, calcination in
vacuumbetween twandfour hoursat 300 °C shows no change in pore size distribution. The
surface area and pore volume also dase compared to the untreated sample E2, but in much

lesser extent compared to calcination in air.

Table5.2-3: Physisorption results of calcined aerogel.

Sample Sser/ MPAY Ve/ cntAY BJH value / nm
E2-A-300-10 184+ 9 1.1+£0.10 20+ 1.7
E2-A-400-10 118+ 6 0.9+ 0.08 24+ 2.1
E2-A-500-10 92+ 4 0.7+ 0.06 25+ 2.2
E2-A-300-2 122+ 6 0.73x 0.07 13+ 1.1
E2-A-3004 191+ 9 0.71%x 0.06 13+ 1.1
E2-V-300-2 281+ 13 0.82+ 0.07 10+ 0.9
E2-V-3004 316+ 15 0.83+ 0.07 10+ 0.9
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Aerogels generally exhibit low galope densitiesvhich include the pores of the measured
volume. The skeletal density describes the density efstilid particlesand closed pores,
excluding the open pores. The porosity can be calculated from these two measured density
values. However, a certain mechanical strength is required to determine the envelope density,
which is not the case for the syntizesl aerogels. Another approach was chosen to determine
the porosity using the skeletal density andgbee volume, which is additionally measured by
physisorption experiment3he porosity is an important structural property of aerogels and
might by crucal for potential applications.
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The skeletal densities of tteerogelsamples Elo E6 are shown imTable5.2-4. No trend
dependent on the acid conteould be observed for the skeledansityand the porosityalues

of sample EXo E6. The porosity varies between @nd83 %. The samples E4.1, E5.1 and
E6.1 weresynthesizeavith an increased amount afid compared to E1 and increased amount
of water compared to the respective samplds E5, and E6The skeletal density of these
samples is slightly lower, compared to tBEE5. Also, the porosity decreasés these samples
slightlyto 72to 78 %

Table5.2-4: Skeletal density and port¢givaluesof aerogel€€1to E6and E4.1 to E6.1

Sample Skeletal density /ign® Porosity / %
El 2.202+ 0.003 84.1+1.4
E2 2.620+ 0.003 79.7£ 1.6
E3 2.613 + 0.002 77.3+1.8
E4 2.660 + 0.006 81.9+1.5

E4.1 2.319+0.002 71.8+2.0
E5 2.638+ 0.004 82.6+1.5
E5.1 2.506+ 0.001 77.8+1.7
E6 2.489+ 0.005 82.5+1.5
E6.1 2.516+ 0.002 779+ 1.7
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The skeletal densities of the samplésto iP6 are shown ifable5.2-5, which are found to
beslightly lower compared t&tOH solvertbased sample3 he skeletal density increases with

increasing amount of acid, whereas the porosity is decredsiegcalculated porositipr the
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Table5.2-5: Skeletal density and porosiluesof aerogelsP1toiP6andiP4.1 toiP5.1

Sample Skeletal density /igm3 Porosity / %
iP1 1.814 £ 0.004 80.7+1.6
iP2 1.895 + 0.009 90.6 £ 0.9
iP3 1.976 + 0.004 89.7+0.9
iP4 2.174 £ 0.002 813+15

iP4.1 2.646 + 0.008 79.9+1.7
iP5 2.433 + 0.003 76,0+ 1.9
iP5.1 2.679 £ 0.008 80.1+1.6
iP6 2.456 + 0.005 74.7+1.93

aerogel sampléP1 is similar to the aerogel salafl but for samplé2 toiP3 the porosity
values are higher comparedhe respective EtOH solvebtased aerogels. Theghestporosity
value is foundor sampleP2 with 91 %The sampleg”4.1 andP5.1, which were synthesized
with an increased amounf water and acid, exhibit slightly higher density values and also
higher porositiesDifferent solvent:TTIP ratiosat constant acid and water content had no
significant impact on the skeletal density or the porosihd \alues between 9and 93 %
porosty were found Table9.3-1). At higher water conterwith a waterTTIP molar ratioof

8:1 at constant solvent contedid not result insignificant differences in density values. The

porosity decreases with increasing acid am¢uiable9.3-2).
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For the mixed solvertbased aerogels only threeemplaryaerogel samples are shoimnTable
5.2-6. The skeletal density increases with decreasorgentof iPrOHin the solvent used for
the synthesis othe sample The porosity is higher compared to the aerogels which were

synthesized witlEtOH only.

Table5.2-6: Skeletal density and porositsaluesof mixed solvenbased aerogelg-iP4 to

E-iP5.

Sample | Skeletal density /ignv®| ~ Porosity / %
E-iP4(1:3) 2.073 £ 0.006 90.8+ 0.9
E-iP5(1:1) 2.216 + 0.005 90.6+ 0.9
E-iP6(3:1) 2.419+ 0.006 90.3+ 0.9
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The calcined aerogels iiable 5.2-7 exhibit higher skeletal densities compared to the
noncalcinedaerogels. The skeletdensityincreases withihe calcination temperature in air,
whereas the porosity decreases. The calcined samplas3B2-10, E2A-400-10 and E2A-
500-10 weresynthesized using denaturetOH and calcined foten hoursresulting in higher
pore volume compared samples prepared wittbsoluteEtOH. Theporosityvaluescannot be
compared to EA-300-2/4 and E2V-300-2/4, because theamples were synthesized gpin
different purity grades of EtOH (chap®b) leading to differenpore volums. Since the pore
volume from physisorption resuligas used for calculating the porosittye porosity values are
affected The ircrease of calcination time in @irom two to four hoursaffects the skeletal
density and causesslight increase, however there is no impact on the porddityvariation
of calcination time from two to four hours at the same temperature of 300 °@desuhearly

unchanged skeletal density and porosity.

Table5.2-7: Skeletal density and porosialuesof calcined aerogels.

Sample Skeletal density /igm® | Porosity / %
E2-A-300-10 3.2+ 0.009 784+ 1.7
E2-A-400-10 3.477+0.009 75.8+1.9
E2-A-500-10 3.690 £ 0.009 721+2.1
E2-A-300-2 3.195+0.010 700+2.2
E2-A-300-4 3.324+0.011 702+2.2
E2-V-300-2 3.04 £ 0.008 711+2.1
E2-V-300-4 3.065+0.014 718+2.1
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The aerogels are analyzed using SEM to determine the morphology, such as patrticle sizes
overall porosityand homogeneity of the aerogel structure. In physisorption experimazns m

and mesoporeare identifiedand the pore structure determinétbing SEM larger poes can

be detected to get an impression of the size and shapecaipoees. Alspthe homogengy

and poraity of thenetworkas well agpossible aggregation can be shown using SEEM is

important to characterize the particle size and determine ciystphases.

5241 S ™M

EtOH SolventBasedAerogels

Figure5.2-20 shows SEM images of tHetOH solventbased TiQaerogelsEl to E6 at low
(2.00x) and high (10@0Qx) magnification.The fracturedsamplesexhibit smoothsurfaces
that is demonstrated bjow magnificationSEM images The aerogelsEl to E3 exhibit a
homogeneous pore structure with small, interconnected pasibk®as thaerogel€E4to E6
exhibit macroporesdemonstrated by the highagnificationSEM imayes For higher amount

of acidused during the synthesthe pore sizés increased

Figure5.2-20: SEM images ofaerogel samplekl to E6. The images were taken at Ic
(2.000x) and high (10000x) magnificatiorshown as inset. The amount
acid in the synthesis increases from E1 to E6.
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Figure5.2-21: SEM images oherogel sampl&4.1to E6.1.The images were taken at Ic
(2.000x) and high (10000x) magification shown as inset. The amount
acid used in the synthesis increases from E4.1 to E6.1. The amount o
used in the synthesis increases from E4.1 to B6dlis highecompared tc
the respective samples E4, E5, and E6

Figure5.2-21 shows the SEM images of ti#OH solventbased TiQ aerogelsE4.1to E6.1
which were synthesized withigh acid and water amounglso, low (2.000X and high
(100.00x) magnificationimages are showtn comparison to aerogels E4E6, which were
synthesized with increased acid amount but comparatively low water aneuagérogel&4.1

to E6.1show smalinterconnected particles with uniform open porous structure, compaoable
that ofsampleEl andE2. The simultaneous increase of watententseems t@ompensate the
pore enlarging effect of the acabserved for thsamples E4 to E6. The particle size is too
small (<50 nm) to be evaluateguantitativelyoy SEM

iPrOH SolventBasedAerogels

Figure5.2-22 shows the SEM images of thBrOH solventbased TiQ aerogeldP1to iP6 at

low (2.000x) and high (10000x) magnification. The aerogels show all a smooth surface
similar to the EtOH solverthased aerogel§he highmagnification SEM image oP1 andP2

shov small, interconnected particlésrming anopen porous structuraimilar tothat ofthe
aerogels E1 to E3he highmagnification SEM images oP3to iP6 revealthe macroporous
structure of the aerogel€omparable tahat of the aerogel samples E4 &6. The acid
concentration alters the pore size and shap€&igure5.2-23 the SEM images aifP4.1 and
iP5.1 are shown. Theampleswere synthesized similarly tihve samples E4.10 E6.1 with
increased water andid equivalents. However, due to instant and inhomogeneous gelation the

sampleP6.1 was not further analyzed.
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Figure5.2-22.  SEM images oberogel samplé”1to iP6. The images were taken at lc
(2.000x) andhigh (100000x) magnificatiorshown as inset. The amount
acid in the synthesis increases frid?ito iP6.

(2.000x) and high (10000x) magnificatiorshown as inset. The amount
acid used in the synthesis increases fiBch1to iP5.1 The amount of wate
used in the synthesis increases fiié1.1to iP5.1as well and is higher tha
for the respective sam@éP4andiP5.

For obtaining exceptionally high magnifications for estimating the diameter of the aerogel
particles,a tiny amount of aerogel powdef sampleiP2 andiP5 was dropped on a silicon
wafer as sample holdeand sputtered for a few seconds itcafe the powder on theafer
surface.The SEM images at very high magnification (Z&Dx) are shown ifrigure5.2-24.

The measured particle diametevere23t4 nm for iP2and28+4nm for iP5.

72



Results

Figure5.2-24: SEM images ofaerogelsampleiP2 (HCI:TTIP 0.111) andiP5 (HCI:TTIP
0.27:1)on aSi single crystaat 250000x magnificationThe red highlightec
particles were used for particle size estimation.

This slight difference indicates that the increase in a@dhountnot just changes the pore
structure, but also the particle size of the aerdgelWwever, this method is inaccurate as the
resolution of the microscope is not good enough to assure that only one single article
exposedor the measuremenDther methods (TEMNdSAXS) were used to further examine

the particles size in the wet gel and the aerogel.

Mixed SolventBasedAerogels

The mixed solvenbased aerogels exhibited all similar morphology. Asxamgple, the SEM
image of EiP5 is shownThe pore structures similar tothat ofsample E2, howevesome

slightly larger pores arebserved

Figure5.2-25. SEM image of mixed solvetitased aerogdt-iP5. The images were take
at low (2.000x) and high (10000x) magnificatiorshown as inset.
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CalcinedAerogels

Figure5.2-26 shows the SEM images of Ti@erogelswvhich werecalcinedat 300, 400, and

500 °G respectively The images show sery smooth uniform surface of the samples similar

to that of E1 to E5. Fewer and larger voids between the particles appear with increasing the
calcination temperature. The particles also become larger and are arranged more densely,
forming some aggregates. Shorter calcination tirbesveen two and four hours air or

vacuum at 300 °C leads to slightly denser appearance @fetiogelscompared tdhe non

calcined aerogdt2, but no larger aggregatesreobservedcf. Figure5.2-27).

E2-A-500

°C, respectively The images were taken at lo¢2.000x) and high
(100.000x) magnificatiorshown as inset.

Figure5.2-27: SEM images of aerogetslcinedat 300 °C fortwo andfour hours(h) in air
(A) and vacuungV), respectivelyThe images were taken at I¢&/000x) and
high (10Q000x) magnificatiorshown as inset.
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5242 TEM

EtOH SolventBasedAerogels

TEM images were taken ohé TiQ aerogelE2 to furtherinvestigatethe particle size and
possiblecrystalline @rtsof the aerogelThe aerogel sample was crushed a few minutes in a
mortar to &hieve thin layers for TEM analysis, but not to destroy the porous strugtguee
5.2-28a-d shows TEM images dhe aerogelE2 sample at different magnificationdowever,

the aerogel clustersigure5.2-28a) have still a larger sizeand it is difficult to achieve thin
parts of the 3D connected structuféerefore, he particle size is still difficult to determine
from the TEM images Amorphous particles and nanocrystalere observed which are

interconnectedFigure5.2-28d). Also, the porous structung@asobservedFigure5.2-28d).

Figure5.2-28: TEM images of EZHCI:TTIP 0.11:1) at a) 12.000%) 39.000xc) 115.000x
andd) 295.000x magnificatiariTheinset is a locaénlargement of the TiO
nanocrystal.Reprinted (adapted) with permission frok Rose et al
Photocatalytic Activity and Electron Storage Capability of TiO2 Aero:
with an Adjustable Surface AredCS Applied Energy Materials, 202:
5(12): p. 1496614978Copyright2022American Chemical Society.
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The inset inFigure5.2-28d shows the épacing which waseasuredo be 0.35 nnfor the
observed nanocrystaindfits to the (101) anatase lattice plagistancé. The crystallite size

can be estimate bebelov 5 nm.

iIPrOH SolventBasedAerogels

In Figure5.2-29%-c TEM images of the sampié2 are shown at different magnifications.
Similar to E2 amorphous particles and nanocrystatsre observed, as well as the porous
aerogel structur@rigure5.2-29%). Howevercompared to Ehuch more crystalline partgere
found indicating a higher crystiate content. The inset iRigure5.2-29c shows the g&pacing

which wasmeasuredo be 0.35 nm and 0.175 nm for the observed nanocrystals.

y g

Figure5.2-29: TEM images of P2(HCI:TTIP 0.11:1) at a) 49.000x b) 295.000x c) 295.0(
magnification The inses$ arelocal enlargemerstof the TiQ nanocrysta.

! Lattice plane distances were obtained from Crystallography Opebd3at4COD)010942using the
Diamond software (Crystal Impact GbR Version 4.6.8)
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The lattice plane distance 8f35nm fitsto the (101) anatase latticeapledistancé and 0.175

nm fits to the (21) lattice planedistanceof the orthorhombic brookite Many reflestions of

brookite are overlapping with these of anatd$e crystallite size can be estimatedebelow

5 nm. However, the particles size camyobe roughly determined betweerntdc10 nm with

some smaller and larger particles. Due to the thickness of the analyzed aerogel cluster and high

particle connectity the measuremertf a single particlérom the clusters very difficult.

To qualitatively visualize the crystalline content of the aerogel sanglEEM dark field(DF)

image of sampleP2was taken. Therefore, the lens aperture of the transmission microscope
was centered at the diffraction ring associated with anatase (101) reflectidD.aderogel.

With this techniqueanatase crystals can be visualized which lie in a suitable orientation to the
beam.The DF-image is shown ifrigure’5.2-30. The white flashing dots are correspondiog
crystalline anatase parts in the aerogele Tithageshows the uniform distribution of crystals in

the aerogel structure. It is assumed that the crystals are embedded and interconnected with the

remaining amorphous TiGtructure.

.

Figure5.2-30: TEM DF-image of sampléP2 (HCI:TTIP 0.11:1) at 49.000x magnificatio
Lens aperturevascentered at diffraction ring associated with anatase (
reflection of TiQ aerogel. White dots are the corresponding crystalline

2 Lattice plane distances were obtained from CIR0942using the Diamond software (Crystal Impact GbR,
Version 4.6.8)
3 Lattice plane distances were obtained from C#D41F using the Diamond software (Crystal Impact GbR
Version 4.6.8)
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In Figure5.2-31a-d TEM images of the sampli®5 areshown at different magnificationé.

very high amount ofianocrystalsvasobserved, as well as the porous aerogel stru@tigere
5.2-31c-d). Anatase and brookite were found similathat ofsampleP2. InFigure5.2-32a-f

high magnification images of sample5 are shown. Due to a thin area of the aerogel cluster
the paticle size can be determined more accurately compared to the previous samples. The
particle size varies frora0to 66 nm (Figure5.2-32c-d,f). Also smaller particles below 20 nm
are present, as shownhigure5.2-31b-d. Especially irfFigure5.2-31a andFigure5.2-32c the
differently sized particlesrre observed.The surface of the smaller articles (20to 30 nm
Figure5.2-32c) appear to be very smooth. Howevier larger particles size83 to 66 nm,
Figure5.2-32d), the surfaceexhibit structureindicatinglocal stresses originating presumably
from crystallization processes or phase transitibnsigure5.2-32c-e different contrast&ark
stripes)wereobserved besides the thin lattice planes (red arrowsgimre5.2-32c-e). These

dark stripegook like a typical Moiré patterasfound in literaturelue tooverlayof two crystals.
[197, 198]

Figure5.2-31: TEM images ofiP5 (HCI:TTIP 0.27:1) atmagnification ofa) 12.000x b)
49.000x% c) 115.000x andd) 245.000x respectively
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Figure5.2-32. TEM lattice planemages oi P5(HCI:TTIP 0.27:1)atmagnificati‘o'n ofa)
49.000x, b) 98.000xc) 98.000xd) 115.000x e) 245.000x showing Moiré
pattern and f) 245.000x.

: 10 nm

525 Cr yst alnkhianficer ymao Reornogel s

Crystallinity is crwial for photocatalytic processes, asnfluencesthe band structure and
increase the charge carrimobility. UsingX-ray diffraction(XRD) the aerogels are analyzed
to identify the presentcrystalline phases qualitatively. The quantitative phase aisligs

performedby Rietveld refinement.

5251 Et C3d | v-Banstdelr ogel s

Thediffractogramsof the aerogesamplesEl to E6 are shown irFigure5.2-33a. Very broad
reflectionsareobservedor sampleEl which wassynthesizedwith avery low acidTTIP ratio
(0.05:1) indicating an amorphous structure of the aerogel sampl@tglsample€2 to E6
with increasin@cid TTIP ratio (0.11:1 to 0.33:how broad but distinct reftéons indicating
ananarystalline structue for these samples. Theflectionscoincidewith the main reflections
of TiO2 anatas€PDF21-1272).

The diffractogramsof the aerogesamples4 to E6 are shown ifrigure5.2-33b compared to
thediffractogram=f theaerogekamplesE4.1to E6.1. Samples E4.1 to E6.1 wesgnthesized
with anincreasng water: TTIP ratio(8:1 to 12:1)compared to sample EE5, andE6 (4:1).
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Figure5.2-33. Diffractograms ofaerogel samples) E1to E6 andb) E4.1to E6.1together
with E4 to E6for comparisonwith referenceeflection position®f anatase
(red), brookie (black) and rutile (green)Normalizeddata related to the
highest signalThe amount of acid in the synthesis increases from E1
The amount of acid and water in the synthesis increases from E4.1 tc
A= Anatase, B- Brookite, R= Ruitile.

For thesamples E4o EG6 the reflections can be assignedattatasewhereas fothe samples
E4.1to E6.1 also brookites found as second phasét very high acidl TIP (0.33:1) and
water:TTIP (12:1) ratigsvety small amounts afutile (PDF 211276) carbedetectedRietveld

analysisusing an internal standardvealed that the crystallinity increases vilik amount of

acid used during the synthesi$ie results are summarizedTliable5.2-8.

Table5.2-8: Results of Rietveld refinement aérogel saplesElto E6and E4.1 to E6.1
A = Anatase, B = Brookite, R = Rutile

Sample| Crystallinity/ Phase conterftwt.% Crystallite sizd nm
wt.%
El amorphous - -
E2 10(18) £ 0.3 A 4.4+ 0.09(A)
E3 62+ 0.3 A 4.2+ 0.05A)
E4 74+ 0.4 A 4.3+ 0.04(A)
E4.1 100+ 4 62+ 0.5(A)+38+ 4.3B) 4.6+ 0.05(A), 2.0+ 0.13(B)
E5 78+0.5 A 3.9+ 0.04QA)
E5.1 100+ 3 62+ 0.5(A)+38+3.4B) | 4.2+0.05(A), 2.4+ 0.14(B)
E6 84+ 0.5 A 3.6+ 0.04A)
E6.1 100+ 3 57+ 0.6(A)+42+ 3.3(B)+ | 4.2+ 0.05A), 2.5+0.12(B),
1+ 0.1(R) 15.5+ 2.64(R)
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The determinedcrystallinity of the aerogel samples is belowvi0% or amorphous for very
low acidTTIP ratios (below 0.11:1)A certain level of acid contei@pprox. acid:TTIP ratio
>0.11:1)must be exceeded to achieve crystallamases Anatase is the nra phase besides
brookite, but the anatase:brookite ratio does ciinge belowapprox. 3:2.However, a
crystallinity of 84 wt% can be achievedsa@a maximum forthe aerogel sampleé. With the
high water: TTIP ratio used for the sampled4.1to E6.1 not orly different phases can be
achievedcompared to samples E4 to,Eso the crystallinitpf these samplés increased up
to 100 wt%. The crystallite sizef anatasearies between approx. 3.6 to 4.6 funthe samples
E2 to E6 Theidentified brookite cystalites for the sample&€4.1to E6.1are much smaller
(approx. 2.0 to 2.4m) compared t@natasgwhereas the rutilerystalites (approx. 15.5 nm)
appear to be very large in comparigorthe anatase and brookdeystalites.

5252 iPr 8| vBasBalogel s

Thediffractogramf the aerogeld?1toiP6 are shown iRigure5.2-34a. Similar to the aerogel
sample E1, ery broadreflectionsareobservedor the aerogel sampi®1, whichis therefore
completely amorphousAerogel saiplesiP2 to iP6 show very broad but also distinct
reflections similar to E2to EG6, indicating a semcrystalline structure faiP2to iP3 due to the
shoulderof the amorphous hala t 2 # wheread the sampl®4 to iP6 show a higher
crystallinity, dueto missing amorphous hald&hereflectionsof the sampledP2toiP3coincide

with the main reflections of anatase P®PDF21-1272) whereas the reflections séamplaP4

to iP6 coincidewith main reflection®f anatasand brookite (PDA5-0875).

Brookite isidentified for acid:TTIP ratios above 0.22:1, up tonaximumanatasebrookite

ratio of 32However, the most intense brookite refl
with the anatase reflections and with the amorphous halo, so that brookite might be present, but
cannot identified using XRD. Brookite could therefore not be considered fdridteeld
refinement for the sampléBl toiP3 The TEM dspacing measurements indicate the presence

of brookite already for low acid:TTIP ratios of 0.11:1 in samipfe Further analytical methods,

such as Raman spectroscopy, are applied to verify theetbphases.

Thediffractogramsf the aerogesamplesP4 toiP6 are shown irFigure5.2-34b compared to

the diffractograms of theaerogelsamplesiP4.1and iP5.1. SamplesiP4.1andiP5.1 were
synthesized witlanincreasng wate TTIP ratio (81 to12:1), compared to sampk4, iP5, and

iP6 (4:1). No changes are observed for the cgtlea of the sample&4, iP5, iP6, iP4.1and

iP5.1, which can be assigned to anatase and brookite.
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Figure5.2-34: Diffractograms ofaerogel samples apP1 to iP6 andb) iP4.1andiP5.1
together withiP4 andP5for comparisonwith referenceeflection positions
of anatase (redpandbrookite (black) Normalizeddata related to the highe
signal The amount of acid in the synthesis increases fil@ino iP6. The
amount of acid and water in the synthesis increasesiffdmandiP5.1

The degree of crystallinity was determined with Rietveld refinement using an internal standard

and the raglts ae summarized iTable5.2-9. The crystallinity increases witthe amount of
acidused during the synthesis, as observed for the EtOH sddaset aerogelélso, a certain

level of acid contenfacid: TTIP ratio > 0.11:1)nust beexceeded to achieacrystallinity

Table5.2-9: Results of Rietveld refinement aérogel sample®1toiP6andiP4.1 toiP5.1

A = Anatase, B = Brookite

Crystallite sizd nm

Sample | Crystallinity/ Phase conterftwt.%
wt.%

iP1 amorphous - -

iP2 44+ 0.4 A 4.3+ 0.05(A)

iP3 54+1 A 5.4+ 0.09(A)

iP4 94+5 64+ 0.6(A)+36+4.6(B) | 5.4+0.07(A),2.2+ 0.13(B)
iP4.1 100+ 3 58+ 0.6(A)+42+3.4B) | 5.0+ 0.07(A),2.8+ 0.14B)
iP5 94+ 3 61+ 0.4(A)+39+£2.8(B) | 5.3+ 0.05(A),2.4+0.13B)
iP5.1 100+ 2 58+ 0.7(A)+42 + 2.3(B) 4.7+ 0.01A),3.1+£0.13B)
iP6 100+ 4 58+ 1.7(A)+42+2(B) | 4.2+ 0.06(A),2.5+ 0.08(B)
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above 10 wt.%n the samplesAlmost 100 wt.% crystallinity is achied foriPrOH solvent
based aerogels ftne sampledP4toiP6 whereas foEtOHsolventbased aerogelgith similar
acid:TTIP ratiosfor the sample€4 to E6 only approx. 70to 80 wt% crystallinity can be
achievedThe samplegP4.1to iP5.1are completly crystalline andlo not show any significant
differences compared tbhe samplesP4to iP5 according to the Rietveld analysis

The crystallite sizef anatase and brookiglhown inTable5.2-9 varies between 4.2 to 5.4 nm
and2.2 to 3.1 nm respectively. They are found to be slightly larger compan&a @ solvent
based aerogels comparedhe EtOH solventbased aerogel¥he small crystallite size affects

the peak width, thatan alsaexplain theobservedroad reféctiors.

The solvenfTTIP ratio has no significant impact on the crystallinityon on the crystalline
phases. The data is shown in the appeimdigure9.3-5 andFigure9.3-6. The aging process
andprogressof theincreasingerystallinity of sampleP5 wa further analyzed. Tharevious
results inTable5.2-9 showed a high crystallinity of 94 Wb thatcan be achievedfter seven

days of aging and supercritical drying in £@he sampléP5 was therefore agéatweerone
andsevendays respectively and the reactions stopped by removing the sample from the oven
andexchanging the liquid immediately with fresh solvexfter supercritical dryingXRD and
Rietveld analysisvereperformedof these differently aged samplé&se crystdinity dependent

on the aging timés shown inFigure5.2-35.

100 -

(0]
o
1
|}

Crystallinity / wt.%

Aging time / d

Figureb5.2-35: Crystallinity ofthe aerogel sampi®5 (HCI:TTIP 0.27:1)agedbetweerone
andsevendays(d), respectively.
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The results show that the sampRb is amorphous afteoneday of aging. The crystallinity
increasesteadilyup to 25 wi% afterfour days of agingthenincreaseslrastically to 80 wb
betweerfour andfive days of agingnd finallyincreases slowly further to above 0% after

sevendays aging.

5253 Cal cAenreodg e | s

Calcination & the sample E2or 10 hoursn air at 30Q 400, andb00 °C respectivelyeads to
complete crystallizatioraccording to the Rietveld analysis Trable 5.2-10. The observed
reflectionsin the diffractograms shown ffigure5.2-36acan be assigned to Ti@natase. The
crystallite size increases from approx. 4 nm formthecalcinedsample E2 to 6.9, 9.5 and 12.9
nm for 300, 400 and 500 °C respectivétgpecially thediffractogramsf the calcined aerogel
at 500°C exhibits weldefined and betteresolved reflections compared to the calcined

aerogels at 300 and 400 °C, respectively. This can be related to the increase in crystallite size,

since nanocrystals result in broad reflections.

a) b)
E2-A-500 10h
A J\_ka_gﬂh_ﬁm_fx_ E2-V-300 4h
g E2-A-400 10h ;: E2-V-300 2h
';; __ JUU\H_/VMJ\_ ';;
@ g7
£ | £
| |
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Figure5.2-36: a) Diffractogramf calcined samples in &iA) for 10hoursat 300to 500°C
and b) for two to four hoursat 300°C in air and vacuum with referenc
reflection positionof anatase (redNormalizeddata related to the highe
signal Fig. 56 a) wasaprinted (adapted) i permission fronA. Roseet al
Photocatalytic Activity and Electron Storage Capability of TiO2 Aeroi
with an Adjustable Surface Are&CS Applied Energy Materials, 202%12):
p. 1496614978 Copyright2022American Chemical Society.
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Table 5.210: Results of Rietveld refinement afi air and vacuuntalcined aerogels

A = Anatase.

Sample Crystallinity/ wt.% | Phase conteritwt.% | Crystallite sizd nm
E2-A-300-10 100+ 0.5 A 6.9+ 0.05
E2-A-400-10 100+ 0.4 A 9.5+ 0.07
E2-A-500-10 100+ 0.4 A 12.9+ 0.08
E2-A-300-2 100+ 0.6 A 5.7+ 0.06
E2-A-300-4 100+ 1.0 A 5.8+£0.13
E2-V-300-2 72+ 0.6 A 5.6+ 0.08
E2-V-300-4 67+0.5 A 4.9+ 0.07

The Rietveld anabis inTable5.2-10 shows, thattsorter calcination times fawo to fourhours

at 300 °Cin air also lead tawompletecrystallinity, but the crystallite size of anatase increases
in a lesser extent compared 10 hourscalcination at 300°C. Thediffractograms inFigure
5.2-36b and the respective Rietveld resultsTable 5.2-10 show thatcalcination in vacuum
leads to sernacrystalline anatase aerogels with a remaining amorpboogent of approx.
30wt.%. The crystallite sizencreases slightly from 4.3m for thenon-calcined aeroget?2 to
values betweed.9 and 5.6 nm forthe vacuumcalcined samplesThe crystallite growth is

therefore prevented and much slower in vacuum cosap@r calcination in air.

5254 Pr eci mbytnattheess iis of E2

As previously mentioned igection5.1.1.1 for gel formation TTIP and EtOH are mixed to a
clear sol.A few minutes after the addition of acid, it changed occasionally to a cloudy
appearance arsmall white precipitatesccurred, which dissolved again after the addition of
water in a last steff.he precipitates were only found for low adid@IP ratios below 0.17:&nd

did not occur fohigher acid:TTIP ratiasThe precipitatavasisolatedby reducing the amount

of solvent slowlyand he air-dried precipitates were analyzed using XR[he diffractogram

is shown in Figure 5.2-37a-c with different referencereflection positions for phase
identification An amorphous halo in the highed Begionwasobserved, which is quite unuspal
that could be due to high scattering of the samples inititeer 21 region Besides the main
reflectionsof anatase and brookite, a few reflens(24°, 26°, 40° and 512d), can be found
which cannotbe asgned to the typical Ti@ phases. Theyould be assigned to -Til
compounds found in the PDF 2 database

Especially the reflgtionsfound at 24°, 26° and 524 could indicate aitanium oxide chloride
hydrate with a similar formula of Ti20Clsi2HO/TiCl4iTiO212HO (PDF 211238) or
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Figure5.2-37. Diffractogramof precipitateoccurring during thesynthesis of E2) with
referenceeflection positionsf anatasdred), brookite (black), rutile (geen)
b) with referencereflection positionsof Ti2O2Cl4i2HO/TiClsiTiO212H.0
(PDF 211238 blug andTiO(ClOa4)2i6H20 (PDF 18141Q yellow) c)with
referenceeflection position®f TiIOCl (PDF85-0654 blue) or TiCt (PDF
29-1359 yellow).

TiO(ClO4)2i6H.O (PDF 181410) supporting the assumption thatseveral chloride ions
coordinateto the titaniurbasedprecursor after the addition &fCl. The reflection at 402d
could fit to TiIOCI (PDR85-0654 or TiCl(PDF29-1359) from the database, also supporting
the formation of THClI compoundsThe change in the chemical structwfethe precursor
molecule influences the solubiljtgrobably caused by coordination of chloride ideading to

precipitationof the small particles
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526 Ver i f acodt FommatCrgstall i ne Phases

Raman spectroscopy was performed to ideraifgcorfirm possible crystallingphasesn the
wet gels and dried aerogelsis a nondestructive method, which can be also used to analyze

wet gels during synthesis or processing, such as precursor condensation or aging of the gels.

526.1 Et C3o | vBa s Bdar ¢ ge

Figure5.2-38ashows the Raman spectra of Fi#@@rogel€l to E6. The Raman specnof TiO2
aerogeE1 andE2 with a low acid: TTIP rati@xhibit broad bands, indicating a high amorphous
character.The bands are more pronounaeanpared t@amorphous Ti@films reported in the
literature.[*®® This indicates a certain level of structural order of the matekelbgel E3 to
E6 with higher acid:TTIP ratio above 0.17ekhibit narrower Rman bands compared ttoat
of the sample&1 andE2, which can clearly be assigned to anatadé cml Y{(Egq)), 197 cmh *
(Eg2)), 398 cm Y(Bigw), 515 cm (A1g, Big(z), and 640 cin*(Eg@)). 202

No brookite can bedentified in the detailled Raman spectra Fiigure 5.2-38b that is in
accordance with the XRD results.

Figure5.2-39 shows the Raman spectra of the F@@rogels E4o E6 (water:TTIP 4:1)and
E4.1to E6.1(water:TTIP 812:1) The Raman bands of sampletB4£6 can be clearlgssigned
to anatase, while fothe samples€£4.1to E6.1 also brookitas identified (246 cm® (A1),

a) b)
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Intensity / a.u.

200 400 600 800 200 300 400 50C
Raman shift / cm™ Raman shift / cm™

Figure5.2-38: Raman spectra oherogel sample&l to E6 and detailed Raman spec
200-500cmt of E2to E6. Normalizeddata related to the highest sign@he
amount of acid during the synthesis viaseased front1 to E6.
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Figure5.2-39: Raman spectra aferogel sampleS4.1to E6.1together withto E4 to E6for
comparisonNormalizeddata related to the highest sigritlhe amount of acic
usedin the synthesis increases from E4 to E6 and E4.1 to E6.1. The a
of water used in the synthesis increases from E4.1 to &&llis higher
compared to the respective samples E4, E5, and E6

323cm? (Big), 360 cm' (B2g), 399 cmt (B2g) and 455 crit (B2g). 2942%1 These results confirm
the XRD resuk. No rutile could be found in the sample E6.1 for high AcidP ratios above
0.33:1.However, the amount of rutile foundtime sampld=6.1by XRD is very low and might
not be detectable with Ramapectroscopysince this methois less sensitive andea selective

compared to XRD.

526.2 iPr 3o | vBas Balr ogel s

Figure5.2-40ashows the Raman spectra of the J&rogelsP1to iP6. The Raman spectrum

of the TiQ aerogeliP1 exhibits broad basdat150.6 cr Y(Ey1)band)and between 400 and
700 cm ! Especially, the band dt50.6 cm tis more distinctive compared to sample E1,
indicating very low crystallinity of the sampilEl AerogeliP2to iP6 exhibit narrower Raman
bands compared @1, which can clety be assigned to anatase (It Y(Egu), 197 cm !
(Eg2), 398 cm Y(Big(1), 515 cm {(A1g, Bigz), and 640 ch(Eqya)) 2°%2°% and brookite (246
cmt (A1g), 323 cmt (Big), 360 cmt (Bzg), 399 cm' (Bzg) and 455cm? (Byg). [29420€1 The
bandwidth of the Raman bands decreases with increasmogint of acid used during the
synthesisThis indicates that the braaands refleca highamorphous content of the spl®s.

A higher level of crystallinity leads to more pronounced Raman bands for the crystalline TiO

aerogelsiP4andiP5) compared to the semiystalline aerogdlP2. According to the detailed
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Figure5.2-40: Raman spectra aherogel sampléP1 to iP6 and detailed Raman spec
200-500cm? of iP2to iP6.Normalizeddata related to the highest sigrighe
amount of acid durigthe synthesis was increased fridti to iP6.

Raman spectra ifrigure 5.2-40b, the lrookite formationin the samplesP2 to iP6 can be
thereforeverified by Raman microscopyhe intensity of the brookite bands increase with the
acid content and confirm the XRD results. According to TESpdcing estimatioand the
Raman spectroscopgsults brookite is present in all senor completely crystallinéPrOH
based aerogel$iCl concentration leads to higher crystallinity and brookite formation. The

samplesP4.1 andP5.1 were not measuresinceno other phasemeobserved irKRD analyss

of these samples

526.3 Cal cAenreodg e | s
The calcined aerogels E2-300, E2A-400 and E2A-500 exhibit narrow Raman bands, similar
to sample E3o E6 withhigh acid: TTIP ratios and increased crystallinithe identifiedbands

can also be assigned to anatase with the same band positions folEt@Fbsolventbased

samples E3o E6.
The bandwidth of the Raman bands decreases with increasing calcination temp&isaure.
the maximum of the §m)bands shiftgblue shift)from 1506 cn of the noncalcined sample

E2to 141.3 crh 'of the aerogeE2-A-500calcined at 500 °C
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Figure5.2-41: Raman spectra of calcined aerogel8 kburs inair (A), 300to 500°C) and
detailed Raman spect80-230 cm! of calcined aerogelsNormalizeddata
related to the highest signd&eprinted (adapted) with permission frofn
Roseet al. Photocatalytic Activity and Electron Storage Capability of Ti
Aerogels with an Adjustable Surface AréeCS AppliedEnergy Materials.
2022.5(12): p. 1496614978 Copyright2022American Chemical Society.

5264 1 i Ram&mectroscopy

The aging process of the wet gel sampies andiP5 was analyzed viain-situ Raman
spectroscopyo investigate the phase formatidrherdore, a special setup was required. The
gels were prepared as usual and placed in plastic containers into the oveg) Di@iatase
at 146 cm lis used to monitor the phase formatiduring the aging process of sample, E5
however the signal of this bd is very low, due to the high solvent content in the wetTde
Raman spectra over time at@own inFigure5.2-42a Betweernoneandthreedays of aging no
Raman signalvasobserved in the range of 149150 en, so no anatagghase formatiowas
detected in the wet gel during the first days of aghg increase in intensitwasobserved

betweerthreeandfour days of aging indicating thfermationof anatase.

The intensity of the §u) of anatasés additionally plotted against the time gure5.2-42b.
An increase in intensitis observedstarting from 80 bursthat reflects the starting point of

anataserystallization.
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Figure5.2-42: a) Raman spectra dfiein-situ aging experiment of the wet geb (HCI.TTIP
0.27:1)over time in the range of 12220 cm! andb) intensity of & band of
anatase over time.

This experiment was also performed for the wet gel samfieThe Raman spectra over time
areshownin Figure5.2-43a. Also, theEgy(1) of anatase at 146 ¢énfis used to monitor the phase
formation Betweenoneandthreedays of aging no Raman sigwehsobserved in the range of
140to 150 cm?, similar to the sample E5, indicating no phase formation during this time of
aging.An increase in intensity can bletectedetweerthreeandfour days of aging indicating

the presence of anatasemilar to the sampleE5. A starting point of crystallization is

determined from the intensity change of the anatase bdd® am ! shownin Figure5.2-43b.
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Figure5.2-43: a) Raman spectraf the in-situ aging experiment of the wet gef iP5
(HCITTIP 0.27:1)over time in the range of 12260 cm! andb) intensity of
Ey band of anatase over time.
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An increase in intensitis observedtarting from approx. 80durs similar to the sample E2
The aging was performed longerir{e days) for this sample. A slight flattening at the end of
the curvewasobserved, that might inclite the end dhecrystallization processes.

527 Cr yst al Phiankicer yna & V@ @e | osf

In the previous chapter it was mentioned, that crystallinity is crucial for photocatalytic
processes, especially the electtmie pair generation. However, magstdried TiQ
nanostructures are tested for photocatalytic activity, as the drying or solvent removal approach
during synthesis is most important fimrmation of crystallinephasesThe wet gels anthe

aging process of the wet gels was therefmmalyzedusing synchrotron radiatiofor wide

WAXS, to determine the starting point and degree of crystallization during aging. Additionally,
the timeresolved formation and phase transitions can be determined.
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Figure 5.2-44a shows the diffractograms of tHetOH solventbased wet gels which were
generated from the 2D diffraction images obtained from the WAXS detaftéorsubtraction

of the backgroundlrhe wet gels E4 and E6 shdmoadbut pronomcedreflections which can

be assigned to anatase. The wet gels are therpéotially crystalline before supercritical
drying. The sample E3 shows also some reflections, which are less pronounced compared to
E4to E6. However, the sam@&3 to E6 show ashoulder next to the (101) anatase reflection
at q=22 nrit, that can be assignedtteeremaining amorphous content. AJ$be reflections in
the grangebetweerB0to 45 nm are very broadyhich support the higamorphous content.
The sampls E1 and E2show mainly very broad reflections typically found for amorphous
nanomaterials. These results show the same trend as obsemwedRD results of the dried
aerogels, that the crystallinity increases whtbamount of acidised during the synthesis
Thesample E5 was agdibtweeroneandseven daysespectively and the wet gels analyzed
at the different aging stages. The results of the WAXS measurements are sheiguarén
5.2-44b.

Betweenone and two days of amg, the sample is mainly amorphous, since no distinctive
reflectionswere observed After threedays of aging the reflectioriecomemore distinctive,
indicating the starting point of crystallization to anatase at apgeedays of aging.

More pronomced reflections are fourfdr longer aging times, so the crystallinity increases

over timeduring the aging process
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Figure5.2-44: Diffractograms ofa) the wet gel€l to E6 based on synchrotroWAXS
results and) theexsitu aging process (one to seven days) for the weEge
The amount of acid during the synthesis was increased from E1 t
A = Anatase.

The quantificatiorand determination of the amorphous conbgriRietveld refinement was not
possible for the sample Bt E6, since a homogeneous distribution of the internal standard
CeQwasrequired, whib could not be achievetlie to the long gelation timegtbhese samples.
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Figure5.2-45a shows the diffractograms of thierOH solventbased wet gels. The sampiRl
showssimilar broad reflections compared to sample E1 and E2, indicating a high amorphous
content.Compared tdhe sampleE2, the aerogel sampli€2 shows alraly more distinctive
reflections especially at low g valudselow 20 nm'. However, the reflections are still very
broad indicating a high amorphous content. The reflecth@e®ememore pronounced faP3

which can be clearly assigned to anatase. Theeedgastic change the intensity of the
reflectionfrom sampleP3to iP4. Welldefined reflections can be found é4, indicating a
strong increase in crystallinitBesides anatase, also reflections of broo#rte identifiedat
g-values of 22 nmand 30 nm!. The brookite reflection at 22 nhis overlapping with the
broad halo of the remaining amorphous content, so that the presence of brookite can only be
determined for sampldP?4 to iP6. These results show the same trend as observed for XRD
resuls of the dried aerogelspnfirmingthat the crystallinity increasas the wet gelith the

amount of acidised during the synthesis
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Figure5.2-45: Diffractograms ofa) the wet gelsP1 toiP6 based onyschrotronWAXS
results andb) theexsituaging process (one to seven days) for the watgel
The amount of acid during the synthesis was increased ifirdmto iP6.
A = Anatase, B= Brookite.

The samplaP5 was aged for one to seven days respectiaaly the wet gels analyzed at
different aging stagesimilarly to the investigations on sample E5Figure 5.2-44b. The
results of the WAXS measurements are also shovigure5.2-45b. Already dter two days

of agingthereflectionsbecamemore distinctive, indicating the starting point of crystallization
of anatasdetweertwo andthreedays of agingwhich is observed to occur after a shorter aging
time compared to theample E5The reflectiondecomemore pronounced for longer aging
times, so the crystallinity increases over tifher sampleP53d, a shoulder next to the (101)
anatase reflectiomt approx. q22 nm! indicates remaining amorphous contenwhich is
reduced for sampléP5-4d. A distinctive reflection appears at 22 tirfor the sampléP5-4d
that fits to brookite, indicating that besides the crystallization to anatase, also crystallization to
brookiteoccurs However, the starting point of brookite crystation is difficult to determine,
due to overlapping reflectionsf the brookite reflectionsvith the halo of theremaining

amorphous content.

TheiPrOHsolventbased gels were also synthesized with a certain amount of solid crystalline
CeQ powder asnternal standard. The gelation time of {ReOH solventbased gels is very

short for all samples, that should prevent an inhomogeneous distribution of lyeO
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sedimentationof particles. A homogeneous distribution of Gel@ the wet gel and no
interactian of CeQ with the gel network are assumed, however larger devidtidhs obtained
gels,due to the processingre expected. The results of the sampRssto iP6 are shown in
Table5.2-11. Thevalues of thebtainedcrystallinity and phase contesthow, that the sample
iP1 is completelyamorphous and the crystallinity increases witle amount of acid as
observed previouslyJp tosampleP3 only anatasis used for the Rietveld refinement, due to
overlappingeflections of brookite and the amorphous halo, that would otherwise lead to a poor
fitting of the scattering curvé:oriP4to iP6 the brookite reflections were clearly obserived
the diffractograms ifrigure5.2-45and used for the Rietveld refinemehhedeterminedatios

of anatase:brookitevary between3.1:1 to 18:1 (Table 5.2-11) which deviate fromthe
previously shown ratios obtained BRD results. Alspthe drop of crystallinitfrom sample
iP5 toiP6 may be traced back to larger deviatibesause solid internal standasgas usedn
the wet geland possible local inhomogeneities or deviatioosurreddue to processing of the

gels

The crystallinity and phase contemealso determined for sample5 at different aging stages.
The results are summarizedTiable5.2-12. The results show an increasing crystallinity for
longer aging times. Even aftevo days of aging some crystallinity can be measured. However,
larger deviations are expected due to the processing of thasveentioned above.

Table5.2-11: Results of Rietveld refinement of wet geRl-iP6 based on synchrotro
WAXS results A = Anatase, B=Brookite.

Sample Crystallinity / wt.% Phase content / wt.%
iP1 Amorphous -
iP2 5+3 A
iP3 32+5 A
iP4 71+7 46+ 6 (A), 26+ 3 (B)
iP5 100+ 17 71+ 15(A), 29+ 9(B)
iP6 87+ 10 65+ 8(A), 21+ 5(B)
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Table5.2-12. Results of Rietveld refinement thifeexsituaging process (one to seven da
for the wet geliP5 based on synchrotroWVAXS results. A=Anatase,

B=Brookite.
Sample Crystallinity / wt.% Phase content / wt.%
iP51 1d 5x1 A
iP51 2d 33+8 A
iP57 3d 34+5 A
iP51 4d 33+3 30+ 3(A), 3+1(B)
iP57 5d 51+ 4 36+ 3(A), 15+ 3(B)
iP5i 6d 97+ 14 57+ 11(A), 40+ 9 (B)
iP5i 7d 100+ 17 71+ 15(A), 29+ 9(B)
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The we geliP5 was analyzed in an-situ experimento determine precisely the starting point

of crystallization The gel was praged for 7hoursand further aged at 50 °C while measuring
WAXS. The aging process was continued for 48rsand measurements i@med eacti0
minutes.Figure5.2-46a shows the diffractograsof the iP5 wet geldependent on the aging
timewhichis generated from the 2D diffraction images obtained from the WAXS detector after

subtraction othe background.

The results show that already after B2isaging pronounced reflectiomgereobserved, which
can beassigned to anatase. The shoulder at theab@lase reflectigrshown inmore detail in
Figure5.2-46b, and the broad reflections in theange of 3Go 50 nnt}, shown in more detail
in Figure5.2-46c, indicate a highremainingamorphous content after 78urs This shows that
the starting point of cryatlization of anatase is below 72urs of aging at 50 °C. The
reflections becomemore pronounced for longer agirtgnes confirming the increasing

crystallinity.
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Figure5.2-46: Diffractogramsin the rang of a) 1760 nm! b) 1725 nm? ¢) 3248 nm* of
thein-situ aging experiment ahe wet geiP5based on synchrotrdWAXS
results A = Anatase, B= Brookite.

In Figure5.2-47athe intensity of the 10&natase féection atg=18 nmt is plotted against the
aging timeand demonstratdbat the intensityf the anatase reflectiancreases steadily. As
mentioned before thealo of the amorphous content is overlapping with the brookite reflection
atg=21.63 nmt. Theintensities ag=20.36 nm* andg=24.03 nm' can be clearly assigned to
amorphous content. These intensitéservedit q=20.36 nm' andg=24.03 nmt were plotted
against the timen Figure 5.2-47b, showingthat the intensityrepresenting the amorphous

contentdecreases over time indicating a reduction of amorphous corteméver some larger
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Figure5.2-47: a) Intensity of anatase (101) reflectigred) and brookite (R0) reflection
(black) after subtractiomf amorphais content over time during aging amd
intensity of brookitesignal (black, q=21.63 c®) and signal ofamorphous
content(red, g=20.36 cn; blue, g=24.03 cm).

deviatiorsin the decline of intensity valuese observed at =95 nrand q=110 nm. During

the in-situ measurementshe position where the beam hits the sample was chaagedx.
each3.5 hours for statistical reasons that could lead to some deviations in the intensity
progression.

The intensities of the amorphous contentj=20.36nm™* are subtracted from the inteities
observedat q=21.63 nm! and plotted against the timespresenting the formation of brookite

In Figure5.2-47a the black curvehows that crystallization to brookibecursalso at 7ours

but the slope fathe increase of intensities is lower compared to the anatase intensities.

528 Anal ysiNanostt WWeGalre of

The nanostructure of the wet gels was analymsihg synchrotron radiation foBAXS
experiments on the sample. This allows to determine the primary and secondary particle size of
the wet gels shape of particles as well as informatiam tbe formed flexible network by

analyzing the Guinieandfractalregion of theSAXS curves.

From the scattering curves the size of these chisteaggregatesvasdetermined as well as

the primary particle size. In the Guinier range for small g values the radius of gyRafjamas
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calculated. Assuming uniform splest the corresponding cluster aggregate diametavas

calculated byhe following equatior?®’]

QQOA QO Qi cA i ®QQO6 i-JY Eq.7
With an error of:
YoQma Qo Qi LY Eq.8

The radius of gyration was calculatedn the slopda) of the linear curves in theusier plots
using the following equatiol®”]

Wi aegne Eq.9
With an error of:

vy “73«0 Eq. 10

The size of the primary partickeasdetermined using the following equatiBf!

Q'QHA Qo Eq.11

The q valuef curve bendingare determinedaccording to literaturérom theintersections

between théinear fits, as indicateds an exampli the following figure 2%

Intensity / a.u.

0.1 1
q/nm?

Figure5.2-48: SAXS curvebending anckvaluationas an exampléor determinatiorof the
primary particle size.

99



Results

5281 Et C3d | v-Banst®Vel Ge | s

Figure5.2-49 shows the logarithmic plots of the SAXS measurements of the wet ged€£B1

The Guinier plots are shown as insefigure5.2-49, indicatingparticle aggregation fahe
sampleE3to E6, dueto characteristic upturn at low,ghat is not found fothe samplée1 and

E2. InTable5.2-13the slope of the linear Guinier fits, the radius of gyration and the aggregate
diameter isummarized

The resultsisow that the radius of gyration and aggregate dianmstezases witlthe amount

of acidused during the synthesis

The SAXS curves generally indicate polydispersity, due to the absence of oscillating signals in
the mid/higher g range. In the mid g rangdarge linear regiowasobserved. This suggests
that the wet gel network consists of fractal clustérat is also supported by previous S&imi

TEM results The slope of thenid q range reveals a powlamw exponent of2 for sampleE1l

and E2 which isassociated with Emellar structure of the particles which is typically found
for polymers.SampleE3 to E6 exhibits amore positive power law exponent -df.7 to -1.8,

indicating aslightly more cylindrical shape of particles.
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Figure5.2-49: SAXS curves ofvet gelsE1to E6. The amount of acid during the synthe
was increased from E1 to E6. The approximate ranges for the Guini¢
fractal regions are shown with dashed lines and the curvengemarked
with arrows.The Guinier plotis shownasaninset.
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Table5.2-13: Results of SAXSurveanalysis ofwet gelsE1to E6.

Sample| Slope Guinier | Rg/nm Secondary| Slope of | qvalue of | Primary
region particle size| fractal curve particle
/ nm region bendng/ size / nm
nmt
El -26.76 £+1.22 | 9.0+0.2 | 13.9+0.5|-2.0+0.01 3.36 0.93
E2 -25.63+2.25 | 88+04 | 13.6+1.0|-1.9+0.02 3.20 0.98
E3 -97.20+2.19 | 17.1+0.2] 26.5+0.5|-1.7+0.04, 3.20/0.70 | 0.98/4.50
E4 -272.33+9.32| 286+0.5| 443+1.3|-1.7+0.04f 3.01/0.71 | 1.05/4.41
E5 -303.36 + 12.03 30.2+0.6| 46.7+1.5|-1.7+0.04] 2.88/0.75 | 1.09/4.22
E6 -300.33+13.52 30.0+0.7| 46.5+1.7 | -1.8£0.04] 2.78/0.75 | 1.13/4.20

The SAXS arve bendst two different q value®r sampleE1l to E6 (black arrows irFigure

5.2-49). Generally bending ofthe curveindicak a distribution 6 differently sized primary

particles of the TTIP clustevhich form in the initial phase of theydrolysisandcondensation

reaction.For the gel E1 and Bkecurve bendat higher q values, while for E8 E6thecurve

additionallybends at lower g vales. The determined q values of the curve benat higher q

valuesdecrease slightly witincreasing aciamountfrom 3.36 nm' to 2.78nm* (E1 to E6).

This leads to a calculated primary particle sibéch increasefom 0.93 nm to 1.13 nifTable
5.2-13). The second curve beind shifts slightly to higher g values from 0.70 o 0.75 nm'

with increasing amount of acid (E3 to E6) leadihgvalues of the calculated particle sipe

decreasdérom 4.50 nm to 20 nm(Table5.2-13). The samples E2 and E5 were additionally

fitted as an examplby Peter Staron from tHastituie of MaterialsPhysics of theHelmholtz

Zentrum HereonThe particlesize distributions are shown the appendixigure9.6-1 and

Figure9.6-2 and matchapproximatelywith the previously estimated primary and secondary

particle sizes from the scattering curléey also support a broad distributiohdifferently

sized particles.

In Figure5.2-50a and kthe Kratky and Poro®ebye plots are shownespectivelyThe Kratky

plot gives information about the stiffness of the gel network. The results show that all curves

do not converge to the q axis supporting the flexibility of the gel netwankthe gels E3o

E6 the values increase for larger g values. This indicates more flexibility due to longer chains

in the network. Alspthe gels E4to E6 exhibit a belshaped peaktdow q values.This

additional peak indicates spherieald rigidaggreyatesin the gel network. The Porddebye

plots inFigure5.2-50b shows a lackf a plateauhatindicates full flexibility of the gel network
for the samplde1to E6.
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Figure5.2-50: a) Kratky plot b) DebyePorod plot of Elto E6. The amount of acid durir
the synthesis was increased from E1 to E6.

Figure5.2-51 shows the SAXS curves and the Guinier plots as inset af¢hgel E5 which
was agedetweermneandsevendays respectively and measured at different stajesying
The radius of gyration and secondary particle size increase for longer aging times.

The curvedehavesimilar compared tgsampleE1lto E6. The Inear region in the mid q range
indicates fractal cluster$he slope of the mid g range was calculated and summariZedbie
5.2-14. A powerlaw exponent of approx2 wasfound for all samplesindicating a lamellar

structure dthe particles

For E5 1-2d g values between 2.78n? to 3.01.nm were determined resulting in a primary
particle size between 1.02 nm and 1.15 nm. For-E8, &he curve additionally benad lower

q valuesbetween 0.75m* and 1.1, This leadgo a calculated particle size between 2.78
nm and 4.33 nmit should be noted that the intensdf/the curve bendg at high q values

decreases, while the intensdithe curve bendg at low q valuesncreases
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Figure5.2-51: SAXS curves ofvet gelE5 (HCI:TTIP 0.27:1) agetietweernone and sevel
days respectively The approximate ranges for the Guinier and fractal rec
are shown with dashed lines and the curve ibgnuarked with arrowsThe
Guinierplotis shownasaninset.

Table5.2-14: Results of SAXSurveanalysis ofvet gelE5 (HCI:TTIP 0.27:1)aged
betweerone and sevedays respectively

Sample| Slope Guinier| Rg/nm | Secondary| Slope of | qvalue of| Primary
region partide size| fractal curve particle
/ nm region bendng/ | size /nm
nm't
E51d | -253.53+£3.94) 27.6 £0.2) 42.7+0.6 | -2.2+£0.02 2.87 1.10
E52d | -266.30 £4.70) 28.3+0.3] 43.8+0.6 | -2.2+0.03 2.73 1.15
E53d | -275.83+£6.01) 28.8+0.3 | 44.6+0.8 | -2.2+0.03| 2.97/1.13 | 1.06/2.78
E54d | -289.22 £7.10) 29.5+0.4) 456+0.9 | -2.2+0.04| 3.01/0.91 | 1.02/3.46
E55d | -307.91+8.59] 304+0.4) 47.1+1.1| -2.2+0.04| 2.92/0.75| 1.07/4.17
E56d | -317.96 +9.78) 30.9+0.5) 47.8+1.2| -2.1+0.04| 2.99/0.73 | 1.05/4.33
E57d | -323.92 £ 10.64 31.2+0.5| 48.3+1.3| -2.0+0.04| 2.88/0.75| 1.09/4.22

103



Results

5282 iPr C8o| vBas ¥e Ge | s

Figure 5.2-52 shows the SAXS curves of thBrOH solventbased wet gel&?1to iP6 and
Guinier plots as insefThe curves show similar behavior compared to the SAXS curves of the
gels Elto E6.

The radius of gyration and secondary particle size increaseshwiticidamountused during

the synthesis of the gels should be noted that the radius of gyration is much highePfcio

iP3 compared tthat ofE1to E3.

Fractal clusters are assumed for the gelsto iP6 due to the linear curverogressiorand
previousSEM andTEM results The slope of the mid g range was calculated and summarized
in Table5.2-15. A powerlaw exponent of approx2 wasfound for all samples, indicating a
lamellar structure of the patrticles.

Regarding the curvprogression, a similar behavismasobserved compared to the gels E1 to
E6. For the gelP1 toiP6, q values from the curve beind at high q values were determined
which increase from 2.86 nhto 3.11 nm' with the acidamount This results in a decreasj

primary particle size from 1.10 nm to 1.01 nhalple5.2-15).
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Figure5.2-52: SAXS curves ofvet gelsiP1 to iP6. The amount of acid dumgthe synthesit
was increased fronPl to iP6. The approximate ranges for the Guinier ¢
fractal regions are shown with dashed lines and the curve bending n
with arrows.The Guinier plotis shownasaninset.
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Table5.2-15: Results of SAXSurveanalysis ofwet gelsiP1to iP6.

Sample| Slope Guinier] Rs/nm | Secondary| Slope of | g value of | Primary
region particle size| fractal curve particle
/ nm region bendng/ | size/nm
nmt
iP1 -81.26 £2.94| 15,6 £0.3] 24.2+0.7 | -2.0£0.02 2.86 1.10
iP2 | -121.15+1.23 19.1+0.1) 29.5+0.3 | -2.0+0.02 2.89 1.09
iP3 | -213.58 +5.46 25.3+0.3] 39.2+0.8 | -2.0+ 0.0 2.92/0.71 | 1.08/4.41
iP4 | -243.48+7.05 27.0£0.4] 419+1.0|-19+0.01f 2.96/0.63 | 1.06/5.00
iP5 | -273.55+7.82 28.6 0.4 444+1.1|-2.0+£0.01 2.99/0.73 | 1.05/4.29
iP6 | -292.97 +9.57/29.6 £ 0.5 459+1.3|-2.0+0.01 3.11/0.88 | 1.01/3.56

However, the curves show a very steep decrease at high g values which is probably an artefact
due to background subtractidridure5.2-52). Therefore, the calculated values of the primary
particle size at high q values might be inaccurkte. the geldP3 toiP6, he curve bensl

slightly at higher q valuest0.72nm to 0.88 nm' with increasing amount of acid, similar to

E3to E6. Thisresults in decreasing values of the calculated particle size from 4.41 nm to 4.56
nm (Table5.2-15).

In Figure5.2-53a and hthe Kratky and PorofDehye plots are showrrespectively The gels
iP1toiP3 show similar behavior comparedhtat ofE1to E2 indicating a flexible gel network.

The geldP4to iP6show similar to E3o E6 increasing values for large g values.

a) b)
- 4 iP1
{1 iP2
i 4 iP3
. . 1 iP4
= = ]
o § | ir6
& 3
O [& 2
] S |
0.0 0.2 0.4 06 00000 00002 00004 0.0006
q/nm’ q*/nm*

Figure5.2-53: Kratky plot (left) and Porodebye plot (right) ofP1-iP6.
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This indicates more flexibilitgue to longer chains in the network. Also, a peak with increasing
intensity was observed at low g values, similar to EE6, indicating sphericadnd rigid
aggregates in the gel network. The PeBmbye plot inFigure5.2-53 shows also a laclof a
plateau, similar to thEtOH solventbased samples, and supports the full flexibility of the gel

network.

Figure5.2-54 shows the SAXS curves and the Guinier plots as inset of the wi&yehich

was agedetweerone and sevedays respectively and measured at different stages of aging.
The radius of gyration and secondary particle size increase for longer aging times. The results
are shown imable5.2-16. The curve behavesimilar compared tthe sampleg?1to iP6. The

linear region in the mid g range indicates fractal clusters with a paweexponent of
approx.-2, indicating a lamellar structure of the particlésriP5 1-2d g values between 2.92

nmt to 3.02nmt were determined resulting in a primary particle size between 1.04 nm and
1.08 nm, which is similar to previous results of E5. iR& 3-7d additional g values for the

curve bending at lower g was determined between ith67and 0.78 nm. This leadso a

calculated particle size between 4.00 nm and 4.76 nm.
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Figure5.2-54: SAXS curves ofvet geliP5 (HCLTTIP 0.27:1) aged betweene and sevel
days respectively The approximate ranges for the Guirdad fractal region:
are shown with dashed lines and the curve bending marked with afrioev
Guinier plotis shownasaninset.
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Table5.2-16. Results of SAXSurveanalysis ofwet geliP5 (HCLTTIP 0.27:1)aged
betweerone and sevedays respectively

Sample| Slope Guinier| Re/nm | Secondary| Slope of | g value of| Primary

region particle fractal curve particle
size / nm region bendng/ | size/nm
nm'?

iP51d| -257.80 £ 8.80| 27.8+0.5| 43.1+1.2| -2.2+0.01 3.02 1.04

iP52d| -260.70 £9.17| 28.0+£0.5| 43.3+£1.3| -2.2+0.01 2.94 1.07

iP53d| -261.79 £8.61) 28.0+0.5| 43.4+1.2| -2.2+0.01} 2.92/0.78 | 1.08/4.00

iP54d| -263.21 £+ 8.54] 28.1+0.5) 43.5+1.2| -2.1 £0.01] 2.92/0.66| 1.08/4.76

iP55d| -265.24 +£8.16] 282+ 0.4 | 43.7+1.1| -2.1 £0.01] 2.98/0.67 | 1.05/4.70

iP56d| -268.75+7.34) 28.4+0.4) 44.0+1.0| -2.1 £0.01} 3.01/0.74 | 1.04/4.22

iP57d| -273.56 £ 7.82] 28.6 +0.4| 44.4+1.1) -2.1 £0.01] 2.99/0.73| 1.05/4.29

53 ChemiComposi tion

XPS analysis asperformedto obtain the chemical composition of the synthesized aerogels

and detect possible impurities in the sample. Alse analysis of individuali2p spectra gives

anindication of the oxidation states present in the samples.

531 Et OH iParn@H S-BhsAdagel s

The EtOH solventbased aerogels E2 and E5 aRdOH solventbased aerogei$2 andiP5

were analyzed using XPS to obtain the chemical composition. Besides titadifrto (
26.1 at.%) and oxygen30.8to 61.3 at%), carbon(6.9 to 58.3 at.%)and chlome (1.0 to

4.3at.%)werefound in the aerogels.

The XPSsurveyspectraand the individual spectra of Ti2p, Cls, CI2p and 6fls2 is shown

in Figure5.3-1 andFigure5.3-2 as an examplel'he other spectra agampleE5, iP2 andiP5

are shown in the appendix Figure9.7-1 to Figure9.7-3. For the samples E2 and E5 similar

valuesof the Ti content(approx. 22 at.%), Content(approx. 17to 22 at.%) and @ontent

(approx. 51to 57 at.%)wereobserved, whereas fesampleiP2 andiP5the compositionsire

shown inTable5.3-2 anddiffer to a large extent, that could be due to inhomogeneiti¢se

Ti2p spectaasymmetriqpeaksare observedvhich indicate small amounts of i The peaks

were integrated and the percentage df @nd T calculatedthat is summarized ifable
5.3-1. The TF* content is hyhest for E2 and decreases whrOH or high HCLTTIP ratios

areusedduringthe synthesis. From the calculated Ti/O ratio it can be concluded that mainly
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stoichiometric TiQ was formed.In Figure 5.3-3 a comparison of the Ti2gignals forthe
sample€2, E5,iP2 andP5is shown.The aerogel sampl®5 exhibits anarrowermain peak

and is less symmetrishowing less intensity at 457 gVlhe broadening of the peaks may
indicate a change in number of chemical bonds, sample tmndX-ray damage) or
differential charging of the surface.

Impurities of ntrogen and C=0 groups in the C1s siga@foundfor sample E2which could

be assigned to remaining bitrard methylethylketone (MEKyom denaturecEtOH andare
excluded inTable5.3-2 and Table5.3-1. The carbon content varies in the analyzed samples
and originates from remaining ethyl/isopropyl groups in the structure from incomplete
hydrolyss/condensation reactions. Frone C1s spectrd{gure5.3-2) the carbon species were
analyzed in more detail. The percentage of carbon species is showrainle5.3-1. C-C and

C-O signalswere mainly found which originate from alcohol residueghe sample E2
contained significantly more -O groups compared to the other samplesrprisingly also
signals for COOH were found in the C1s spectra for all analyzed sartialiestiginates from
adventitious carbon due to exposure to the atmosphere. The percentages of the carbon species
are similar in the samples EP2 andP5.

The chlorine content is higher in the EtOH solveased aerogels compared to tReOH
solventbased samples. Also, the chlorine content in the dried aerogels increases slightly from
iP2to iP5and E2 to E5which is in accordance with the used quantity of Giing the
synthesis.The chlorine signal irFigure 5.3-2 exhibits binding energies of 198.25 eV and
199.85eV, which are shifted to lower was and related to metal chloridB%’

Ols

Ti2p
M

T T T T T T T T T T T
1200 1000 800 600 400 200 0
Binding energy / eV

Figure5.3-1: XPS survey spectraf the aerogetampleE2 (HCLTTIP 0.11:1; based on
denatured EtOH as solvent).

N1$1%i2p
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Figure5.3-2: Ti2p, Cls, CI2p, and Ol1s XPS spectra of the aerogel sample E2 (HCI
0.11:1; based on denatured EtOH as solvent).

Table5.3-2: Chemical compositiorof the aerogel samples E2 (HCIETTIP 0.11:1),
(HCITTIP 0.27:1),iP2 (HCI:TTIP 0.11:1), andP5 (HCI:TTIP 0.27:1).

Sample | Ti/at% | C/at% | O/at% | Cl/at.%
E2 22.2 17.4 57.1 3.3
ES 22.4 21.8 514 4.3
iP2 9.9 58.3 30.8 1.0
iP5 26.1 6.9 61.3 4.0

Table5.3-1: Oxidation states and carbon species of the aerogel samples E2 (HC
0.11:1), E5 (HCI:TTIP 0.27:1)iP2 (HCI:TTIP 0.11:1), andP5 (HCL:TTIP

0.27:1).

Sample Ti3* Ti% C-C C-O COOH Ti/O ratio
E2 8.8 91.2 611 29.9 9.0 0.49
ES5 2.2 97.8 83.2 12.0 4.8 0.57
iP2 4.6 95.4 84.2 11.7 4.1 0.57
iP5 0.6 99.4 81.9 11.4 6.7 0.50
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Figure5.3-3: Ti2p XPS spectra of the aerogel samples E2 (HCITTIP 0.11:1)
(HCITTIP 0.27:1),jP2 (HCI:TTIP 0.11:1), antP5 (HCI:TTIP 0.27:1).

532 Cal cAenmreodg el s

The calcined aerogels E&2-300 and E2/-300areanalyzed using XPS to obtain the chemical
compositionand the results summarizedTiable5.3-3. From the calculated Ti/O ratio it can
be concluded that stoichiometric Ti@ formed similar to the noftalcined samplesThe
carbon content in botlealcined samples is lowecompared tonon-calcined sample E2,
indicating less remaining carbon residwader calcination The observed amount ofi®* is
lower for the aircalcined sample compared to the vaceeaitined sample. However, both
values are muclower compared to theon-calcinedsample E2.

A narrowermain peak in theéli2p spectras found for E2A-300 which is less symmetrand

showing less intensity at 45&V and confirms the small amount Bif* for sampleE2-V-300.

Table5.3-3: Chemical compositioof calcined aerogel samples.

Sample | Ti/at% | C/at% ]| O/at%| Cl/at%

E2-A-300 25.3 14.3 59.2
E2-V-300 25.2 14.3 59.4

Table5.3-4: Oxidation states and canmbapecies of calcined aerogel samples.

Sample | T|3+ Ti* C-O | COOH | Ti/O ratio
E2-A-300 99.0 90.0 9.3 0.50
E2-V-300 97.6 91.5 0.50
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Figure5.3-4: Ti2p XPS spectra of in air andeuum calcined aerogel samples.

From the C1s spectr&igure9.7-4 andFigure9.7-5) the carbon species were analyzed in more
detail. The percentage ofC of the calcined samplas higher compared tthe non-calcined
samples(Table 5.3-4). Also, the GO signal almost disappears, indicating only few alcohol
residues. The signals for COOH growpsre observed the Cls spectra also for the calcined
samples in the same extentrmgmared to thenon-calcined samples Similarly, to thenon
calcinedsamples, th€l was observed in the calcined samples, which is not removed during

the calcination step at 300 °C. Tbielorine signals are shifted tower values and related to

metal chloides (T+Cl bonds) 2%
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54 El ectRARrompiec t i es

Absorption spectra in diffuse reflectarmerecorded to characterize the optical properties of
the TiQ» aerogelsThey areconverted to Kubelkdlunk spectrao determine the absorbance
of the aerogels and to observe a possible shift from UV to vis Tiglic plotsare used to

determine the bandgap of the aerogels.

541 BandagR@s iotMad re Bacned

The band gap dhe aerogel sampke2is estimatedetweer8.4and3.5 &/, whereas the sample
E5, synthesized with a higher HCI amouethibits a band gap of 3€8/. Theband gap of the
vacuumecalcined aerogel is 3.4 eWhich isslightly higher than the band gap of tiecalcined
aerogels of 3.2 to 3.3 eV, wah was expected as it is a partially amorphous sgraptapared
to the completely crystalline atalcined aerogelsThe band gapgbecomesnarrowerwith

increasing calcination temperature.

The received datiiom UPS measuremeraseplotted on a logaritmic scaleto determine the
upper edge of theB and identify midgap states. A logarithmic scatereported in literature
to give more realistic values for thé8 maximum.?% A strong increase of the curve and
therefore high density of electronic states (O2p) indicates vatareggentasto be appliedas
shown inFigure5.4-1. Logarithmic etrapolation leads to théB edge value (relative to the
Fermi level).A value of 2.8 eV for th& B maximumwasdeterminedor the aerogel sample
E2. From theVB edge and the band gap BB wascalculatedwhichwasfound to bebetween
-0.6 and-0.7eV. The UPS resultBigure5.4-1 show occupied states in the band,gagpcalled
band gap state$or sampleE2 which are associated with def states in the sample such as
Ti3*

Table5.4-1: Band gap values of the aesbgamples E2, E5 and calcined aerogels.

Sample Indirect band gap / eV

E2 3.43.5

E5 3.3
E2-A-300 (2 h) 3.3
E2-A-300 (10 h) 3.3
E2-A-400(10 h) 33
E2-A-500(10 h) 3.2
E2-V-300 (2 h) 3.4
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Log intensity scale / a.u.
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Figure5.4-1: UPS spectrum of the aerogel sampB(HCI:TTIP 0.11:1) and extrapolatio
for the determination of the VB edge.

55 Photocatal ytteyg

The synthesized aerogel E2 ahé calcined aerogels E&-300/400/500vereinvestigated in

experiments fophotocatalytic hydrogen generatiamtrogen reduction reaction to ammonia

and electron storage capabilias proof of conceptThe experimentsvere performed to

investigate the influence of the physicochemical properties of the aerogels on the electron

storage capability and photocatalytic activitjhe photocatalytic experiments wereblished

in the respective publicatidisted in the appendii chapte9.12(Roseet al). (19!

551 Phot oc Hydrl oGkenrer at i on

The hydrogen evolution rate$ the aerogehfter depositiorof the Pt co-catalystincrease with

thecalcination temperaturgs summarizeth Table5.5-1.

Table5.51: Hydrogen evolution ratesf the aerogel sample E2 and calcined aerog
Reprinted (adapted) with permission frofn Roseet al Photocatalytic
Activity and Electron Storage Capability of TiO2 Aerogels wittAdjustable
Surface AreaACS Applied Energy Materials, 2022(12): p. 1496614978
Copyright2022American Chemical Society.

Sample Hydrogen evolution rate (with 0.1 wt.% Pt) / pmol h
E2 25.5
E2-A-300-10h 176.5
E2-A-400-10h 279.2
E2-A-500-10h 3318
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Pt is added as ecatalyst to form a Schottijynction, as explained isection2.4.2 of the
chapter 0StWithat cechtalyst the hydragénéevolution rates brgs thanlO
umolin for thenon-calcined and calcineakerogelsshowing the same trend, that the hydrogen

evolution ratancreases witlthe calcination temperaturéigure5.3-4).

552 El ecXroo@geabil ity

Figure5.5-1 shows the aerogel dispersions in the watethanol mixturefter irradiation with
UV-light. Methanol is used as hole scavenger which reacts with photogenerated holes to
prevent fast recombination of charge carridiise a&rogel samples were irradiated for 100
minuteswithout a cecatalyst.Thecolorchanged from a colorless to a bluisblored dispersion

after irradiationThe color of the dispersion indicates electrons which are stored in the aerogel
material and formatio of Ti%*.

It was observed that the dispersion turned dark blue fardhealcinedaerogel E2 while the
calcined aerogelse@Q-A-300-10h E2-A-400-10h, E2-A-500-10h) were less colored with

increasing calcination temperatyfgégure5.5-1).

Figure 5.5-2a shows thetime-dependenthydrogen evolutionThe irradiation ofUV-light
irradiation andhe co-catalyst additiorare highlighted in th&igure5.5-2a. The aerogels were
irradiated for 100 minutes without @atalyst, showing low hydrogen evolution rates.

The images irFigure5.5-2a show thecolor of the dispersions before UNght irradiation and

the blueishcolor change after UMight irradiation. The lamp was switched off after 100

Figure5.51: Coloration of different photocharged aerogel dispersiansThe aerogel:
sampleE2 with a dark blue color. b) The calcined aerog&lA-500-10his
shown in theight image with a light blue color.
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Figure5.52: a) Hydrogen evolution rates over time and ges of the dispersions befo
irradiation and after 100 min of irradiatiaf the calcined aerogels 800,
400, and 300 °C and the-agnthesized samplg2 from top to bottom. b’
Hydrogen evolution rates in the dadd the calcined aerogels, the-e
synthesized aerogel E2, and tteommercial anatase for comparistfil
Reprinted (adapted) with permission frofn Roseet al Photocatalytic
Activity and Electron Storage Capability of TiO2 Aerogels with an Adjust:
Surface AreaACS Applied Energy Materials, 2023(12): p. 1496614978
Copyright2022 American Chemical Society.

minutes and no hydrogen could be detected, due to the missing generation of-aldetron
pairs. Thecoloration of the dispersion remained dark ibdor the aerogel sample E2 an light
blueish for the calcined aerogels. Pt ascatalyst was deposited on the aerogels by using
H2PtCk solution. After a few seconds, the coloration of the dispersion disappeared, while a
sharp peakafterthree hoursn Figure5.5-2) in the hydrogen evolution was observed without

any further light irradiation. The peak in the hydrogen evolution rate was observed forthe non
calcined aerogel E2 as well as for the calcined atsogewever, the observed peaks were less
intense with increasing calcination temperature of the calcined aerogels which were also less
colored.

A second experiment was performed using the same experimental conditions but a mass
spectrometer for high resolution of hydrogen detectibgure 5.5-2b shows thehydrogen
evolution of the aerogels after Pt addition, assuming titait all Pt of the H.PtCk solution
wasreduced to Ptand that the remaining stored electrovese used only for the hydrogen
evolution reactionThe dispersion with the aerogel sample was irradiatetid®@ minutes. After
switching off the lamp and achieving a stable baseline Hd##Ck solution was added to

achieve 0.1 wt.% Pt deposition on the aerogel. The experiment confirmed the previously
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observed results ifrigure 5.5-2a, that the highest peak in hydrogen evolution ratese
observed for the aerogel sample E2. The hydrogen evolution rate decreases with increasing
calcination temperature. For comparison, commercial anatase nanoparticles wesstatso

which show similar hydrogen evolution rates to the aerogel saogigned at 400 °C
However, thepeakwasretarded for the commercial anatase sansplapared to that of the

synthesized aerogels in this work

553 Phot oc Rea dau cyttNi ot nr oogfra moi iao

A similar experiment with theerogelE2 was performedo study thereduction of nitrogen in

the dark from stored photogenerated electrons to ammbhéaerogel was irradiated with
UV-light in a watermethanol mixture as explained above under argon to store electrons in the
aerogel.The aerogel was irradiated with \ht as explained for the hydrogen evolution
experiments. The deersion wadlushed with nitrogen for seven hows reaction timeFigure

5.5-3 shows the absorbance spectra of a salicylate test, which was pelfafte@vards to

guantify the generate@mmonia.n Figure5.5-3 the peak can be assigned to ammonia, since

E2 1
0.012
Control experiment_1
: Control experiment_2
0.008 oo

0.004

Absorbance / a.u.

0.000

-0.004

500 550 600 650 700 750 800 850
[ /nm
Figure5.53: Absorbance spectra (dark anghli blue) of the salicylate test of the soluti
after dark nitrogen reduction reaction with photochargeslyathesized Ti®
aerogel sampld€E2) for quantiaitive determination of the obtained Bl
concentration. Control experiments (brown/red) baseline be
photocharging (nitrogen gas, dark, no photocharging sat) identical
measurement in argon g&$® Reprinted (adapted) with permission frén
Roseet al Photocatalytic Actiity and Electron Storage Capability of TiC
Aerogels with an Adjustable Surface Area. ACS Applied Energy Mate|
2022.5(12): p. 1496614978 Copyright2022American Chemical Society.
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no signal was observed without flushing with. M theexperiment 5ggiL"* amnonia could
achieved.Control experiments were performed to confirm @gm@monia generation. A peak
could be observed, which could be assignedittoprusside from the salicylate testimgich

is not related to ammonia.

56 Mi x Mdt @di dalbopddder ogel s

On the basis dhedeveloped TiQaerogel synthesuifferent mixedoxide and doped aerogels
were synthesizeénd analyzedThe aim was to narrow the band gap for more efficient
hydrogen evolution and absorption also in the vis region, asasedfficient charge carrier
separation.V20s-TiO2 and SnG@-TiO2 aerogelswere synthesized from liquid alkoxide
precursors to simply modify the gel and adjust the metal oxide/Ti ratio. A homogeneous
distribution of the additional metal oxide was expegctaate only liquid precursors were used

The reaction was performed under nitrogen atmosphere to prevent premature hydrolysis and
condensation, due to different hydrolysis reaction rates of the alkoxide precursors. Similar
gelation behaviois observedor the V20s-TiO2 and SnG-TiO2 gels, however they exhibit a
yellow-brownish and yellowcolor respectively compared to the colorlé&®: gels. For the
V20s5-TiO2 gelsthe same synthesis procedurefassampleE2 was used witlan adjusted
amountof water(chaper3.2.1). ForSnQ-TiO2 gelsthe samesynthesiprocedure afor sample

iP2 was used with adjustachountof solvent and watgchapter3.2.1). Thepurchase®&nr P

was alreadyliluted iniPrOHdueto low solubility in othersolvents. Additionally, dope@iO2
aerogels with small amounts &.%) GO andMoS, were synthesized on the basissample

E2 to investigate the properties and homogeneity of the doped aerogel with solid additives. The
resultsare shown in the appendix 910

In Figure 9.10-1 the appearance of the mixedide and doped aerogeis shown. The
SnQ-TiO2 aerogel hasa yellow translucent appearce with larger fragments, whereas the
V20s-TiO2aerogel haa brown translucent appearance. The Mo®, and GOTIO2 aerogels
appeared to be grey. However, the G2 aerogelexhibits some black spots visible in the
aerogel, indicating inhomogeneitiasd larger GO aggregates in the sanipltheSEM images

in Figure9.10-2 smooth surfaces and a homogeneous pore structure@fWO2 andSnQ-
TiO2aerogelsvereobservegwhichindicate mesopores. For MeSTi02 and GO TiO2 aerogels

a few larger particlearefound, which can originate from SEM sample preparation or larger
aggregates frorthedopants. The TEM images ¥tOs-TiO2aerogein Figure9.10-3 confirms

the mesporous structure and shows particle sizes below 10 nm. Additionally, STEM mappings
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were performed to investigate the distribution of vanadamd MoS naroparticlesin the
sample. The STEM mapping iRigure 9.104 confirms a homogeneous distribution of
vanadium in th&10, aerogelThe STEM mapping ifigure9.10-5 shows also a homogeneous
distribution of Mo and S in the aerogel, however ardyy small amountsrefound.

The physisorptiomesults are summarized Trable9.101 andFigure9.106. The SNnQ-TiO2
aerogelexhibits a broad pore size distribution and éamgacropores with a BJH maximum of
83 nm.Large pores and a higher surfaeeea compared tasampleiP2, are observed but
havinga smaller pore volume. Theé.0s-TiO2 aerogel Bows a similar pore size distribution
compared teampleE2with a BJH maximum of 10 nnThe pore volumés found to be similar,
but thesurface area incesedcompared to sample EZhe MoS-TiO2 and GQTiO2 aeroget
show similar results teampleE2 butexhibit larger surface areaseobservedas well as an
increasegore volume fothe GO-TiO2 aerogel compared to sample E2

In Figure9.10-7 the diffractograms of the mixeakide and doped aerogeise presentedill
sampleswere found to bemorphousThe GO-TiO. and V20s-TiO2 aerogelsshow slightly
more pronounced broad reflections, which indicate a more ordered structurevéipiine
samples are mainly amorphous, that is evident from the amorphous halos. Tha@i®oS
aerogel exhibits some sharp reflections, which can be assigned to crysibige
(PDF37-1492).

In Table9.10-2 andTable9.103 the XPS results are summarized. The ratio of V/Ti and Sn/Ti
is 0.041 and 0.061 respectively, whereas a molar ratio of 0106f the alkoxide precursors
(VOIP:TTIP and SnTIP:TTIP)was initially used. This shows small deviationsnirdhe
originally used amounts of precursorthe final aerogelFor the Mo&TiO2 and GQOTiO>
aeroges, 1 at% of the dopantn relation to the TTIP precursor was used. Lower amounts of
Mo/S arefound in the final aerogel, also the Mo:S ratio does ndbf¥loS. XPS can only
detect elements on the surface (irradiation depth few nanometers) and is limited to the
analyzed position of the sampl#at could explain the Mo:S ratisince Mo$ could also be
captured in pores surrounded by ZiGor the ®-TiO, aerogel, a C/Ti ratio of 1.14 was found
compared to 0.78 for E2. This indicatesincreasd carbon content, that could originate from
the added GO. ¥i is observed irthe mixedoxide and doped aerogedmples, with exception
of the MoS,-TiO2 aerog@l. The amount of P increases in the following order
iIPZ<SNQ-TiO2<V20s-TiO2<E2<GO-TiOo.

Diffuserefle¢ ance spectra were converted to Kubelk
gap estimationThe KubelkaMunk spectra othr GO-TiO2 and Sn@-TiO. aerogelsshow
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similar behavior compared the TiO> sample E2regarding the absorption edge. From the
respedtve Tauc plotstheband gaps fothe GO-TiO2 and Sn@G-TiO> aerogelsare estimated,
which were both 3.5 eV. The MeSi0. shows absorption in the vis range between &d
700 nm, besides the much stronger-light absorption. From th&auc plots two valugcan
be determined, whiclare 1.7 eV and 3.5 eV. The -VYiO, aerogeldoes not show a sharp
absorption edge aBto 270 nm, but tailing up to 450 nm. Alsthe band gapf 3.2 eV is
narrowercompared to the other mixexkides.In Figure9.1013 the UPS results are shown.
The results show occupied states in the band gabhdé®@nQ-TiO2, V20s-TiOz2and GGTIO2
aerogelwhich correlate with the ¥ amount. Fothe MoS,-TiO- aerogelno occupied states
are found. Th&/B maximums were etermined from logarithmic plotnd theCB calculated
from these valuefor the aerogelsThe values of the CB and CB asemmarized inTable
9.104. For the SnQ-TiO. aerogelthe most positive value for théB edge of 3.4 eMs
determinedThe W-TiO2 and GQOTIiO2 aerogelsshow values of 3.3 eV and 3.0 eV for ¥B
edge respectively. The MofSTiO2 aerogelshows a less positive value of 1.6 eV for th@
edge. The calculate@B minimumsare approx.-0.1 eV forthe SnG-TiO», V20s-TiO2 and
MoS-TiO2 aerogel Forthe GO-TiO2 aerogela more negativ€B edge of approx0.5 eVis

calculated.
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6 Di scu

6.1 | mpacSy no hRagiagnet éaglsatinoeandsShri nkage
6.1.1 Gel aKiinoent i cs

6.1.1.1 Amo un tTy menSdd fv e n t

In this work a novesynthesis route was developed to achieve (9ergstalline aerogels
without calcination The synthesis parameters play an important role in the gel formation and
consequently on the structural properties and on the crystgllis#yaborated in secto?.3.4

of the <chapt e.rinthisSvork, heegeld iere symtbesized usitg two different
solvents,EtOH andiPrOH. The solvents were used either alternatively as pure solvents
or asamix.

iPrOHsolventbased gel were prepared usingrOH: TTIP molar ratiobetweer80:1 and45:1
(Table9.2-3 andTable9.2-2). Since theprecursor reacted quickly with watehendissolved

in iPrOH, the precursor was added to onigifrof the solvent while the water for hydrolysis
was diluted into the other half of the solvent. To the solution of precursor and solvent, HCI was
added first and subsequently, after 20uég the solvent with diluted water. By means of this
procedurdocal inhomogeneous gelatiovas preventedThe high reactivity of the precursor
was described in literature due to the similarity of the TTIP ligands and the used déivent.
The gelation timef the iPrOH solventbased gelincreased witlthe amount of solvenfsee
appendix inFigure9.3-1), that was observed in preliminarystdts indicating that the solvent
works as an isolating layer on the TTIP by steric and electrostatic interaetsodsscribed in
literature for TiQ nanoparticle synthesis routé¥! This leads to decreased reaction réoes

the synthesized gels in this wofkmalleriPrOH:TTIP molar ratios than 3Dwerenot usedn

this workdue to quick glationand low controllability of the synthesis

Additionally, it is assumed that the high solveahtentand low reaction temperature enhance
the controllability of the hydrolysis and condensation reaction for achieving a uniform and
defined pore sizalistribution. The precipitation oflarge particles was preventedin the
developed synthesisy the chosen high organic solvent content egdtlicing the molecular
interactionghatleads to dilution of the systerm literature it was described trehighsolvent
content dilutes the system and reduces interactiti§3% but does not effectively prevent
precipitation, when no acid is addé#t! However, less solvent was used in the synthesis

procedureseported in literature compared to the developed synthesis in this disseltafidn.
110]
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EtOH solventbased gels were prepared usang=tOH:TTIP ratio at 26, as described in the
synthesis procedure ection3.1.1o0f chapt er O6Ryentolgmsdssegn mf Ti O
H-NMR data (appendix chapt@r9) thataligand exchangoccursat theT TIP precursoduring
the first few secondsf mixing, due to the excess of EtORthe reaction mixtureThe ligand
exchangechanges the gelation kinetics due to differenbajkgroups at thetitaniumbased
precursoy which presumablychanges from TTIP ta' TE. Actually, the TTEprecursor should
bemore reactive compared to the TTIP precuraacording to literature, due tioe inductive
effect of the alkyl group on the Ti atom. This effect is increasing with longer alkyl griétips.
Also the steric hindrance is increasing for longer alkglugs that reduces the sensitivity to
water.?Y This iselaborated in sectioh3.30f t he chapter 6State of t
For very low HCI:TTIP ratios (0.05:1) the gelation time of the EtOH solbesed gel is much
shorter compared to thEerOH solverdbased gelconfirming a higher reactivity of tfermed
titanium-based praarsorin EtOH due to ligand exchang&or HCI:TTIP ratios of 0.11:1 the
gelation times are simildor bothiPrOH and EtOH solvertased gal The gelation time of
the EtOH solventbased gels increase withe amount ofHCI used for the synthes{&igure
5.1-1), whereas forPrOH solverdbased gels the gelation tireemuch shorte(Figure5.1-2).
These findings show the opposite behavior BE6OH solventbased gelsas expected from
literature. Actually, a higher amount ofHCI causes a higher hydrolysiate due to high
concentratiorof protons which catalyzes the hydrolysis reactitfl The gelation rate should
therefore increaséor both used solventaith the HClI amount used during the synthesis
However the twousedsolvents behave differdgt This couldindicate thathlorideionsfrom
the added HCtoordinate to the Ti atonChlorideions can act asomplexingagents and
decrease therefore the reaction ratesswell aseparate hydrolysis and condensation reaction
[l When EtOH is usedhe alloxy ligand of the TTIP molecule changes fr@Pr to OEt
groups(appendix chapte®.9). The steric hindrance is therefore reduced and maeesior
chloride ions is availableto coordinateto the Ti atom of the precursddependent on the
number of chloride ions which coordinate to the Ti atéewer sites of thetitanium-based
precursor can therefore be hydrolyzed that lead to lower conaenssdction rate This could
be the case for EtOH solvebased gelswith a high number of coordinatedhlorideions to
the Ti atomof the precursqthegelationwould behinderedandno 3D network can be formed
Therefore, at least thrégdrolyzed goups which condengegether would beequired If more
than one or two chloride ions coordinate, the condensation reactiorioton a 3D network

becomegpossibldeading to a slurrjike appearance as observed for EtOH sohmased gels
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with high acid amonts(e.g.gel sample E6)It is also possible that to thefdld coordinated
titanium-basedorecursoychloride iongsolvent or watemoleculesare able t@oordinateo the

Ti atom, forming a 6fold coordinateditanium-basedprecursorA higher numbenof chloride
ionscould thereforeoordinate to the Ti atontHowever, thiscould alsodepend on the ligand
strength and concentration in the reaction mixtgté 2%l

It was observed during preliminary resuttsat EtOH solventbased gels dissolved whérey
arewashed IrEtOH after gelationThisobservatiorwas also reported in literature by different
researcherd’® 214IMir et al. reported that supercritical drying in €®as not possible, as the
gels dissolved in acetone BtOH before placing the samplesthe autoclave for drying. Tie
explained this effect by weak bridging foydrolyzed Ti oligomers which are destroyed when
using acetone oEtOH. [?'4 Sadrieyehet al. also reported that gels dissolwveEtOH due to
Ostwald ripening and a syneresis effédtSince the EtOH solvesitased geldissolved in this
work, this couldmean that unreactent uncondensed groupsepresentn the synthesized ggl
which are quite instable directly after gelation jethrequire further reaction and stabilization
during aging justifying the long aging process séveraldays However during the aging
processand further crosslinking reactiorsdjrinkage of the gel structuneas observedsigure
5.1-1). It is assumedhat the liquid is forced out of the porésring aging due to a syneresis
effect, as reported in literaturé!® thatlead to stresses in tisgnthesizedjels. These stresses
can lead to cracks in the gelhich were observed in most synthesized gdfsch in turncould
alsolead todissolution of the geh some cased he solvent concentration increases at the outer
surface of the galuring shrinkaggethat could dissolve partially unreacted groufise choice

of solvent forthe solvent exchange ba#® supercritical drying and the time of aging before
washing the gels is therefore very importiantbtain stable Ti@gels. In this caseiPrOH was
chosen as solvent for washing the gels to prevent their dissolution, that led to stable gels which

could ke supercritically dried in a next step.

The mixed solvenbased gal were synthesized with different EtGIRrOH molar ratios,
keeping the molar ratio of solvent:TTIP constant at 2&He EtOH was added to the TTIP
precursor andPrOH in a second step eftmixing. The water was added dropwise to the
reaction mixture in all cases leading to homogeneous hks.mxed solventbased gels
exhibited extendedelation time from few seconds to five minutesith increasing EtOH
content(Figure5.1-3). For gel sample E2 (pure EtOH) arfeR (pureiPrOH) gelation times
lower thanfive minutes were observed ftire sameé{Cl. TTIP ratio of 0.11:1KFigure5.1-1 and
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Figure5.1-2). Theshort géation times and therefotegh reaction rateof mixed solvertbased
gels with highPrOH fractiors inFigureb.1-3 originate from the high similarity of the precursor
andtheused solventDue to the very short gelation timessebved when usind’rOH, mixed
solventbased aerogels with very higiPrOH fractions €.g. iPrOH:EtOH 10:1), led to
inhomogeneous gelation. Even the addition of waterdprel ut ed i n hal f of
result in any improvement, that is probably doaehe relatively low solvent:TTIP molar ratio
of 26:1.The observed gelation times are very short for low EtOH mole fractogsrés.1-3)
and are extended only up to a molar rati&€t®H: iPrOHof 1:1. The results pesentedabove
indicate thatadded EtOH molecules seem to actaallitional spacer between the TTIP
moleculeswhich hae an isolating effecand therefore reduce the reaction rate.

As describedh literature the exchange @iPrto OEtgroups should increase theaction rate
due to higher reactivity of TTE*! However, intheiPrOH dominated gelsf this work it is
expected thatnainly OiPr groups argresentat the titaniurdbased precursoSome local
exchange oDiPrto OEtgroups up to the sample with &tOH:iPrOHratio of1:1 (el sample
E-iP5) might be pssible since EtOH was added first to the TITP precursor.

It is assumed that the majorityla@fandsare exchanged to O&t the used Ti precuws if EtOH

is present in excesshe gelation time foEtOH mole fractiorabove0.5was observed to vary
between 2.5 and 7 minutes anduld be explainetby the excess of EtOH and exchange of
alkoxygroupsthat changes the reactivifijhe inconsistent gelation tine®uld be explained by

theiPrOH in the solvent mixtussevenfor high EtOH mole fractions

6.1.1.2 Amo uonH C |

Main differenceof the novel synthesis compared to the gel synthesis in the literature is the
targeted addition ofonc. HClin a first step and stirring for a few minutés.the synthesis
procedure elaborated in sect®d.1lin t he chapter.aédypgleahgeldares of
formed for the EtOHsolventbased route. There is no precipitation after adding water to the
acidic sol, independent on the amount of water. However, if no acid is added to the system, th
leads torapid precipitation of white particlesimilar to standard segiel synthesis routefer

TiO2 nanoparticlesn the literaturel*® 21¢1For synthesisinderacidic conditions, mainly HNO
wasusedin literature?® 76 79. 218iThe acid and watevere basicallyadded in one step, leading

to simultaneous hydrolysis and condensation reactén’® In the novel HGlsupprted
synthesis route described in thissertationconc. HCI was usedHCl as strong acid, controls

the acidic conditions, bugxhibitsa small amount of watesince it is37 wt.% aqueous conc.
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HCI. By adding HCI in a first ste@s performed in this wk, a clear sol is obtained. HCI slows
down the particle growth and prevents precipitation of titanium hydroxide partf@lds.is
suggested that the small amount of water leads togiteehydrolysis ofprecursor molecules
before the final water additicafter 20 minuteg a last stepT'he water addibn in the last step

of at leastfour equivalentsrelativeto TTIP leads to a quick hydrolysis caused by the high
amount of water angresumablydelayed condensation reactionf due to high proton
concentration caused ltlye acid The TTIP precursor moletascould bepartialy hydrolyzed

and condensedifter the addition of acid, becausetloé very low amount of water added with
the conc aqueoudHCI (37wt.%). With increasing amount of HCI in the Ti@el synthesis,
consequentlythe amount of wateslightly increases. This could lead to differdgnsized
titanium oxo clusteswhich could change the reaction kinetics and pore formation. In literature,
TTIP cluster sizes could be adjusted with very small amounts of Watethat support the
assumption.

Also, the used amount of HCI used in imstlwork is quite high compared to literature and is
probably responsible for inhibiting the precipitation besides the high solvent céitbitvas
described in literature that the presence of acid can prevent precipiatidast condesation

of hydrolyzed particlesdue to an increased proton concentration thaurn lead to fast
hydrolysis reactiond?'!! The gelatiorrate should be therefore loweHowever, the gelation
time for the EtOH andPrOH solvenibased aerogels show different behavior with increasing
acid content used during the synthesis, indicating different gelation kinetics with high proton
concentrations.

Supported by XRD and XPSdcton 5.2.5.4and 5.3.]), it is assumed that chloride ions
coordinate to the precursor and that the titarbasedprecursor exchanges its alkoxy ligands
according to the used solvent. However, therdmation of chloride ions expected to require
more time During the synthesis of the EtOH solwatsed gel E2, a fine white solid
precipitated a few minutes after the addition of acid, which dissolved completely after addition
of water after 20 mingts. The precipitatesnd the final aerogelontaired Ti-Cl compounds
(cf. Figure 5.2-37 and Figure 5.3-2). The stirring of all reactants for at least 20 minutes is
assumed to beequired, to achieve an @tjbrium for the coordinationof chloride iongto the
titanium-basedorecursor However,chloride ions coordinated at the titanibbased precursor
could be removedby water molecules during hydrolysis and condensation reactdies,
addinghigh wateramountsafter 20 minutes stirring.
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The gelation time of EtOlolventbased gels increase witie amount of HCKFigure5.1-1).

At very high HCI amountsised in the reaction mixtures it was observeddb&ttion does not

occur, ard aliquid sol remainssimilar to literature reports for very low pH valuéd The long
gelation times could be explained by decreased condensation reaction rates due to the high
proton concentration with increasing amount of acid used during the synthesis. This can lead to
decreased interaction of protiad species according to literatufél As explain@ before
another explanatiorfor the extended gelation times or the missing gelationld bethe
coordinationof chloride iongo the Ti atonmwhich canreduce the ability to form a 3D network

A higher HCI content is assumed to lead to a higher numbehrlofide ions to coordinate to

the Ti atom reducing the condensation reaction rate.

Chlorideions were reported in literature iafluencegelationkineticsby complex formation
achiewng transparent gels ando slow down solgel condensationreactiong?
Kignelmanetal. reported that acetic acid asngolexing ligand reduced the hydrolysis and
condensation reactioR Generally, when TTR is hydrolyzed, the hydrolysis rate is increased
with the use of an acid. The TTIP gets protonated by eliminating the alcohol. When using
complexing agent®.g. acetic acid, the overall reaction rate was reported to be [6R&r.
However, the wet gels and dried aerogels in this warke opaque for high HCI:TTIP ratios.

This could be due tihe observed broad pore size distribution for high HCI:TTIP ratios in EtOH
and iPrOH solveribased aerogels that is further discussed in se@i®2 of the chapter

6Di scussi onbo.

The gelation time ofPrOH solventbased gelsvas observed to become shomath higher
amount of HCKFigure5.1-2). Generally, the observed gelation times are quite slesg than

5 minutes), that was explained abogedtion6.1.1.1and2.3.3, due to the high reactivity of
alkoxide precursors and the similarity of TTIP aRdOH 24

In the case oifPrOH solventbased gelsn this workit is assumed to benore difficult to form
complexes withchloride ionsdue to steric hindrancef OiPr groups, that could explain the
shorter gelation times compared to the gefatimes for EtOH solverbased gels, which
increaseFor EtOHsolventb ased gel s it I s suggested that
chloride ionsdue to less steric hindranoé OEt groups. A higher number of coordinated
chloride ions in the EtOHadventbased synthesis couidhibit the condensation reaction
leading to longer gelation timeshereas less complexation leads to shorter gelation time in the

case ofPrOH solveribased gels
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However, it needs to be distinguished between the effedtlofide ions andprotonson the
resulting network. It has been reported that inorganic acids accelerate the hydrolysis chte, whi
is then higher compared to the condensation reactiate 1192 1% High concentrations of
protons are actually reported to slow down the condensation reactiottatkis couldalso

be the case for EtOH solvebased gels, as explained above, however, this does nanekgla
short gelation times and therefore expected high condensation raiBs@ét solventbased

gels.

The synthesizedPrOH solventbased gelsn this work were transparendirectly after the
gelation butturnedcloudy after few minutes. This could baedto larger macropores leading

to light scattering oa broad pore size distribution duefést sotgel condensation reactions.
With increasing HCI content the cloudiness appears quicker, that is probably due to very fast
condensation reaction, which goa line with the verghortgelation time (Figure5.1-2). For

very high acid amounts gelation occurred instarsitythat an inhomogeneous gel was obtained
that could not be analyzeéccording to literature, fomore transpant or translucent ¢

smalland equally sizethesopores and slow condensation reacirenequired 214

6.1.1.3 Amo u nWa toefr

A high solvent:TTIP ratio of 45:1 was chosen to achieve extended gelation times even for high
water: TTIP ratios to determine clear differences in gelation times. The gelatiorwtme
observed to increase with the solvent content in preliminary resugisré 9.3-1), leading to
homogeneous gels that could be analyZédt preliminary results (chaptér3.1) confirmed

that awater. TTIP ratio of 41 is necessary t@achievethe required degree dfydrolyzed
precursomolecules to form a stable 3D gel netwaince for lower water: TTIP ratios instable
gels were obtaine&hortergelation tims werethereforeobservedvith high waer:TTIP ratios
(Figure9.3-2) due to a high hydrolysis rate, compared to low water:TTIP rafius results in
Figure9.3-2 arein accordance with the literature, wherg@chiometric amount of water abe

two is observedo form a 3D gel network instead of nanoparticles or forming a cleaitbaut
gelation.?*YI The gelation time for gels with high water conterfo(r andeight equivalents)
wereobserved to be shortdérthe HCI:TTIP ratiois increased fron®.05:1to 0.11:1 Eigure
9.3-2). Also, for a high HCI:TTIP ratio of 0.22:1 similar short gelation times were found for the
samples syntlszed with different amounts of watefigure 9.3-2). This demonstrates the
catalyzing effect of the hydrolysis reaction due to HCI addition during the synthed?s@d

solventbased gels.
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As explained before, the gelation gnncrease for EtOH solvebased gels, while faPrOH
solventbased gels the gelation time becomes shorter, with increasing HCI:TTIP ratios. If the
water:TTIP ratio is increased to ratios ol & 12:1 besides a high HCL.TTIP ratoetween
0.221 and0.33:1 for the samples4El to E6.1or iP4.1 andiP5.], the gelation time becomes
shorter for both solventdhis effect is more evident for EtOH solverdsed gelsWater
moleculescanalso coordinate to the titaniwbhased precursor replacing chloride i@ighe
usage of high HCl amounts during the synthekiat should increase the reaction raliesas

also reported in literature, that gelation is éagr high wateralkoxide ratios!”® 2*Y A higher
amount of wateshouldlead to higher hydrolysis level. The condensation reaction, especially
the oxolationreactionduring formation of THO-Ti bonds releasewater, that could further
initiate the hydrolysis of remaininunhydrolyzed group$’! This is described in more detail

insection2.3.30f t he chapter 6State of the arto

6.1.2 Shrinkage

The results discussedtine section$.1.1.1t06.1.1.30 f t h e c¢ h ademoastratedttiRe s u | t
dependency othe reaction ratesn the HCI:TTIP and water:TTIP rat® Nearly all the
synthesized gels show some shrinkage during the first hours after géatoox. 10%). This

is due to further reactions of-OH and RQTi groupsby alkoxolation ad oxolation reactions

[37. 2181\ ost shrinkag@ccuredduring aging of thevet gels at 50 °CRjgure5.1-1 andFigure
5.1-2). It was reportedh literaturethat slightly increased temperatures spepthe shrinkage
process?*Y supporting the high shrinkage of the aged gels.

The EtOH solvenbased gels show an increasislyyinkage behavior during aging up to a
HCIL:TTIP ratio of 0.17:1. The gels shrink less for high HCI:TTIP ratios of 0.33:1,ishat
demonstrated ithe picture of the wet gebmpleE6, whichcompletelyfilled the test tubafter

the aging proced$-igure5.2-2). The high shringeup to HCI:TTIP ratios of 0.17:&ould be
due to the increasing crystallinity of thels. From WAXS experiments, it is evident, that the
crystallization occurs during aging, that is further discussed in sé&8olm contast, he wet
gel sampleE6 exhibited a slurrike appearance, so that no shrinkage behavas observed
due to the instable gdlesscondensatiomndcrosslinkingareassumedn the gej that lead to
instable gels, due to coordination of chloride j@ssexplained before

A higher HCI contentused in the reaction mixture (&fable9.2-2 andFigure5.1-2) leads to
higher shrinkage of thePrOH solventbased gelsthat can bepartially traced back tdhe
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increasing crystallinity of the samples, since the shrinkageelate with the crystallinityof
the gels(Figure 5.2-6 Table 5.2-9). Crystallizationbegirs betweentwo and four days (and
Figure5.2-45), according to the WAXS resultBetween four and seven days of aging high
shrinkage was observed.

High water:TTIP ratio$8:1 to12:1 > 4:1)ead tohighershrinkage of the sampldsesides high
HCI:TTIP ratios (cf.Table9.2-1 andTable9.2-2). The difference is morevidentfor EtOH
solventbased gels compared iterOH solventbased gel¢Figure5.1-1 andFigure5.1-2). A
high amount of water leads #ohigh hydrolysis level of Ti(OR)nd therefore a high number
of hydroxyl groups (T#OH), which carfurtherreactin condensation reactionshis could lead
to more branching of the network, leading to a stronger network that pushes solvent out of the
pores. This is supported bywer BJH maxima found for higher water conterfiggure5.2-12
andFigure9.3-4).

As depicted irFigure9.3-1b the amount of solvelffitPrOH)used in the reaction mixture has no
significant impact on the shrinkage behavior for different HCI: TTIP ratios.

Mixed solventbasedyelsin Figure5.1-3 with low EtOH fractionsandexcess ofPrOHexhibit
higher shrinkage(approx. 18 %)compared tohigh EtOH fractions(approx. 12 % With
increasing EtOH mole fractions (above (58 gels exhibit lowr shrinkageFor comparison,
pure EtOH solvenbased gels exhibited shrinkage below 10 % and iftr@H solventbased
gels showed shrinkage above 10 %. The shrinkage behaviaxex solverdbasedyelsagrees
with the observed shrinkage behavior of pEt©H solventbased Figure 5.1-1) and pure
iPrOH solvertbased gelsHigure5.1-2) at a HCL:TTIP ratio of 0.11:1hat with the usage of
iPrOH higher shrinkage occurs comgato EtOH. Figure5.1-3)

The shrinkagdehavior of the wet gels during agioguld berelated to the steric hindrance of
the precursor, which depends the coordinated alkoxy ligandsif® or OEt) andon the
numberof coordinatedvater as well ashlorideionsto the Ti atom of the precursoA higher
number of coordinatedhlorideions (which are smaller than alkyl grodgisvent moleculés
lead to lower steric hindrancef the formed titaniunbased precursof?® 2% Also, the
crystallinity of iPrOH solventbased aerogels is slightly higher for lower acid amounts
(HCI:TTIP 0.11:1)and increases in a larger extent witie amount o&cidused in the reaction
mixturecompared to EtOKolventbased aeroge(sf. Table5.2-8 andTable5.2-9). That could
explain higher shrinkage foPrOH solventbased gels.
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The crystallization procesgcursduring aging, that is shown liy-situ Raman(Figure5.2-42
andFigure5.2-43) andin-situ WAXS experimentgFigure5.2-44 andFigure5.2-45). Thisis
further discussed in chapté.3. It is suggested that theystallization processes cautde
shrinkage of the gelespecially for high TTIP:HCI ratipslue to the more ordered and denser
arrangement of the Ti and O atoohse to crystallizationThe increased crystallinityf iPrOH
solventbasedaerogelscould therefore lead to highshrinkage compared to EtO$blvent
basedaerogels. Théigher crystallinity of iPrOH solventbasedgels is discussed isection

6.3.10f t he chapter ODiscussiond

6.1.3 Separ aHyidam | oy@ingd eaaxrRéhd ¢ toino n

From the preliminary results section9.30f t he ¢ h a panefurthed gymheszedd i x 6
gels based on varying acidntents insection5.1.10f t he c¢ h a fhe sgnthesié§ Re s u |
parametersvere identified which give control about the gel formatidrhe separation and

control of the hydrolysis and condensation reaction is important to achieemogeneous gel
network. 2% |f condensationreactionsoccur too fastand simultanecsi to the hydrolysis
reaction,the precursor mighonly partially be hydrolyzed and therefore the stability of the
network is reducedso that nd3D networkcan be formedwithout anypresence oacid TiOp
nanoparticlesvould precipitate - 43 9

The decrease of the temperature to 0ht@v it was performed in this workeduces the general
reactionrate The addition ofconc. HClleads to an increased hydrolysis ratdereas he
condensation reaction is decsed with increasing amount of protons dudot@er reactivity

of hydrolyzed specieand assumed complexation of chloride iohkerefore, the hydrolysis

and condensation reaction can be controlled sepanatdghe developed synthesis route

achieve e&nomogeneouglel. The effect of coordinated and complexing chloride ions to reduce

the condensation reactiovas observed tdiffer for EtOH oriPrOHsolventbased gelsas the

gelation tima increase witithe HCI contentfor EtOH solventbased gelswhereador iPrOH
solventbased gels thebservedjelation times are shortérhe latter samples exhibit a limited
control of the hydrolysis and condensation reaction rates, that is reflected in the pore size
distribution from physisorption experiments, since ttrOH solventbased samples were
opaque, exhibiting mesaand macropores, while EtOH solvdrdased aerogels exhibited
mesopores and were comparatively more transparent supporting a more homogeneous network
formation (at HCI:TTIPratio of 0.11:1). The physsorption results ardiscussed irsection

6.2.2
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The addition offour to eight equivalents of water to the reaction mixturéPoOH solvent
based gelscreasd the hydrolysis level, but also the condensation reaction nagetoda very
quick formation of many FOH groups that condense quickly forming linkedCFiTi bonds

In this case, the gelation is less controllableé Fs©OH solventased gels. In contrast, for EtOH
solventbased gels, a high acid content (HCL: TTIP @122 0.33:1) led to long gelation times
and broad pore size distributionisis assumed thahe high protorconcentratiormakes the
gelation controllable budependent otheamount ofchloride ionscoordinatedo the Ti center
(more thartwo or three dloride iond, nohomogeneou3D network can be forme#iowever,
ahigh water conter(ivater: TTIP 81 to12:1) besides a high acid content resulted in translucent
gels with a narrow pore size distribution, indicating a homogeneous network formation even
for short gelation times.

A higher solvent conter(e.g.solvent:TTIP 35:1 to 45:1decreasethe condensation reaction
ratg due to less collisions of TH groups and coordination of solvent molecules to the
titanium-basedprecursor The controllability ofthe reactions and gel formation is therefore

increased.

6.2 | mpacSy no hRagiagnet Srrsucofuomdr ti es
6.21 Appear 8aGehbhaAerogel s

The EtOHsolventbased aerogels iagenerally a more transparent appearance compared to
iPrOHsolventbasel aerogelsas shown in the images of the wet gels and supercritically dried
aerogels irFigure5.2-2 to Figure5.2-7. TheiPrOH solventbased aerogels )aa translucent
appearance for low amounts of&eindturn opaqwe in a similar trenccompared to the EtOH
solventbased gelsvith increasing acid amounthe high transparency of EtGédlventbased
aerogels indicate small partiabe poresizes anda homogeneous pore size distributikvess
translucenterogels indicate larger pores anléss homogenous pore size distribution which
is evident from physisorption resultBigure 5.2-11). The slurrylike appearance for EtOH
solventbased gelsvith high acid conten{sample EG6)indicate that the precursor is not

completelyhydrolyzed or that a homogeneous 3D network cannot be formed.

The opaque appearance of tHerOH solvertbased gels can beelated to thevery fast
condensation reaction and the observed fast gelation asngscussed in the previoggction
6.1.1 According to literature, transparent or translucent gels require small mesopores and slow
condensation reaction$?*¥ At a HCI:TTIP ratio of 0.11:1, e mesgores foriPrOH
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solventbased aerogels are largend the samplesexhibit a smallfraction of macropores
compared to EtOKdolventbased aerogelshich exhibited only mesoporebat could explain
the nontransparent appearanceiPrOHsolventbased aerogel#\so, thesecondaryarticle
size in the wet gels is larger fd?PrOH solvent-based gels compared to EtGdIlventbased
gels, that is evident from SAXS results. Téecondaryparticle size increasewith the acid
amount used in the reaction mixtpaecording to the SAXS result®rOH shows higher steric
hindrance compared to BtD that ©uld explain the larger pores. The introduction of HCI to
the synthesiss suggested toausechlorideionsto coordinatdo the Ti atomsaselaboratedn
previoussections The number of coordinatedhlorideions therefores expected taetermne
also the size of thetaniumbasedprecursoy since chloride ions have a smaller ionic radius
compared to the alkoxy ligands solvent moleculed?'® 219 The titanium-basedprecursor
showed to form differety sized clusters in literatur&@hese clusters are found to be larger for
TTIP compared to TTE*I As described previously, TE forms if EtOHis addedn excesgo
TTIP duringthe synthesisdue to ligand exchangehapter9.9). The addition otthlorideions

to Ti atomsmight change the size of these clusters dependent on the number of coordinated

chlorideions and electrostatic attractigerepulsion forces.

The wet gelsynthesizedvith low amounts of HCI exhibited a blueishlor (sample€1, E2,
iP1,iP2) that could be uke to Rayleigh scattering at small particles or pasewell as due to
structural defects.g.Ti®*. 220 After drying, yellowish transparerr translucenaerayels were
obtained. The colomdicates the presence oélkoxy groups captured inside thmores as

reported in literaturd*’!

The mixed solvenrbased aerogelith an EtOHIPrOHmolar ratio of 1:kxhibiteda translucent
and monolithic appearanadter supercritical dryingFigure5.2-8). This indicates that small
anduniformpores are present. Also, thietainednonolithconfirms a highestructuraintegrity
and stability since the other formed gedgnthesizedvith pure EtOH, pureiPrOH, and other
EtOH-iPrOH mixturesbrokeinto fragments after supercritical drying. The orahewhich the
EtOH andiPrOH is added to th#taniumbasedprecursorcould be important, since this step
might influence which alkyl ligands coordinate to titanium-basedprecursor The ligand
exchamge from OPrto OEt groups, confirmed by NMR measuremeistgxpected to change
thereactivity of the precursor and therefteads to aifferent network formationt is assumed
that only a fewOEt groups are exchanged back @Pr groupsin the solventmolar ratio
EtOH:iPrOH of 1:1, that stabilize the gel network. The Et@Hlventbased aerogels exhibit
very small mesopores. With the introduction of sa@Br groups the pores would increase
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slightly in size and could therefore compensate more stresges the gel and stabilize the
porous structure during supercritical dryifignis is supported by physisorption results, which
showed an increased pore size for the aerogel with a solvent molar ratia FEQHof 1:1,

compared to the respective aeroggiteesized based on pure EtOH.

The calcined aerogels at 400 to 500 °C exhib#tedhite appearancérigure5.2-9), that is

typical for crystalline TiQ powder. This indicates that no carbon residues are left in the
material) sine the brownish appearance of the calcined aerogel at 300 °C demonstrated a partial
decomposition of carboifhe vacuum calcined aerogel at 3@ exhibited a very dark black
colorbut turned brownish when grindesimilar to the in aicalcined aerogel &00°C (Figure

5.2-10). This color could bealsodue to thermally decomposing carbon residues, which remain

in the aerogel. Alsat seemed that the dadolor only appears on the surface of the aerogel
fragments. This could indate that theolorstems from an amorphous layer on crystalline2TiO

in coreshell structuresreported in literaturé?”!

6.22 Sur f aPoer@aamrdact eri stics

The specific surface area of the Ti@erogelsamplesP1,iP2, E1 andE2 (Table5.2-1 and
Table5.2-2) is in the same range as reported elsewhere (466 to %§3%or anorphous TiQ
aerogels)?> 7980, 85lThe supercritical drying process preserves the mesoporous structure of the
synthesized’iO2 aeroges, leading to the observed high valu#ghe surface area and defined
pore sizedistribution % The specific surface area is higher for Et€blventbased aerogels
compared taPrOH solventbased aerogelef. Table5.2-1 andTable5.2-2). De Sarioet al.
reported that &igher precursor concentratidiess solvent)ed to a decrease in surface area.
(1151 However, these observations could not be confirmed in this dissertation, since preliminary
resuts based on different solvent:TTIP ratios 8@ 45:1) showed that the highest surface
areacould be obtained for a solvent: TTIP ratio of 3%Also, comparing the surface area of
EtOH and iPrOH solventbased aerogel, the differences cannot be assigaedhe
solvent:precursor ratid.he lower surface area fdPrOH solvertbased aerogetsould be due

to larger particles and pores f®OH, due to the ligand exchange of TTt®ming TTE,when

EtOH is usedsee chapte6.1.]). Larger clusters of TTIPcompared to TTEcould leadto
largerpores angbore volums, due to steric hindranckarge particles or pores contribute less

to the surface are compared to small particles and pores.
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It is assumed thatCl leads to many diffemtly sized TTE or TTIP clustedependent on the
amountof HCI and therefore varyingnumber of coordinatedhlorideions. The amount of
chloride ions andhe amount ofvater used during the synthemsexpected taletermine the
formed particle sizewhich in turn affects the surface areBhe specific surface area and pore
volume decrease with increasing HCI content. Alse pore sizes increase and the distribution
becomedroader with increasing amount of HChis trendis observedor EtOH andiPrOH
solventbased aerogel$igure5.2-11 andFigure5.2-13). However, he results othe aerogel
sampleE1l deesnot fit in this trend. This gel needs to be resynthesized and characterized again
to check tle results

The results of the pore size distributions of Et@ht iPrOH solventbased aerogels are
accordance with the optical appearance of the aerfelsgure5.2-1 andFigure5.2-5). The
opaqe appearancef the synthesized aerogetan be traced back to thmwoad pore size
distribution when increasing tl@mount ofacidused during the synthesM/hen the pore size
distribution is narrow thenore translucerdgerogelavere observedeven with igh amounts of
acid @erogel sampl&4.1, Figure5.2-3). In literature, a high transparency is generally related
to small émaller than the wavelength waik light) and uniform pores in aerogels to minimize
scattering!??%: 2221

The higher water amountsed for the gel samples E4.1 to E6duld lead toa stronger
condensation and crosslinking, as more groups are hydrolyhedhigh acid content slows
down the condensation reaction, btuthtee same time a high hydrolysis rate is achietieat,
could leado a narrow pore size distributioddowever, the gel sampléB84.1 andP5.1 show a
broad pore size distribution even at high HCI.TTIP and water:TTIP ratidg;ating fast
hydrolysis andast condensation reaction rates.

At very high acid amountydrolysis intermediates could be present whiahnotcondense
due tothe slowed condensation reactionthe case of EtOH solvebtised gelsThis leads to

a powdetlike aerogelwith abroadpore size distribution and macropof@egrogel sample E6,
Figure 5.2-1 and Figure 5.2-11b). Also, differently formed molecules of the formula
Ti(OH)x.y(Cl)y after hydrolysis and coordination of chloridegomay lead to inhomogeneities
during crosslinking, due to less condensing groups.

The decrease in surface avegh increasing amount of acabuld be due to the high degree of
crystallinity. The reduced number of small mesopores could also explaiethesded surface

area, as small pores contribute more to higher surface areas.
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The aerogel sampli®5was agedetweenoneandseven daysrespectivelyand analyzedby
physisorption measurements to investigate the impact of the aging on the pihesital
propertiesshowingthat the surface areend pore volumelecrease steadilgr longer aging
times (Figure5.2-15). Choi et al. reported that extended aging times between two and three
days increased the pore volume and the pize *® These findings cannot be confirmed by
the results of this work, since a decreasing pore volume was observed for gabiae
extended aging times. Also, for low acid amouatg,sample E2, very small mesopores were
found even #er the long aging process. The amount of acid and the type of solvent are found
to have the greatest influence on the surface and pore stridterebserved crystallinity for
the different aging stepa Figure5.2-35 supportsthat the reduction of surface araad pore
volumeresults from shrinkage and therefore from crystallization of thelgekestingly the
surface areas and pore volumes are still very high, compatattioedTiO2 aerogels reported

in literature (102 to 157 nfig' 3. ™ The surface of the interconnected particles in the
synthesized (sen)crystallineaeroges is well accessible through the high porosithich is

still maintained confirmed by calculated porosity values from density measureifoériiable
5.2-4 andTable5.2-5).

The surface areaf the aerogel samples E4.1 to E€ekems to be independeri any changen
HCITTIP ratio above 0.22:1 for high water amowat the surface area is constant in the range
of 269to 290m?ig’ (cf. Table5.2-1) The pore volume and Blvalue behave simillr. The
similar valuebservedor the sample E4.1 to E6.1 could be due tdhigl crystallinity which
remained unchanged 100 wt.%.

The mixed solvenbased aerogelsith low EtOH mole fractiongxhibit highervalues for the
specific surface area comparedhe aerogel samplé2 a iP2, whereas the pore volume lies
in between the reference valuegtt aerogel samplé2 andP2(Figure5.2-17). Since EtOH
was added first to the TTIP precursor it is assumed, that@Bsgroups are exchanged with
OEtgroups. After addition ofPrOH someéEtgroups are exchanged backdidrgroups. This
could lead to a mixed particfgore structure with small particles due to @€t groups buglso
larger pores due to th@iPrgroups that make the surface of the pad&better accessibfer
catalytic rections The pore sizes of the mixed solvelmhsed aerogels are between the two
extremes oferogels withpure EtOH (E2, 10nm) andpureiPrOH {P2,50 nn) used in the
synthesisas shown irFigure5.2-16. Thisindicates that a mixture @EtandOiPrgroups are
attached to the Ti atom. For low EtOH mole fractions the pores are slightly larger compared to
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high EtOH mole fractiomas shown in the pore size distributiorFigure5.2-16. This indicates
thatOEtgroup coordination at the Ti atom is dominant, but with increagim@H amounthe
OiPrgroups argrimarily coordinated to the Ti atorithe surface area varies between 610 and
660 m?ig" for all mixed solvenbased aerogels, apart from the sample withBi@H mole
fraction of 0.50f which thevalue for the surface area drops to lower valGe8in?g’ j (Figure
5.2-17). This aerogel sample with ti#OH molefraction of 0.5should be resynthesized and
analyzed to verify the obtained valtée other mixed solverbased aerogeksxhibit slightly
highervaluesfor the surface area comparedthevaluesobtained for the EtOH solvebased
aerogel Eaandto theiPrOH solventbased aerogeéP2. The coordination of OEt groufusthe
titanium-basedorecursoidead to smaller pores according to the pore size distributiBigure
5.2-16. Smaller pores contribute to a greater extent to asiglace areal headdition of even
small amounts of EtOH td°rOH dominated synthesis procedures ttareforeincrease the
surface area.

The pore volume varies for high EtOH mole fractions but show a decreasing trend and
approaching to reference valud#sE2, due to dominain of OEt groups at the Ti atorfFigure
5.2-17).

The aerogel sample with tl#OH mole fraction of 0.8xhibited a monolithic shap&he order

of solvent addition to thetanium-basedorecursomight beaffectingwhich solvent molecules
dominantlycoordinate to thétaniumbasedprecursorThe ligand exchange fromiBr to OEt
groups was mentioned previousiyth excess of EtOH, leading to different reactivity of the
precursor and therefore different netlwdormation.Since EtOH is added to TTIP befdte
addition of the second solvePrOH), it is assumed that only a fe@Etgroups are exchanged
back toOiPr groups, that stabilize the gel network. The Et&itventbased aerogels exhibit
very small mesogres(Figure5.2-16). With the introduction of som®iPr groups the pores
would grow slightly in size and could therefore compensdte stress within the gel and
stabilize the porous structure during supercritical dryiingt cold explain the monolith

formation Eigure5.2-8).

In addition tothe BJH pore size distributipthe poreshapecan beestimatedrom the behavior
of adsorption and desorption branches of the physisorption isothEmnmBJH vales for EtOH
solventbased aerogels for low amounts of agdniplesE1 to E3) aresmaller compared to
iPrOH solventbased aerogelsd&mplesiP1 to iP3) (cf. Table5.2-1 and Table 5.2-2). The
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isothermsfor samplesE1 to E3 show that the hysteresis closes at lower pressures, indicating
ink-bottle shaped pores, whereasfamplesP1toiP3 the hysteresis closes at higher pressures,
indicating slit/cylincer shaped porefFigure5.2-11a andFigure5.2-13a). For mixed solvent

based aerogels, the hysteresis also closes at higher pr€ssgues5.2-16a). This indicates

that EtOH causes the formation afery small necks that might liisadvantageous for the
accessibility of reactants to the surface. Closed pores might also be present, which are not
detectible with physisorption measurements.

In literature, TiQ aerogels are reported to beainly amorphousand exhibit high specific
sufface ares. 25 79 80 8IHgwever, the synthesized aerag@h this waok were partially or
completely crystalline and exhibited higher values for the specific surfewecmpared to the
crystalline aerogelscacined at 300 °dn the literature(102 to 157 m?g 3§ or the calcined
aerogels in this worksgesection5.2.2.40 f t he c¢ h 3.9% Teaeforé Rethsouetical s 6
specific surface arda calculated for completely crystalline anatase and brookite nanopatrticles
with crystallite sizes of 40 6 nm and 20 3 nm respectivelywhich were found in the present
crystalline aerogel¢cf. Table5.2-8 and Table 5.2-9). The results showed that surface areas
between 387 and 258%g" ¥or anatastand between 484 and 726ig' for brookite can be
achieved.For mixed anatasebrookite nanoparticlesa theoretical specific surface area of
approx. 440m?ig’ 1(60 wt.% anataseand 40 wt% brookite) is calculated These theoretical
values are compared to the experimental vatdempletelycrystalline aerogelécf. Table
5.2-8 andTable5.2-9). The aerogel samplds4.1to E6.1, with anatase and brookite crystals,
exhibited surface areas between 26@1290m?g' ‘andthe aerogel sampléP4to iP6, also
with anatase and brookite crystatetween 211and 307 m?ig' *(cf. Table5.2-1 and Table
5.2-2). The experimental valued the surface arefd into the range of the theoreticahesof
anatasegbut are slidntly lower compared to the theoretical value of anabasekite mixed
phasenanoparticles. This could be due to the loss of some surfacearsed byonnecting
points of the particles in the network. Also, the crystalline aerogels exhibited some larger
aggregates, thatras shownfrom SAXS data(Figure 5.2-50 and Figure 5.2-53) and some
remaining carbon residuewhich could contribute to or reduce the surface gcfaTable

5.32). This was neglected for the calculation and comparison to theoretical vahes.

4 Anatasedensity ()= 3 . 8 83, madsdmmy J A 4 JTA B 3, &=éngbthllite sizeSurface areaX)= ~AA
5 Brookite density(} )=4.13gAm?3, mass (m¥ J A 4 A3 A 3, &=dnythllite sizeSurface areaX)= ~AA
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advantage of aerogels st the3D porous network makes the surface area of the pardiobtbs

crystallitesalmost completely accessibltecontrast tagglomeratedrystallinenanoparticles.

The calcination of the aerogetsairled to a decrease in surface area and pore volume, as well
asin anincreaseof the pore size with increasing temperatuféis is in accordance with the
results reported in literature foalcined aerogel samplé& "® Theincrease irpore size could

be explained bythe small pores that fuse together forming larger pores. The calcination in air
leads also to sintering of the Ti@erogel and decompdtisin of organic residues. The sintering
leads to a decreasing porosity and formation of larger particles or aggregatsinationat
500°C, as shown in SEM images (dfable5.2-7 andFigure5.2-26). Therefore, the specific
surface area decreases due to lower porosity and larger particles.

The calcination in vacuurat 300 °C fortwo andfour hoursleads to a decrease in specific
surface area and pore volume but to a lower extent compared to calcinatiofcin Eable

5.2-3). Interestingly the pore size does not increase compared tcadsmation. The oxygen
deficient atmospherduring the vacuum he#éteatmentcould lead to less sintering in the
sample supported by SEM imageBigure5.2-26 andFigure5.2-27). Calcination in vacuum
should not remove all carborsince the carbon cannot be oxidizeds i is the casefor
calcination inair. Residual carbon on the particle surfeaehinder recrystallization processes
and pore fusion, as it blocks a part of the open surface Bltessotherm of theon-calcined
aerogelsampleE2 revealed intbottle pores with smaller neckBigure5.2-11). Closed pores
could be present which open during the calcination in vacuum or enlarge the necks of the pores,
that could eplain the unchanged pore size distribution of the vacuum calcined aerogels at
300°C. In contrast to thathe calcination in air leads to sinterimile the porsfuse together

to form larger poresThe results also show that the calcination temperatatermines the
extent ofsurface area and porosity reduction, since there are neglectable changes for calcination

duratiors betweentwo andfour hoursin air andin vacuum.

6.2.3 Mor ph @lnBhgryt iSicd e s

The porosity of the aerogedampleE1to E6 variehetween 7Aand83 % (Table5.2-4), which
is similar to valuegound for EtOH solventbased aerogelsom the literature. The literature
values were also calculated fraime measuredskeletal density and pore volem??! The

porosity values athe aerogetample E1 to E3 show a decreasing trend with increasimgint
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of acid (Table5.2-4). However, the samples E4 to E6 to not obey this trend that beudue

to the similarityin surface area and pore voluofeéhese sampl@vident from the physisorption
results(cf. Table5.2-1).

A similar behaviorwas observed for thePrOH solvertbased aerogelsTéble 5.2-5). The
porosity values clearly decrease frasrogel sampléP1 toiP6with increasing amount of acid
usedduringthe synthesisThe decreasing porosity can be explaibgd denser arrangement

due to crystalliation of the aerogelssince the crystallinity increases from samiplé toiP6

(cf. Table5.2-9). The porosk valuescalculated foiiPrOH solventbased aerogels are higher

to that of EtOH solventbased aerogel$or low HCI: TTIPratios of 0.11:1 to 0.17:This could
berelated to thenacropores antigh pore volumgfound foriPrOH solventbased aerogels,
since the porosity was calculated on the basis of the accumulated pore volume from
physisorption results. The SEM images bé taerogels confirm, that the porosity is still
availableeven for high crystallinitieachievedwith higher acidamounts used during the
synthesis The formation and larger proportion of macropocesld explainthe drop inthe
surface area and pore volar(cf. Table 5.2-1 and Table 5.2-2; Figure 5.2-20 and Figure
5.2-22). In contrast,calcined aerogels eiit lower porosity values compared to crystalline
aerogels synthesized with the HCI supported route, since sintering occurs during calcination
(cf. Figure5.2-26). The dropof the pore volumeof crystalline aerode synthesized with the

HCI supported routes probably due to a shift of the pore size¢oy largemacropores, which
cannot be measured witfy physisorption measurements.

For iPrOH solventbased aerogels a slightly higher solvent:TTIP ratio was usedhg
synthesig35:1) compared to EtOH solvebased aerogels (26;1due to quick gelation. As
shown in preliminary results, the solvent:TTIP ratio has no significant impact on the porosity
(cf. Table9.3-1 in the appendix).

Fromthe SEM images it is evident that the porous structure is still present, but the fraction of
macropores icreasegFigure5.2-20 andFigure5.2-22). The porosityvaluesdecrease slightly

with the amount of watdior EtOH solverdbased aerogela¢rogel samples E4.1 to E6cT,
Table5.2-4). With a high amount of watea, higher hydrolysis level isxpectedcand tlerefore

more connection points for the network can be foraradiconsequentlgss aggregatio.his

is alsoobservedn the SEM imagegFigure5.2-21). Higher porosity values were therefore
expectedHowever, theaerogel sample E4.1 to E6.1 were found to be completely crystalline
compared to the respective samples E4 to E6 which exhibit a maximum crystallinity of 80 wt.%

(cf. Table5.2-8). This difference in crystallinityan lead to the observed lower porosity values
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of the aerogel sample E4.1 to E6A.simultaneous increase of water and acid seem to
compensate the pore enlarging effect due to the increased acid amount, so that mesopores could
be achieved besides a higlystallinity.

The mixed solvenbased aerogels exhibit a higher calculated porosity of approXso 91
compared tpure EtOH andpureiPrOH solventbased aerogel&f. Table5.2-6). The higher
porosity could be achieved due to snpatticles which stem from thexpected formation of
TTE precursardue to ligand exchangand slightly larger pores, due to some additi@iddr

groups at théitanium-basedprecursor, as explained in chapse?.2

The caltnation at 300 to 500 °C in air leads to a decrease in porosity with increasing
temperatureCalcination of aerogels leads to a decrease in surface area and pore volume, but
also to a loss of porosity, as the microstructure gets denser and larger papypses as
confirmed by SEM imaged-igure5.2-26). However, thecalculatedoorosity values cannot be
compared tdhe noncalcinedaerogekample E2, due to the usage of denatured EtOH for these
calcined aerogels, which altergtpore volume, as indicated in the apperidixFigure9.5-1).

The usage of denatured EtOH, compared to absolute EtOH, led to a similar surface area, but
larger pore size and pore volume. These observations are assigned thtivesad denatured

EtOH as shown iffable9.1-1.

Thesynthesis ofamples EB00-A and E2300-V are based othe usage ofbsolute EtOHas
solventand can be comparedttoe noncalcinedaerogel samplg2. In both cases the paity
decreases to 70 and 71 % respectively from 80 %h®raerogel sample2 (cf. Table5.2-4
andTable5.2-7). These results show that the porosity is reduced to a lexgent for calcined
samples compared the non-calcinedaerogelsavhich were synthesized with high amounts of

HCI. In both cases, with calcination and with the ¥Gpported synthesis route, a high

crystallinity was achieved (cl.able5.2-8 andTable5.2-10).

The scattering curvesigure5.2-49 to Figure5.2-54) show a curve progressi@nd power
law exponent of the mid-cangetypically foundfor aerogelsindicatingalamellarshape of the
connectegarticles of the 3D gel netwark® 224 This suppors a fractal structure of the TiO
aerogels, that ialsoevident from SEM and TEM images shown irFigure6.2-1. Also, the
scattering curvebend at two different-galues that can be associated with differently sized

particles.
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Discussion

Figure6.2-1: Scheme of fractaltsictures of aerogel sampk2 based orf6EM and TEM
images

From the high magnification SEM imaged-igure5.2-24, it can be assumed that tecondary
particle or aggregate sg@acrease with increasing acid content fromt@32 nm foraerogel
samplesP2 andP5. Slightly larger values for the aggregate/secondary particle size were found
from SAXS data in the wet gel. Faret gel sampled?2 andP5 secondary particles sizas

29.5 nm and 44.4 nm respectively, assumirtgespal particlegcf. Table5.2-15). This could
indicate slight shrinkage during the supercritical drying process. However, TEM images
indicate a varying particle size betweens2@60 nm forthe aerogel sampl@5(Figure5.2-31
andFigure5.2-32). The particle size fromiEM images could not be determined for all samples,
since many particlewerelying on top of each other, due to the interconnected structure and

therefore onj} very few isolated particlesereavailable for measurement.

In Figure6.2-2 the relationship between solvent, acid amount and primary/secondary particle
size is shown, based on the SAXS, physisorption and SEMtsewhich are described and

discussed in the following.
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