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Abstract

One of the most demanding fields of research in this century is the development obbiestai
and high performance energy conversion and storage technold@gissgoal is closely
connected to the development of suitable materials. In addititmeetdesignof completely
new materials, the properties a@feadyexisting material€an be impreed and modified by
nanostructuringNanostructurinchasthe potential for greatly enhancing the performance of
materials inmany applications for exampledue to an increased surface area and short
diffusion pathways in porous systems. For examl@ewgeneration of nossilicon solar
cells or water splitting devices for a hydrogen economy can besigfiificantly from
nanostructuring of the utilized materials. Additionally, high energy density battery systems for
mobile devices or electrmobility with short charging times can bealizedin this way
Hence, green, netoxic and lowtemperature bottorap syntheses of nanomaterials and their

building blocks with defined propertiese of great interest

This thesis idocusedon the synthesis of hanomasds for energy storage and conversion
applications, such as lithium ion batteries,-dgasitized solar cells and photoelectrochemical
water splitting.In order to achieve this, we have developatvel synthesisapproach based

on solvothermal reactiongn tert-butanol to obtain ultrasmall, crystalline metabxide
nanoparticles.In these reactionsert-butanol acts both assolvent andas reactant The
nanoparticle®btained in this wagxhibit a very good dispersibility and extremely small size
down to about 3m. These featuresnake them promising building blocks for lew
temperature bottornp syntheses of porous nanomaterial® surfactant templated
evaporatiorinduced seHassembly. Additionally, due to the small size and the good
dispersibiity, the nanoparticles can be homogeneously distributed on the surface- of pre

formed porous nanostructures for catalytic applications. The absence of aromatic ligands on
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the nanopatrticle surface enables a very good electrical accessibility in thenadxiomed

electronic applications.

The first successful nanoparticle synthesidari-butanol was accomplished for ultrasmall
crystalline titania in a noeaqueous, fast and letemperature microwave heating procedure.
The titania nanoparticleshave anextrenely small size down to 8m and are highly
dispersilte without any additional stabilizing agents. Based on these features, the
nanoparticles can be assembled to form crystalline mesoporous titaniasihgsammercial
Pluronic surfactantsThe films possssa high surface area up to 308g” after template
removal. Additionally, the films exhibit a high crystallinity due to a seeding effect of the
nanoparticles. The advantages of the extremely thin nanocrystalline walls were shown in
electrochemical Ihium insertion experiments. The mesoporous films exhibitedoltO
increased insertion kinetics due to shortened ion diffusion pathways compared to a reference

sample prepared from 20n anatase particles (Chapr

The very high surface area of thesesoporous titania films can also be very advantageous
for the application as photoanodes thin dyesensitized solar cell§DSCs) as the dye
adsorption and thus the produced photocuraeatelated tothe surface ared heoptimized
standarcprocedure bsed on theselfassembly of nanoparticles with surfactaetds tofilms
consisting of individual layers with a thicknesslow 700nm, which are still too thin to be
used in DSCsWe have developed a protocol to make thicker films by adetimg cellulse

to the coating solutiondn this way films of up to 2um per layercan be producedJultiple
coatingsof theselayersenabled the preparation 6fims of up to 10um thicknesswhich
showed high efficiencies of 7% in dyesensitized solar cells (Cpier4). Another
application of thin titania layers is shown in Chafiewhere the integration as high

refractiveindex porous layers in Bragg stacks for chemical vapor sorption is demonstrated.

Vi
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The electrical properties of the titanrnoparticles and the resulting films can also be
modified by doping the nanoparticles with niobium in an adapeebutanol nanoparticle
synthesis yielding particles with sizes of abott 8 nm. Nbdoped titania is a transparent
conducting oxidehatis highly interesting for optoelectronic devices. Mesoporous films with

an increased conductivity compared to pure titania were prepared with Pluronic F127 as a

structuredirecting agent in a sedssembly procedure (Chap&r

The concept of decreasingetion diffusion pathways in lithium ion batteries shown for titania
films was extended to lithium titanafeTO). LTO isa zero strain anode material for lithium
ion batteriesthatis also used in commercially available devices (Chafjtefhis material
was prepared in a neaqueous solvothermal synthesistant-butanol The fully crystalline
interconnected mesoporous frameworkeagded by surfactant templatimgd to the fastest
insertion of lithiumever reportedlt features a gravimetric capacity about 175mAhg'*
and delivers up to 7% of the maximum capacity at up to 8004.5s) without deterioration
over 1000 cyclesThekeyto this performance are ultrasmglinel nanocrystals of only a few

nanometers in sizhat are used to construcetpore walls.

The final parts of this thesis mainly focus on the development of active materials and catalysts
for (phote) electrochemical water splitting. Ultsamall and dispersible nickel oxide
nanoparticles were synthesized tert-butanol with tunald sizes from 2.5 6nm and
assemblednto thin film electrodes for electrochemical water splitting (Cha@emlhe onset
potential for the oxygen evolution reaction was reduceti@®mV, demonstrating the highly
efficient catalytic properties of the neaial. The very small size of the nanoparticles and
hence the resulting high surface to volume ratio leads to exceptionally higloveern

frequencies even outperforming expensive rare earth iridium oxide catalysts.

VI
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Another active material that is appligdphotoelectrochemical water splitting is iron oxide

the form of hematiteHowever, the performanad hematite is stronglliimited due tesmall
electron and hole diffusion coefficient§hese issues can baddressedby hematite
nanostructuringwhichwas achieved in a sglel surfactant directed synthesistént-butanol.
Furthermorethe addition of a Sprecursor to the synthesis led to an enhanced performance
of the mesoporous electrodes in photoelectrochemical water splitting by reducing
recombinabn processes at the surface (Chapjefror a further reduction of recombination,

a synthesis of ultramall and highly dispersible cobalt oxide nanoparticldsfirbutanol was
developed and the particles were homogeneously distributed on the sandandte pores of

the Sncontaining hematite host (Chapid)). This surface treatment leads to a further

increase in photocurrent by about 34@attributed to substantially reduced recombination.

In conclusion, a general synthesis approach for -shmal, crystalline and dispersible
nanoparticles of various metal oxidest@nt-butanol was successfully developed. The unique
properties of the nanoparticles and the resulting porous nanostructures built thereof enabled
high performance applications in var®energy conversion and storage systems, such as dye

sensitized solar cells, photoelectrochemical water splitting and lithium ion batteries.

VIl
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1 Introduction

1.1 Introduction to Nanotechnology

AA biological system can be exceedingly smal
very active; thg manufacture various substances; they walk around; they wiggle; and they do

all kinds of marveloughingsi all on a very small scale. Also, they store information.
Consider the possibility that we too can make a thing very swiaith does what we warit

that we can manufacture an object that maneuvers at that fevel

This | ecture given by Richard Feynman is of
nanotechnology. Acommondefinition of nhanomaterials is that at least one dimension of an
object is m the length scale déss than about 10@anometes (1 nm isa billionth of a meter

or 10° m). This extremely small size compared to bulk materdisn leads to drastically
changed ppertiesof materials, such atheir color, melting point, electronjccatalytic or
magnetic properties’ The changed or completely new properties often result from the
increased fraction of surface atoms compared to the total number of atoms in a nanomaterial,
which is called asize effecf Nanotechnology in the media idten considered to be an
advanced research field of the*2&enturywith exciting new improvements for everyday life

such as the lotus effect or naocarpolish for examplebut it also dates back tprevious
centuries Oneof the most prominent examples is the application of metal colloids, already in
ancient times, for the coloration of glasswarédowever, the techniques for the
characterization of nanomaterials were developed much later, exemplified by the first
scanningunneling microscope in 1981 by Binnig and RoRr&he development of additional
techniques such as atomic force microscopy combined with theestalblished transmission

electron microscopy allowed for the characterization and manipulation of matevatsto

1



1.1 Introduction to Nanotechnology

the atomic levef. This toolbox of techniques made it possible to develop and characterize a
manifold of nanomaterials and made nanotechnology one of thedgrasnicgrowingfields

of researchThis interdisciplinaryfield of researchnvolvessolid-state physicistgrganic and
inorganic chemists, physical chemists, colloid chemists, mates@kntists, andmore
recently, biological scientists, medicatientists, and engineerghis nonexhaustive list
shows the broad basis méinotechnologywhich has brought about applications in numerous
fields such as materials and manufacturing, nanoelectronics, medicine and healthcare,

biotechnology catalysisand information and energy technologies.

The preparation techniques of nanomaterials leasically be divided into two categories,
namely topdown and bottorup approaches. A typical example for the-tigvn method is
attrition or ball milling in which matter is ground until it is in the dimension of the nanoscale.
This process inevitably leadto surface imperfections and broad size distributions of the
resulting nanoobjects. Contrary to that, the bottgmapproach enables the production and
build-up of materials from the bottom by assembling atoms, molecules or clusters, so that the
resultig materials exhibit less defects, a more homogeneous chemical composition and a
better short and long range ordering compared to materials prepareddywo@pproaches

such as millind. The chemical synthesis of nanomaterials or the-assémbly of DNA

origami can be named as examgles.

One of the most demanding fields of research in this century will be the development of
sustainable and high performance energy technologies. Examples for it ateslogolar

cells or water splitting devices for a hgden economy and high energy density battery
systems for mobile devices or electmmbility, which can benefit drastically from
nanostructuring of the utilized materials. Therefore, green;toxin and lowtemperature

bottomup syntheses of nanomaterialsd their building blocks with defined properties would
2




1. Introduction

be desirable, this was also the focus of this work. In the following, a chemical bgitom
synthesis method for ultsmall metaloxide nanoparticles itert-butanol is described. These

were applied & building blocks for porous materials or as homogeneously distributed
catalytic particles on porous hosts and showed excellent properties in applications such as
energy conversion and storage. The following introduction guides the reader through the
different methods for nanoparticle syntheses and mesoporous materials and then describes the
application fields of dyssensitized solar cells, battery materials and pletgotrochemical

water splitting devices.

1.2 Introduction to metal oxide nanoparticle synthesis methods

Nanoparticle research is an important field in nanotechnology not only because of the
interesting intrinsic properties of nanoparticles but also because of the possibility of using
them as building blocks for the assembly of more sophisticatesbtractures. Thstructural,
morphological compositional and surface characteristafsthe nanoparticles have to be
precisely defined and uniform to be suitable for the preparation of such complex
superstructuresNangarticles with a definedsize anda narrow size distribution,high
crystallinity, andgood dispersibility can be obtained by botteap synthetic approaches.
Physical bottorrup methods of nanoparticle synthesis, such as the pyrolysis of liquid and
gaseous metal precursors or physical vageposition techniques either lead to large
aggregates or agglomerates or are slow and expensive, respécthetiyzhemical synthesis
pathways on the other hand can be versatile routes for the synthesis of metal oxide
nanoparticles with desired propertie$he main techniques include the-p@cipitation of

salts in solution, the sgjel processes and hydrothermal and solvothermal rottes.




1.2 Introduction to metal oxide nanoparticle synthesis methods

Sol-gel reactions

Sol-gel processing dasebackto 1846andrefersto the hydrolysisand condensation ohetal
halide or alkoxidebased precursorsuch astitanium tetrachloride (TiG) or tetraethyl
orthosilicate (Si(OEt)).***® This method allows the formation of tecular nanoclusters,
nanoparticles, or polymdike metal oxidenetworksdepending on therocessing and the
degree of condensati@f the metajorganic precursors={gure 1-1).24° The reaction stages
of the solgel process can be generally described by several distinctdisepgarding the

nature of the precursors

Step 1: Formation of stable solutions of theleculametal precursor (the sol).

Step 2:Condensation reactioneading to the formation of anxide- or alcoholbridged

networkwith increasing viscosity (the gel).

Step 3:Ageing of the gelsyneresishy polycondensatiormechanisms andfmation of a

solid massuponcontractionof the gel netwik and expulsion of solverfitom the gel pores

Step 4:Drying of the gel upon removal afater and solventby eitherthermal treatment

(xerogel) or by extraction at superitical conditions (aerogel).

Step 5:Removal ofsurfaceboundM-OH groupsandstabilizing thegel against rehydratioat
high temperaturesp to 800°C and optional ensification and decomposition of the gats

temperatureabove 800C for the preparation of dense ceramics or glafsegxample
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Figure 1-1: Various steps and resulting products in the segel process. Figure adapted from Ref6.

Solgel processes are conducted either in aqueous (hydrolytic) clagumous (non
hydrolytic) solvents. The aqueous-g@l chemistry § quite complexiue to thedouble role of
water as ligancand solventand thehigh reactivity of themetal oxide precursors towards
water Additionally, the high number of reaction parameters, suderaperaturgpH value
the hydrolysis and condensatioate of the metal oxide precursoasid themethod of mixing
thereof have to be strictly controlledo allow reproducible synthes&s.The resulting
precipitates of the@queous sefel reactionsare generallyamorphousand therefore require
additional postsynthetic annealing stedo induce thecrystallizationof the materials (if
crystalline materials are desired). Hence, the control owgstal size and shape very
limited and therefore the aqueous synthesis pathways are more suitable for liesisyoit
bulk metal oxides rather than nanoparti¢fedn contrast, nn-aqueous (or nehydrolytic)
solgel processeare conducted under the exclusion of wateorganic solvent$®*® This
difference leads to several advantages over the aqueous methods, resulting in the possibility to
produce crystallinenetal oxidenanoparticles with uniform crystalligzes in the range of a

few nanometerghat exhibitgood dispersibility in organisolvents The advantagesesult
5




1.2 Introduction to metal oxide nanoparticle synthesis methods

from the multiple roles of the organic solvengshers, alcohols, ketones or aldehydeghe
reaction. The solvent can alactas oxygersupplierfor the oxide formatiorand asorganic
ligand of themetalprecursor moleculeggssurfactant, oras a source ah situ formedorganic
condensation product§his, together wittslower reaction ratedue tothe moderate reactivity
of the oxygen carbon bond compared to aqueous systemgnables the preparation of
nanoparticles with definegbarticle size and shapg beingwell dispersible in organic

solvents?®?2

The main condensation steps in raqueous systems for th@mation of the metabxygen
metal bond can bedescribedin five distinct pathwayslepending on the utilized solvents

(Schemet ;161923
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Alkyl halide elimination
=M—-X + R—O0O—M= —p» =M-0—-M= + R—X
Ether elimination
=M-OR + R-O0O-M= —»» =M-O0-M= + R—-O0-R
Condensation of carboxylate groujester and amide eliminations)

(@] (@]
I I
=M-0-CR' + R—O—M= —»» =—=M—-0O0—M= + RO—-—CR'

C-C coupling of benzyli@alcohols and alkoxide molecules

-iPrOH OH
|
2 EM—04< + PhCH,0OH —®» =M—-O—M= + PhCH,CH,CHCHj

Aldol condensation

-2 ROH
2 =M—-0—-R + 2 o:< —» =M-O-M= + O

Scheme 1 Overview on the different condensation steps in neaqueous solgel processes.




1.2 Introduction to metal oxideanoparticle synthesis methods

Surfactant-directed vs. solvent-controlled processes

Nanoparticle formation witltontrol over the particle size and morpholdgynonaqueous
processes can either bsurfactandirected or solventcontrolled’® One example for
surfactantdirected nanopauie preparation is the smlled hotinjection techniqueMetal
precursoisolutions are injectenhto a hot solvent containing surfactantgich can coordinate
to the precursors and prevent agglomeration of the formed nanopdrtitlestemperaturés
typically in the range of 250 to 35C andthis technique is mainly used for tegnthesis of
semiconductomanocrystals Surfactantcontrolled routesallow an exceptional control over
the growth of metal oxideanoparticlesyielding almostmonodisperse sapleswith a low
agglomeration tendency and excellent dispersitffityowever, the use of surfactants in the
synthesis of nanoparticles leads toaagé amount of organic impuritieend therefore a
restricted accessibility of the nanopartislegfacewhich can be detrimental for applications in
gas sensing or catalysfsAdditionally, the toxicity of the surfactants and the sedictable

properties of the resulting materials can pose a profilem.

In contrast, solvertontrolled nanoparticle synthesisutes allow éss control over crystallite
size and shape often show hboader size distributionsthe particles exhibit a limited
redispersibility and tend to formagglomeratesNevertheless, the advantages of solvent
controlled syntheses make them an elegant alternative to surfectdrdlled systems. The
advantages include logynthesis temperatuseypically in the range of 50 to 20, and a
low amount of organic impurds on the surface of the nanoparticles and therefoed g
accessibility of the nanopartickurface An additional attractive feature of thesecsdled
softchemistry (or chimie douc®)reactions is that they are mainly carried out im-toxic

solvents?® The simple composition of the reaction solutiomstal oxide precursor(s) and a
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common organic solvendften enables a straigfdrward characterization of the involved

chemical reaction mechanisnfs.

The polyotmediated synthesis is an example olventcontrolledmethod to preparemany

types of nanoparticles, such as elemental metal nanoparticles, phosphates, sulfides,
halogenides and metal oxid€sThe precursors are heated in high boiling alcohols such as
glycol, glycerin or diethylene glycol dndue to the possible high processing temperatures
(1507 300°C) the syntheses often lead to highly crystalline material. Due to the stabilizing
chelating effect of the polyols the growth of nanoparticles is limited and the particles are kept
from agglomeation. Additionally, this type of synthesis is easy to perform and the
nanoparticles can babtainedin high quantitiesThe size of the produced particles usually is

in the range of 30 100nm. Although such a relatively big particle size is desiralde f
several applicationsit is not feasible for using theanoparticlesas building blocks for
surfactant templated porous system$oothe incorporation and homogeneous distribution of

nanoparticlesn such mesoporous structures.

Another example for aotventcontrolled metabxide nanoparticle synthesis is the well
established benzyl alcohol route developed by Niederberger and dwisrkers. In this
reaction, dry benzyl alcohol is used as solvent, and at the same time as a capping agent and
oxygen suply to react with metal halidespetal acetylacetonatesid metal alkoxide¥ This
softchemistry route can be used to synthesize small nanoparticles8(@hm) in gram
guantities with narrow size distributions, uniform particle shapes and high crystallin
without the use of surfactants. Mechanistic studies have been carried out to shed light on the
role of the benzyl alcohol in the synthesis and on the various reactiorf®fdss.a broad

variety of binary, ternary and muiltnetal oxides are accessblia the benzyl alcohol
route’®3! Particularly, the reaction of Tigwith benzyl alcohol is described extensively in

the literature yielding phaseure anatase TiOparticleswith a size of 4 8 nm at mild
9




1.3 Mesoporous materials

temperatures as low as 20.3%*° The TiCl,-to-solvent ratio and the reaction temperatea

be used to influence and tutiee crystallitesize Nanoparticles synthesized in this way have
been successfully employed as building blocks for thpgregion of mesoporous films due to

their high crystallinity and redispersibility. However, stabilizers have to be added to the
solvent to redisperse the nanoparticles. This together with the highly stable benzyl alcohol
ligands on the surface of the peles makes them less accessible for applications in electronic
devices or in catalysis. Recently, the benzyl alcohol route has also been extended to the

synthesis of metal sulfide nanopartictés.

Some of the described processes are solvothermal readhiah are taking place &igh
pressuves and temperatures above thaling point of the solventin sealedvessels The
reactions can also be conducted above the critical point of a solvent to exploit the lack of
surface tension and the low viscosity bé tsupercritical solvents. Special names for several
frequently used solvents in solvothermal processing were assigned, such as hydrothermal or
ammonothermal for reactions in water and ammonia, respectively. In total, the solvothermal

method provides an ipmoved solubility and reactivity of reactants at elevated temperatures.

1.3 Mesoporous materials

According to IUPAC, porous solids can be classified and grouped into three categories
depending on the pore diameter: microporous (dnm® and macroporous matas (d >

50 nm) with mesoporous materials lying in between vpitiie diameters in theange of 2i

50 nm 3 Thelatter have attracted a lot of interest since the discovery of MMnd SBA

15 in 1990and shortly thereaftéf*® This is mainly due to ther wide range ofpossible
applications such as catalysis, adsorption, microelectronics, optiedjcal diagnosjsenergy

conversion and storad&*® These applications are based on the unique properties of
10
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mesoporous materials, including the high surfaoea and good accessibility of the pore
systent:’ Especially inenergy conversion or storage devicesich involve chargetransfer
reactions and accompanyimngasstransport processekarge interfaces and fresccessibility

for diffusion are essential fahe usability and efficiency of active materiafs

Basically two approaches are known for the preparation of mesoporous metal oxides, namely
the assembly of nanoparticles and templating methods. The first mistimaked orthe
deposition ofpreformed anocrystallinemetal oxide particles. This is usually madem a

paste or solutiom screenrprinting or doctotbladng experiments. The deposited particles are
usuallysintered by calcinatiariThe resulting layers are highly crystalljrtee film thicknes

can be easily tuneahd theyexhibit surface areas of about B®0 m2g* for titanium dioxide,

for example®®*? Although the resulting films feature a high textural porosity, they do not

feature periodically ordered porous structures.

Templating methds are employed for the synthesis of mesostructured and mesoporous
materials. Depending on the nature of the template, aoét harekemplating approaches are
distinguished. The hattmplating method uses solid objects, such as silica or latex spheres
that canarrange in a cubic close packiagd the resulting voids can be filled by the metal
oxide precursors. After crystallization of the metal oxide the template can be removed by
dissolution or combustion to produce a mesoporous struttulre. contrast, the soft
templating method utilizes the sel§sembly properties abnic surfactant oramphiphilic
block-copolymer surfactant molecules as structure directing agents (SDA) together with

molecular solgel precursorsRigure1-2).>°

11



1.3 Mesoporous materials

LAM

MLAM

Figure 1-2: Common morphologies of microphaseseparated block copolymers: body centered cubic (bcc)

packed spheres (BCC), hexagonally ordered cylinders (HEX), gyroid (la3d), hexagonally perforated
layers (HPL), modulated lamellae (MLAM), lamellae (LAM), cylindrical micelles (CYL), and spherical

micelles (MIC).>°

The periodic mesostructure in thin films can be formedan evaporatioinduced seH
assembly(EISA) process. In the EISA process, the dissolgedactants spontanedys
organizeinto micellar aggregateas soon as they reach a criticalcdlar concentration
(CMC) by evaporation of the solvett.Depending on various factors, such as surfactant
concentration, surfactant to metal oxide precursor ragmperatureor relative ambient

humidity, the resultingnesophase cdrme lamellar, cubic dnexagonalamongothers

12
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Figure 1-3: Mesostructured film formation employing an evaporationinduced selfassembly process by

liquid deposition techniques>?

The EISA approach can be applied in spim dip-coating experiments and the steps of
mesostructure formation in a thin film are: deposition of the surfactant and precursor
containing solution on a substrate, hydrolysis of thegsbbrecursors, micelle formation due

to evaporation of the solventryihg and further condensation of the network and template
removal to form the mesoporous matetialUpon calcination the metal oxide precursor
crystallizes and the surfactant is combusted, resulting in the transformation of the
mesostructure to a mesopas material Figure 1-3). This softtemplating method allows the
preparation of filmswith very high specific surface ar&aHowever, this technique is limited

to very thin film thicknesses and a lower crystallinity compared to the sintering of already
crystalline nanoparticle®. Additionally, the strong contraction upon condensation and
crystallization of the network can lead toack formation and even delaminatiof the

films.>®
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1.4. Seniconductor metal oxides

1.4 Semiconductor metal oxides

Inorganic metal oxide semiconductor materials are interestirgy to numerous possible
applicationsin sensing or energy storage and conversimnexample’’ By combining their
special intrinsic materialproperties with the advantages and characteristics of nanostructures
materials with special shapes, compositions aehemical and physical propertiean be
obtained In the following part of this thesis, the semiconductor metal oxides employed in our

studies are briefly introduced.

Titanium dioxide (TiO,)

Titanium dioxideis atransparenhigh refractive indexmaterial (2.571 2.9), which mainly
occurs in three weknown phasestutile, anatase and brookitEhe metastable anatase and
brookite phasesonvert to rutile upon heatirtg high temperature¥.Nanocrystalline titania
however, with a size below around fdrh is most stable in the anatase phisEtanium
dioxide can be sourced from natural ores (ilmenite) or synthesized in various prosesies,
as the industrial preparation Aéroxide P25 in a flame hydrolysis process by DegtisShe
P25 nanoparticles exhibit an average particle diameter of approximatety 2hd consist of

a mixture of anatase (~ 80) and rutile (~ 2@%0). Other process for the preparation of
titania nanoparticles include flame hydroly&snd the wet chemistry approaches employing
solgel, hydrothermal, or solvothermal processesh as the already described 4tgulrolytic

synthesis of nanoparticulate titania in b@ralcohol?=>?

Titanium dioxide and its doped modifications are interesting for a broad field of applications,
including its use as a pigment for wall paint, food coloring due to its low toxicigs UV

absorber insunscreen due to its high bagdp of about V. Emerging important

14



1. Introduction

applications of titania nanomaterials include the photocatalytic decomposition of organic
residues, photgatalytic water splitting, selfleaning and antibacterialidaces, or as photo
anodes in dysensitized solar celf§:*°*The most interesting phase of titanium dioxide for

such applications is anatasedure 1-4).

Figure 1-4: Crystal structure of TiO , in its anatase modification®®

Lithium titanate (LisTisO1))

Lithium titanium oxide (LTO) is aolorlessmaterial, which crystallizes in a spinel structure
with the cubicspace group Fd3m. Oxygen forms a cubic close packing (ccp) (32e sites) and
lithium and titanium occupy the tetrahedral (8a) and octahedral sites (16d), respectively.
However, LTO has a defect spinel structure type, becaude6 of the octahedral sites
titanium is replaced by lithium This can be expressed inthe Wyckoff notation as

[Li 3] %qLiTi 5]**7012]%%® LTO is an interesting material as electroddnigh rate rechargeable
lithium ion batteries and asymmetric hybrid supercapacffots LTO is partiawlarly
interesting for its properties in lithium insertion with its high rate capability, cycling stability,
low irreversibility, low cost and environmental friendliness. Additionally, the lower potential
at which the lithium insertion reaction takes placenpared to carbon anodes prevents the

formation of lithium dendrites and therefore short circuiting of the batteriaking LTO a

15



1.4. Semiconductor metal oxides

safer electrode material. However, this also limits the overall power of the battery. The
charging reaction of LTO involvede reduction othreetitanium atoms and the subsequent

incorporation of three lithium ions to retain the charge balafigei(e1-5).

Lis(LiTis)O+ 36 +3LiT Y k(LiTis" Ti,™)Or (1-1)

During the charging reaction fTiisO;, is topotacticallytransformed to LiTisO1,, which in
contrast has a roesalt type structure, where the lithium ioesgher occupy the tetrahedral
(8a) Li or octahedral (16c) sites domains with sizes less tham®. Due to the resulting
random occupation of tetrahedral and octahedral vacahdi€sexhibits a very high lithium

ion mobility %

topotactic
—
transformation

Li, TizO,,

Figure 1-5: Structural changesof LTO during charging. ®’

Another beneficial property of LTO is the very small change in lattice parameters during

phase trasformation leading to a variance of the unit cell volume of onl$@%Thi s -fAzer o

strainod process |leads to the excepti&nally

16
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1. Introduction

However, the drawbacks of LTO are the already mentioned high potergialsagithium
with the resulting limited power of the battery, its low gravimetric capacity and the rather low

electrical conductivity” "

Various methods for the preparation of nanosized LTO are reported, silasheannealing
or solidstatereactions of nanosized titarfiaHowever theselead to relatively large crystals
of over 30nm. Smaller crystals ofithium titanatecan be obtained by solvotherrfizand sol

gel reactiong?

Nickel oxide (NiO)

Nickel(i)oxide is astable antiferromagneti®d transition metal oxide with the chemical
composition NiO and is found in nature as the rare mineral bunsenite. Nickel oxide
crystallizes in the cubic roekalt type structure Figure 1-6) and appears green in its
stoichiometric form. Nosstoichiometry leads to a color change, with the-stmichiometric

NiO being black’ Nanosized NiO with very small particle sizes is reported to be brown
yellow.” Stoichiometric pure nickel oxide is an insulator at room temperature with a wide
bandgap of 3.6 4.0eV. However, it becomea ptype transparent semiconductor due to holes
generated by Ni vacancies by the presence of interstitial oxygen asdfnFurthermore, NiO
shows electrochromic properties, i.e. the ability to reversibly and persistently change its optical
properties in an applied electric fiell. Due to the mentioned unique magnetic and
electrochemical properties, particularly nasiped nickel oxide is of great interest for many
applications. These involve the utilization of NiO as high capacity anode material in lithium ion
batteries,’ as high specific capacitancdeetrochemical capacitoor pseudocapacitdf, as

photocathode ip-type dyesensitized solar cellS,in chemical gas sensiffgand catalysié?

17
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s}

Figure 1-6: Crystal structure of NiO, rock-salt type #?

Nancsized nickel oxide can be synthesized in many ways, such asaih#ggcomposition of
nickel salts® low pressure spray pyroly&fsor in an anodic arc plasnfaChemical synthesis
pathways involve sejel processing with subsequent calcinafforthe hydrothermal
synthesis of NiO nanoparticsand solvothermal prosses, which lead to smaller
nanoparticles at lower processing temperattitésowever, very small noagglomerating

dispersible nanoparticles with a narrow size distribution are still difficult to obtain.

Iron oxide (Fe,03)

Iron oxides are widespread in nature, 4toxic and appear in various oxidation states and
phases: wiistite (FeO), magnetite 4B and FeOzi n i t s a |-AeDsahempatite),s e ( U
beta p-RegfDge (g mma-FegOhmaghegmi t e) and-Feg)si | on
Hematite is the most abundant iron oxide modification and also the major iron source for the
steel I ndustry. It cryst alAOstture(Figural-7)r h o mb o

and shows weak ferromagnetism at room temper&ture.
18
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Figure 1-7: The unit cell (left) of hematitewith octahedral facesharing Fe&O, dimers (right).*

The color of hematite islark red, which enables its application as inexpensive, durable
pigments in paints, coatings and colored concretes. The light absorption in the visible region
is due to the small bandgap of abow\2®* Oxygen vacancies in the lattice of hematite that
are compensated by FEe ions to ensure electroneutrality make hematite ratype
semiconductor® Additionally, hematite is stable in aqueous environments and its band
alignment together with the aforementioned properties makes it a suitable candidate for

phao-electrochemical water splittirtg.

Various methods have been reported for the preparation of hematite dense or porous thin
films for solar water splitting applications. These include: solution based colloidal methods
for porous films in which préormednanoparticles are sintered; a controlled precipitation of
iron precursors in agqueous solutions; thermdatation of iron foils to form nanorods and
wires; potentiostatic anodization of iron foils for ordered nanoporous materials. Thermal
decomposition amh oxidation of an iron precursor in antmosphericPressureChemical

VaporDepositionprocess (APCVD) leads to fractiite cauliflower structure€® Non-porous
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1.4. Semiconductor metal oxides

thin films can be obtained from spray pyrolysis of iron precursors from aqueous or ethanolic

sdutions®®

Cobalt oxide (Co30,)

Cobalt oxides can comprise different oxidation states of the cobalt ion, namely Cg®, Co
and CqO,. The latteris a black antiferromagnetic solid and since itaignixed \alence
compound, its formulaan also bevritten as C@1)Co(i11),04. The crystal structure of GO,
is a normal spinel structumeith a cubic closepacked lattice of oxide aniomgith Co®* ions in
the tetrahedral interstices and €dons in the octahedral intgtices Figure 1-8).°* Co;0s is
applied in many fields, such as heterogeneous catdlySisn lithium ion batteries,*®
electrochromt devices? as quantum dof€° magnéic materials'®* and ceramic pigment§?

Cobalt compounds are also reported to catalyze the oxygen evolution reaction in photo

,104

electrochemical water splitting devict

Figure 1-8: Spinel type crystal structure of Cq0,4.'%
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Co:0, can be synthesized in various ways, such ashéemicalspray pyrolysis®® chemical
vapordepositior®® pulsed aser depositioi’’ in a hydrothermal synthe&is*®or via asol-gd
method'® However, the syntheses either requiretieddy high temperatue which maket
difficult to obtain nanocrystallineCozO.4, or the resulting material is agglomerated and not
dispersible. Nevertheless, for the deposition of(z@s a atalyst on porous supports a very

small size of the nanoparticles and a good dispersibility would be highly desirable.

1.5 Dye-sensitized solar cells

The foreseeable depletion of fossil energy sources and the worldwide insatiable demand for
cheap energynotivates the development of renewable energy sources like wind, biogas or
solar powerConsidering the huge available amount of free solar evengsh is about 10000

times the current global energy consumpfithsolar technologies could be a versatile
alternative to fossil fuels. However, mgdtotovoltaic devices are based on expensive silicon
semiconductor m-junction cells, which also need a lot of energy for their fabrication. Photo
electrochemical cells should rather be considered as a compleynsotation than an
alternative to the typical silicon devices since their properties and composition differ
significantly. As early as 1991 Gratzel et al. reported a-twst, ratherefficient solar cell

based on dysensitizedTiO; films which now show dight-to-electric energy conversion
efficiency of more than 1%.°* DSCs are comprised of a mesoporous metal oxide electrode
that is covered by a monolayer of absorber dye on top of a transparent conducting oxide glass
substrate. The counter electrodaussially platinuracoated and the electrodes are connected
through an external circuit and inside the cell through a redox electtbiyfbe operational
principle of these dysensitized solar cells (DSC) is based onahsorptionof a photon by

the dye,subsequent injection of electrons into the condudbi@md of the semiconductdhe

transport of electronsitoughan external circuit to a countexlectrodeand the reduction of
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1.5. Dye-sensitized solar cells

the redox electrolyte for the regeneration of the dye molecHigsre 1-9).*'° Compared to

silicon PV devices, DSCs feature several advantages such as utilization of cheap materials,
simple and fast assembly that may enable-tosibll printing techniques and better
conversion of stray light. However, there is still room to turgtimrprove these cells, e.g. the

light-conversion efficiency and long-term stability by modification of its individual

components
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Figure 1-9: Scheme of the operational principle of a dysensitized solarcell.***

The following part gives a brief overview on the materials utilized in DSCs.

Electrodes in DSCs

The electrodes of DSCs are usually prepared on transparent conducting oxide (TCO) glass
substrates, such as fluorine doped tin oxide (FTO) eddpel indium oxide (ITO). These
substrates have a high transmittance in the range of the sunlight spectrum to allow the incident

light to excite the dye. FTO is more commonly used due to its higher conductivity after
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heating to high temperatures, which is resesy for the preparation of the counter electrodes
and also the porous metal oxide layefsThe catalytic counter electrodes are usually
prepared by the deposition of a solution of a platinum precursg?t@d) on the TCO

substrate with a subsequenah#&eatment to 408C. In this step, the platinum is reduced and

forms finely distributed nanoparticles of elemental platinum on the surface of thé*TCO.

A dense sealled blocking layer is usually employed as an underlayer to the porous layer to
preventrecombination at the TCO electrode surface. Titania is the most typical material for
the blocking layers. The poroustype semiconductor morphologies are usually prepared
from wide bandgap metal oxides such as ZnO, SA®@r Nb,0s'** TiO, in its anatase
modification however is the most efficient and therefore most commonly used material.
Recent developments in DSCs also showed the applicability of NiO astype p
semiconductor electrode material which could be combined wiyfpan electrods in tandem
devices’® The porosity of the films is extremely important to provide a high surface area for
the adsorption of dyeolecules and therefore to guarantee a high light absorption of the thin
films. Additionally, the mesoporous metal oxides dtaxhibit a high crystallinity to ensure
good electrical conductivityScreenrprinting or doctotblading nanoparticle pastes are the
standard procedures to prepare the working electrodes of DSCs. The deposition is followed by
a high temperature treatmetat remove the organic binders of the paste and to sinter the
nanoparticles. Alternatively, surfactant templatedgal EISA procedures are used for the
preparation of periodically ordered highly porous films which can offer a much better energy
conversiorto thickness ratid'®> However, the resulting films can only be prepared with a very
limited thickness and exhibit low crystallinity dre mesostructure collapses at least partially
at the high calcination temperatures necessary for the crystallizatidine ofiims. One
approach for the improvement of this method is thea®d brick and mortar approach

developed in our group by Szeifert et*&IThis technique involves pifermed titania
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1.5. Dye-sensitized solar cells

nanoparticles (bricks) which are incorporated into the walle®itesostructured material to
act as crystallization seeds for the-gel (mortar) and therefore lowering the required
calcination temperature. A more detailed overview on titania nanostructures for DSCs is given

in Chapter 4.

Sensitizers

Sensitizers hav meet certain requirements to be suitable for applicaidSCs.First of

all, they have to show a high absorbance of solar light in the visible and near infrared range.
An efficient injection of the electron from the excited state of the sensititer the
conduction band of the semiconductor electrode with a quantum yield close to unity should be
provided. This requires the energy level of the excited state of the sensitizer to be slightly
above the conduction band of the semiconductor. Additionthiéyredox potential of the dye

has to be higher than that of the oxidized electrolyte to enable the reduction and therefore the
regeneration of the dye. It should also exhibit adequate attachment groups for grafting the dye
to the oxide surface of the jwus framework and to allow an intimate contact with it, which is
necessary for a highly efficient charge transfer. Finally, the dye needs to be stable at elevated
temperatures under illumination and has to exhibit a high turnover stability in order to
appoach the desired lifetime of 3@ars.Rutheniumcentered polypyridylcomplexes can

meet those requirements and therefore are widely applied in research studies as standard dyes.
Examples include N71¥° the black dy&’ or K19, which show an improvedyht absorption
behavior in the nednfrared regior*® Alternative sensitizing dyes are the porphybised

dyes, with a high absorption across the visible solar speétt@ther possible alternative

120

sensitizers include extremely thin absorber layetghsas Si5;)™“" and quantum dots;

semiconductor nanoparticles which exhibit size confinement effects and therefore a tunable
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absorption spectrum and high extinction coefficiéfitsRecently, higkperformance
organometal halide perovskibased solar cellhave been reported, although in this case the

role of the perovskite is not yet entirely clé&.

Electrolyte

The liquid electrolytes in DSCs consist of dissolved redctive molecules in organic
solvents.The requirements for the electrolyte fogaod performance of photovoltaic cells
involve a high thermal stability and reversibility of the redox process, and control of
undesired recombinatiof’® Contrary to the dye, the electrolyte should absorb a low amount
of light and exhibit high diffusionaefficients. The maximum obtainable open circuit voltage

is defined by the offset betweéme quasiFermi level of the semiconductelectrode and the
Nernstpotential of the redox systemypically, the electrolyte consists of the iodide/triiodide
redox couple in solvent mixtures of acetonitrile, valeronitrile #&mttbutanol®® Various
additives such as alkylimidazolium iodides, guadinium thiocyanatéeatidutyl pyridine are
reported ® advantageously align the band positions of the electrolyte redox couple with the
semiconductor or to reduce recombination proceSseRecently, a new concept was
introduced to enhance the performance of DSCs by adHdiggly photoluminescent
chromophoes to the electrolyte which can absorb haglergy photonsand transfer the
energy to the sensitizing dye byFR#rster resonant energy transférThis allows for a

broader spectral absorption and an increased dye loading in DSCs.

DSC assembly

The assemiglof a DSC is schematically depictedRigure1-10.*° The working electrode and
the counter electrode are put together with a thermoplastic spacer (e.g. a Suryergoiy

in a sandwicktype cell by melting them together on a hot plate. The spacer defines the
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1.5. Dye-sensitized solar cells

volume of the cell in which thelectrolyte is enclosed later and the electrolyte is filled in
through a hole in the counter electrode by vactnatkfilling. In this technique the
electrolyte is dropped onto the hole of the counter electrode and then vacuum is applied.
Exposing the cell to normal pressure again, the electrolyte is sucked into the hole and fills the
compartment. Finally, this hole is sealed vatiother thermoplastic polymer and a thin cover
glass sheet. To improve contacting of the cell, silver lacquer is applied on the overhanging

parts of the FTO electrodes.

Cover glass (0.1mm thickness) me=p 5
End sealant (Bynel 4164, 35;1m)—{{%
=

=

Glass substrate —y P &
FTO layer=——p :

Pt layer —» 7

Sealing spacer >
(Surlyn 1702, 25um

Light-scattering layer (5 um) wi
submicroncrystalline-TiOz layer

Transparent layer (14 um) with
nanocrystalline-TiOz layer ‘

FTO layer=—> /
Glass substrate w—jp

Figure 1-10: Configuration of a dye sensitized solar celf?

Characteristics of DSCs

Solar cells in general are mainly specified by the following characteristics: The current that
flows under short circuit conditions (shaitcuit current,lsg), which is closely related to the
number of electrons generated in the dyes and injected into the conduction band of the

semiconductor. The voltage at open circuit conditions (open circuit volagegorresponds
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to the energetic difference between theast)Fermi level of the TiQand the redox potential

of theelectrolyte!?® The obtainable power of a solar cell can be calculated by multiplying the
current times the corresponding voltage on thé-durve. ThereforePmax the maximum
obtainable powepoint, is located on the curve where the produahd therefore the area of
the rectangle under the curvereaches a maximunfigure 1-11). The electrical fill fator

(FF) is a solar cell characteristic providing information on the quality of the photovoltaic
device and is given by the ratd maximum powelPnaxto the product of maximum current

Iscand maximum voltag¥oc:

i3 (1-2)

O

e

Finally, the overall solar conversion efficiency is a key factor to compare the effectiveness of
converting sunlight to electrical energy. The ratio of the maximum obtainable power to the
power of the incomingjght gives the efficiency:

w 000
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Figure 1-11: Idealized I-V-curve of a solar cell and corresponding maximum powegeneration*?
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1.6 Battery materials

Energy storage in high performance rechargeable batteries has become a very attractive
research field over the last years, especially with the growing markptsrtable electronic
devicesand electric vehiclesThe devéopment and implementation of renewable energy
sources into the energy grids require on the one hand an excellent infrastructure and
management of the grid and on the other hand energy storage capabilities to compensate peak
loads in sunny or windy phasew cloudy and windless phases, respectively. Besides
mechanical energy storage, such as flywheel energy storage, pumped hydropower storage,
and compressedir energy storage, electrochemical energy storage can also be an attractive
alternative, especiallfor shorttime grid leveling®’ Depending on the market penetration of
electric vehicles in the next decade, in a smart grid the excess energy could be used to charge
the batteries in electric vehicles and a revevsdicleto-grid energy transfer is also

conceivable.

Electrochemical energy storage devices include supercapacitor and battery skistelater

are divided in primary and secondary batteries fortone or rechargeable use, respectively.
Supercapacitors can provide a very high power, howntnd energy density cannot compete

with battery systemsFH{gure 1-12). The typical functional elements of a battery include an
anode, a cathode, an electrolyte, andeparator. Thenade is defined as the egdive
electrode during discharge, it transferectrons to the external circuit and tiserefore
oxidized during the discharggocess. The antagonist, the positive cathode, acekguisons

from the externatircuit andthusis reduced during the dischargeaction. The electrodes of a
battery are spatially separated from each other by a separator, preventing electrical shorting of
the devices. However, the separator must be permeable for the ions of ttwy&eathich

provides the ionic conductivity between the two electrodes of a battery.
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Figure 1-122 Ragone plot of the energy storage domains for super capacitors, batteries and fuel cells
compared to aninternal combustion engine or conventional capacitors®®

Batteries are characterized by several key figures: The nominal voltage (V) and the variation
of it during operation of the battery (sloping) are set by the thermodynamic properties of the
active ekctrode materials, the salled cell chemistry. These factors determine the voltage a
battery can supply for certain applications. Accordingly, theoffutoltage (V) is the value to
which a battery can be discharged without destroying it by irreverpitleessesThe
capacity (Ah) or weight rated specific capacity @} of a battery also depends on the
utilized active electrode materials and is definedpesduct of the available chard€,
Coulomb) and the operating voltag@/) a battery can deliveover a certain time when
discharging it from a completely charged state to theoffupotential. The charge and
discharge rate of a batteryusually given as th€-rate with 1 C being the fullcharging or
discharging of a battenyithin an hour, 22 meaning full charging or discharging of a battery
within a half hourand so on. The €ate also determines the current with which a battery can
be charged and therefore is a measure of the kinetics in a battery. For example a battery which

is discharged &5 C and has a nominal capacity of 1068h can deliver a current of 2%
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1000mAh x 25C = 1000mAh x 25 h' = 25000mA = 25A (1-4)

The power (W) or specific power (@) is the product of voltage aralirrent a battery can
deliver and would correlate to how fast one can accelerate a car, for example. The energy
(Wh) or specific energy (Wg™) of a battery accordingly gives the time how long a battery
can maintain a certain power and therefore wouldetate to how far one can drive the car.
These values are also often given in relation to the volume of a battery system, namely the

power density (W.™) and energy density (WH?).

The durability of a rechargeable battery is described bygyitte life, i.e. the number of
charge/recharge cycléscan perform before its capacity falls to ®0of its originalvalue

The application in commercial producigically requires a cycle life of batteridsetween
500 and 1200 cycleadditionally, the shelf lifds a measure how long a battery can be stored

before it loses 2o of its initial capacity due to seffischarging reactions.

With this requisite knowhow the properties of and requirements for batteries can be
discussed. In general, the appleldctrodematerials should exhibitugtable electrochemical
potentials and high capacities to provide enough power and energy for applications. The
materials should be stable in the respectieztrolytesand show a igh reversibilityof the
processes to be suitelfor rechargeable batteries. The charging time, which is currently an
extremely important issue for applications in battery electric vehicles and mobile devices, is
governed by the kinetics in batteries. Furthermore, providinggla power requires large
currents, large fluxeand ahigh mobility of charge carriers. One method to improve this
characteristic is the nanostructuring of materials, which decreases diffusion pathways in the
bulk and with its extremely high surface areas allows a good contdoe @lectrolyte with

the active materials. In turn, the nanostructuring of materials would allow discharging a
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battery quickly and therefore providing high power. Additionally, higher energy densities are
highly desirable, since the lower attainable weigbuld allow one to operate mobile devices

for a longer time or to propel a car more efficieritfy.

Li Metal Polymer ———

|Rechargeable Alkaline

\

Wh/kg =

Lead Acid
Ni-Cd Ni-MH
0 100 200 300 400 500
Wh/l =

Figure 1-13: Energy storage capability of common rechargeable battery systemi&

Lithium ion batteriesare the energy storage system that made the vast distribution of mobile
devices possible in the first place and they are expected to be an important bridging
technology until even higher capacity systems such as lithium air batteries are commercially
available™® In contrast to the nickel metalhydride and niekatimium batteries, lithium ion
batteries do not show a memeaifect and exhibit a higher energy density, which makes them
attractive for powering mobile devices or electric vehiclegyre 1-13). The basic working
principle of lithium ion batteries was discovered in the 1970s and it took abgaa®d to

reach commercializatioli* The utilized materials are briefly introduced imetfollowing

chapter.
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Cathode materials

Positive electrode materials include the spinel type oXidesO,, LiNiO,, LiMn,O,4 and the
doped mixed oxide&iNi1.,C0oO,, LiNiggiC0y1Alg00, und LiNio 380 3dMng 340,.%% The
capacities of these materials atbaround 150nAh g*. Due to the expensive element cobalt
for example, olivine type materials are applied as-¢ost alternatives, mainly LiFeR@ith

iron being a highly abundant elemétit Additionally, the latter shows a flatter charge and
discharge curve with more stable potential over a broader region since the lithium

deintercalation occurs as a tybase process.

Anode materials

The material with the lowest standard potential is metallic lithium and therefore lithium would
be the most suitable nmial to manufacture batteries with a high nominal voltage.
Additionally, the very high theoretical capacity of 38&8h g* would allow building light

weight and high capacity battery systems. However, the high reactivity of metallic lithium in
water andthe dendritic growth of lithium upon charging and discharging, which can lead to
shortcircuiting of the cell, pose a severe safety issue. Therefore layered structures are utilized
in lithium ion batteries in which the lithium ions can intercalate dudhgrging. The most
common material is graphite due its low potential, cheap manufacturing, high cyclability,
acceptable capacity (378Ahg?) and better safety compared to metallic lithium due to
reduced dendrite formatidri? Alternatives are the spinaitructured metal oxides such as
LisMnsOy,, LigTisO12 and LbMN4Og, which show even better cyclability and a better thermal
stability:*®* The improved cyclability can be attributed to the very low volume expansion
upon charging and discharging of these materials. However, the capacity of these compounds

is even lower than that for graphite, being aroundr8® g™. Metal alloys or metalsush as
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silicon could be alternative high capacity energy storage materials but still suffer from their
low cyclability due to the vast increase in volume upon chargfhg’ Nanostructuring could
be a suitable approach to accommodate the stress in thgatsaand to avoid the destruction

of them upon cycling.

Electrolyte and separator

The liquid electrolyte in a lithium ion battery is usually composed of a lithium salt dissolved
in an organic solvent. A key factor is the thermal and electrochemicalitgtaid the
electrolyte in the potential range at which a battery is operated. The solvent should be non
toxic and the electrolyte should show a high-imability to enable fast charge transfer.
Common applied lithium salts include LiCJOLIBF,4, LIN(SO.,CF3), and LiPFK in solvent
mixtures of ethylenecarbonate ah@-dimethoxyethanefor example*® The requirements for
separators are on the one hand a high ionic conductivity to efficiently close the circuit and on
the other hand a low electrical conduit§ito prevent shortircuiting*® Typical separators

are porous membranes made from polyolefins (PP, PE, or laminates of PP and PE) or

inorganic ceramic&*

The main techniques to characterize battery materials in laboratories are cyclovoltammetry

and he aqalvanostatic techniguéoth described idetail inChapter 2Characterization.
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1.7 Photo-electrochemical water splitting

Another possible approach to successfully integrate renewable energies into our energy mix is
the direct conversion of sunlight themically stored energy or put simply, fuélbis would

allow for storing excess solar energy during daytime and providing a constant energy supply
during the night. Additionally, chemical fuels can be easily stored, can be transported
efficiently due totheir much higher energy density compared to battery systems and can be

consumed according to demafd.

The easiest and probably least technologically demanding way of harnessing solar energy
might be the use of bimass or biduels produced in the phmynthesis of natural plants.
However, this approach suffers from the rather low efficiency of photosynthesis which is
typically less than % and it often has to compete with food production for areas under
cultivation!*? Additionally, the conversion obio-mass into fuels requires subsequent
processing or distillation which decreases the efficiency further. Another indirect process of
generating fuels is the electrolysis of water into hydrogen and oxygen with electricity from
photovoltaic cells in sepamelectrolysers. The drawbacks of this mstép process are the
conversion efficiencies of the single steps, being 0.6 for the electrolysers and 0.4 for very
high-performance solar cells, and therefore the loss of already converted and obtained

energy**®

Direct methods, also called artificial photosynthesis, use the photons to directly produce a
chemical fuel in a single proced®&/henphotogeneration electrodes are illuminated, water is
oxidized at the surface without intermediate electricity generalibe produced electrons

can be reacted, for example, with £0 photereduce it to carbebased fuels, however this

process requires expensive and scarce catalysts. The alternative, to react the electrons simply
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with protons, leads to the generation gtifogen gas, which can be a promising future high
energy density carrier in a alled hydrogen economyurthermore, hydrogen could be

easily stored in the already existing pipeline systems or gasometers for natdfal gas.

The two separate water splitj reactions are shown in equatidn5) and (1-6), with the
oxygen evolutia reaction (OER) occung at the anode and hydrogen evolution oatuog at

thecathode (HER):

OER: 40H +4h"0 2H,0 + O, (1-5)

HER: 4H,O +4€e © 2H,+ 20H (1-6)

Another possibility is to have the photoactive material in dispersion and both the HER and
OER taking place at the particle surface. An extensive review on {t@led heterogeneous
photocatalysis is given by Kudo and Miseki and is not discussedetail here**
Alternatively, the light absorption properties of photosystem |l proteins coupled to
semiconductor electrodes and hydrogen evolution by hydrogenase are interesting alternative

biomimetic approache’$?

The necessary free energy for spliftia water moleculender standard conditios i s @G =
237.2kJmol™*, whichc or r es ponds Vtaccordipg # the Neinst 2qiatibh In

order to photechemically drive this reaction with a semiconductor, the absorbed photons
require a minimum energy of 1.2¥ or a wavelength below 1000n. The generated charge

carriers, electrons and holes have to travel to the respective electria®suo react with

water species. Additionally, the losses due to necessancentration and Kkinetic
overpotentialsn electrontransfer processes at the semiconductor/liquid junction farEfe

and the OERhave to be taken into account. This leadsooverall necessary potential of

around 1.6 2.4eV per generated electron hglair*® The energy can be provided by either
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1.7. Photoelectrochemical water splitiin

one high energy photon absorbed by a semiconductor whose band positions str@addle
electrochemical potentials E° {#H,) and B (O./H,0) (Figure 1-14, left), or two different

semiconductors which ideally absorb photons with different wavelengths (tandem system).

* e o
an z T\
N E.: —q44--| -gE°(H'M,)
of L+ L M——
3 - — —-gE°(H*H,) > lVov
2 E, hv 123 eV 3 = =
g 5| -aE10M,0) [\
- — — = -qE°(0,/H,0) u pnpy
— Evb - Q
. h1 ' nscancde W 2 Metal

ohmic contacts €athode

semiconductor liquid n-type photoanode/PV - PEC

Figure 1-14: Left: Oxygen evolution reaction (OER) and hydrogen evolution reaction (HER) at a single
semiconductor surface. The conduction band has to be above the hydrogen evolution and the valence band

has to be below the redox poteil for electrochemical oxygen evolution. Right: Series connection of a PV

cell providing the necessary additional bias to drive the hydrogen evolution reaction at a metal cathode

with a n-type photoelectrode at which the oxygen is evolved'

In additionto the suitable energy levetsnd low overpotentials for the reduction/oxidation
reactions, there are several other requirements an optimal semiconductor for water splitting
should fulfill.*® It should show a strong (visible) light absorption and a high chemical stability
in aqueous solutions under harsh pH conditions in the dark and under illumination.

Furthermore, it should be low cost and allow for an efficient internal charge transport, both

for holes and electrons.

The first ever reported water splitting photocatalyst, ;Ji@elivers enough energy to split
water and to produce both hydrogen and oxygen, hovaeieeto itshigh bandgap of 3.2V it

only absorbs in the UV region, harnessing amlsmall part of the solar spectrdfiIn order

to shift the bandgap to lower values and therefore allow to absorb a greater part of the solar

spectrum, experiments with doping the titania with metal ions such as Fe, Sb*atd 6r
36




1. Introduction

anions such as nitrogen were conductétowever, the still very low absorption coefficients

and small absorption crosgctions led to limited performance of thesstegns. One means

to overcome this issue is the nanostructuring of the electrodes to increase the optical thickness
of the absorber layer while decreasing the hole diffusion pathwaystyipensystems?®
Another material capable of providing both electraarsd holes for water splitting is
SrTiOs.*° However the efficiency is again limited by its high bandgap and therefore small

absorption of the solar spectrum.
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Figure 1-15: Energy band positions for varioussemiconductors at pH 14?2

Several of the materials depictedFigure1-15 are feasible candidates to drive at least one of
the two necessary reactions for watertiply. FeOs;, WO; and SnQ@ for example do not
provide enough energy to drive both hadhctions in water splitting, thus an external bias

voltage is necessary for the hydrogen evolution. One of the possibilities to provide this energy
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1.7. Photoelectrochemical water splitting

would be to couplen external photovoltaic device to the systéngire 1-14, right) or to
combine photoanodes with photocathodes. Possible photocathode materials include several
metalsulfides and selenides or coppjXide. These materials are not described in detail here
since they are beyond the scope of our stuifeBepending on the method, the hydrogen can

be harvested from separate compartments or it has to be separateithdrgas mixture.
Furthermore, the smaller bandgap of the materials mentioned above allows absorption of

visible light, thus increasing the overall phamnversion efficiency.

Soon after the photocatalytic water splitting properties of, T#ere discoveredhematite or
UFe0; was found to be a suitable material in 1%¥6Bard and Harde®” It meets several

of the abovementioned requirements: First of all, iron is one of the most abundant elements
on earth and environmentally benign, therefore makiagchieap and safe alternative to other
rare earth or noble metal containing electrodes or cataffdtsshows a light absorption in

the visible region resulting from its band gap of arour@/2which allows for absorbing a
much higher fraction of the By spectrum than wide bandgap semiconductors, resulting in a
theoretical possible photocurrent density ofmA& cm' 22 The valence band position of
hematite is below the potential for water oxidation making it an interesting -phtatysis
electrode fo the OER® Although the conduction band edge is not suitable for water
reduction or hydrogen evolution, the necessary energy could be provided by the already
described combination with a photocathode or coupling to an external P¥*¢&lliron

oxide exhibits a high chemical stability in basic aqueous solutions often employed for the
OER in water splitting. The last requirement, the efficient internal charge transport is a major
drawback of hematite leading to a strongly limited performance. As agduby Hamman

from the absorption coefficient according to Beers law, a film thickness of arouna00

thick hematite would be necessary to absor®®%f the light with energy above its
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bandgag> This stands in drastic contrast to the very short Hiffasion length in hematite
of only 2i 4nm!*° Additionally, the electron conductivity is limited due to low carrier
concentrations and mobilities which resultgter alia- in high electrorhole recombination

157

rates.”’ These issues are mainly addezbdy two different approaches, nanostructuring the

morphologies or doping the iron oxide with metal ions or a combination of both.

Significant improvements of the phetonversion efficiency of hematite in water splitting
experiments have been achieved dnping with Ti, Zr, Si, or G&3!°86! The effect of
doping is usually ascribed to the change in carrier concentrations and/or increased carrier

mobility therefore increasing the conductivity of the material.

Nanostructuring provides a higher surfaceaaand therefore a larger amount of reaction sites
on the active material and additionally decreases the diffusion pathways for holes to the
surface. For hematite this concept was first reported for an approach similar to the fabrication
of DSC electrodeby sintering nanoparticles of hematité Recent studies report a manifold

of different iron oxide nanostructures such as nanowires, nanotubes, nanonets or
nanocauliflowes that are summarized in excellent revié&.In some cases, doping leads to

an additional change in morphology, which is especially the case for Si doping and which
results in the formation of dendritic nanostructures with drastically improved perforfiance.
However, an increased surface area is not only advantageous as it provigesurface

recombination sites.

To further increase the performance of nanostructured systems and to reduce surface
recombination, surface treatments and catalysts are applied. The deposition,of IrO
nanoparticles as a surface catalyst led to photocurrents in excessAtrd %1% Less
expensive alternatives are usually based on cobalt compounds such as the deposifibn of Co

ions in the form of cobalt)-nitrate!®* the electrodeposition of a cdbahosphate catalyst
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( i ®a ‘Y8 or the insitu growth or exsitu deposition of CsD, nanoparticles®® The role

of these surface treatments is described in detaihaptr 10.
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2 Characterization

Nanoparticlesand porous materials constructed thereah becharacterizedoy using a
variety of different techniquesisually applied inmaterials sciencelThe nanoparticle
composition and properties are commonly assessed by electron micr¢SEdpANd SEM),
dynamiclight scattering (DLS), powdex-ray diffracion (XRD) and vibrational spectroscopy
(Raman). Porous materials can be visualized by electron microscopy, but additionally
physisorption plays a very important role in the estimation of the porosity and #nsiper
Finally, depending on the materials properties, the performance of these can be analyzed in
the corresponding applications, such as -siyesitized solar cells, batteries and

photoelectrochemical water splitting.

2.1 X-Ray diffraction (XRD)

X-ray diffraction (XRD) is a very useful nedestructive analytical method that gives
information on the phase composition and crystallinity of a specimen. Additionally, XRD can
be used for the characterization of periodically ordered mesostructures. The physiialieprin

of X-ray diffraction is the elastic scattering of-rdys by atoms in a periodic three
dimensional structurbaving a periodicity similar tthe X-ray wavelengths. If the material is
periodically structured, the scatteredrays interfere constructilse and give the diffraction
pattern Figure2-1). The relationship between the scattering angle and the distance of lattice

planesorporewalls s gi ven Wy Braggds | a
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2.1 X-Ray diffraction (XRD)

¢ _ CQOE+H (2-1)
n: Order of interference
a Wavelength of utilized Xays (for Cu K; a= 1.5405624)
d: Lattice spacing

d: Angle of incidence

Figure2-1:Der i vation of. Braggds relation

Wide angle Xray scattering (WAXS)s measured e ngl es from 10Andt o ab
allows for theanalysisof the phase composition and ttrystallirity of the materialThe full
width at half maximum (FWHM) of theeflections is correlated to the peak broadening which

is used to determine tlaverage size of therystallitedomains with thé&cherrer Equation:
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2. Characterizatio

0 Q_
AT

k: Shapedependent proportionalifctor

& Wavelength of Xrays

b: Full width at half maximunof the reflection (FWHM)

d: Scattering angle

(2-2)

For spherical particleshe shapalependent proportionality factor is usually arouhfl and

the FWHM iscorrectedor theintrinsicinstrumental bradening.

Small angleX-ray scattering (SAXSis typically measured & d
this methodperiodic structuresn the nanoscale as andered mesoporous filnfer example

can be characterized. In this waye tporeto-pore distance can be calculatedusing Bragg's

eqguation.

X-ray diffraction analysis was carried out in reflection mode using a Brukéigcover with
Ni-filtered CuKgrradiation and a positiesensitive semiconductor detector (LynxEye).

Measuements in transmission mode were carried out on a STOE powder diffractometer in

angl esandowth o w

transmission geometry (&g ; &= 1.5406A) equipped with a positiesensitive MytherLK

detector.
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2.2 Raman spectroscopy

2.2 Raman spectroscopy

Raman spectroscopy is a nrdestructive andjuantitative method for theharacterization of
materials andallows for determining properties such #se presence of certain chemical
moieties or phases ithe specimen. In Raman spectroscopy vibrational, rotational and low
frequency modes are monitoreéd give information about the molecules or crystalline
materials. In general, a monochromatic light source, most commonly a laser, is used to
interact with the electron cloud or bonds in a molecule to excite the materialhfeground

state into a virtal energy state. This excitation is different from absorption processes in which
the excitation leads to discrete excited states. From the excited state the molecule relaxes and
a photon is emitted ithe course of this process. The incident light canegithe scattered
elastially (Rayleigh scattering) which means that the energy otthiited compared to the
absorbedohotonis unchangedor it can be scattered inelastiy wherethe energy of the
emitted photon is different from the excitatienergy Figure 2-2). The observation of this

shift in energy is called Ramaffect and was observed for the first time in 1928 by Sir C.V.
Ramar The difference ofheenepy of the incident and emitted light is due to the relaxation
into a vibrational or rotational state different from the initial state. There are two possibilities
for the inelastic scattering and therefordatiént energy shifts: In the salled Stokes Bman
scattering the molecule which is excited is initially in its ground state and it can relax into a
vibrational or rotational state with higher energy leading to the emission of photons with a
longer wavelength. In AntiStokes Raman scattering the malecis initially in an excited
vibrational state and relaxes into a state with lower energy leading to the ernisghmtons

with higher energy than the excitation energy.
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2. Characterization

Virtual
Energy States
'Y
Rayleigh
Scattering
Stokes
Raman
Scattering
Excitation Anti-Stokes
Energy Raman.
Scattering 4
Vibrational
2 Energy
v ; States
[ Y
0

Figure 2-2: Energy levels and tansition processes in Raman spectroscopy with thRayleigh-, Stokes, and
anti-Stokes scattering’
In general, the intensity of the Stokes lines is much higher than foiSéalkes scattering, due

to the low occupation of excited states at room tempetrature

Raman spectra were recorded with a LabRAM HR-WJ8 (Horiba Jobin Yvon) Raman
microscope (Olympus BX41) with a Symphony CCD detection system using a HeNe laser at

632.8nm.

2.3 Dynamic light scattering

Dynamic light scattering (DLS)also called photon coragion spectroscopyis a non
destructive and fast method to determine the size distribution of particles in suspersion or
polymers in solutiori:* Additionally it can be used to monitor the agglomeration behavior of
nanoparticles over a certain timeakr depending on the surrounding conditions such as the
pH value for exampl2.A suitable light source for the measurements is a laser due to its
monochromatic and coherent radiation. If the size of the particles is small compared to the
wavelength of thdight source, Rayleigh scattering occurs equally in all directions. A-time

dependent fluctuation of the detected signal results from the Brownian motion of the
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2.3. Dynamic light scattering

nanoparticles. The constructive and destructive interference of the scattered light gives
intensty fluctuations, a saalled speckle pattern, which contains information about the
movement of the scatterers. Since thial® dependent on the hydrodynamic shell of these
species, the detected size is always the hydrodynamic radius rather thar simerefthe
objects. The changes in the speckle pattern are analyzed with the help of a digital correlator
and the fluctuations in intensity are correlated over time with a semoled autocorrelation

function:

adoo 0ot a
0ot O

(2-3)
g: Wave detector
U Delay time

I: Intensity

This function decays exponentially towards long delay times and can be related to a first order

autocorrelation function’g
QAT e T QAN (2-4)
g: Wave detector
U Delay time
pb: Correction factor

The diffusion coefficient D can be obtained from a single exponential function when

assuming a monodisperse dilute dispersion of nanoparticles:
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2. Characterization

QAT Q (2-5)
D: Diffusion coefficient

The StokesEinstein equation gives the relation between this diffusion coefficient and the

hydrodynamic diameter of spherical particles:

o 2 (2-6)
- —Q

k: Boltzmann constant

T: Temperature

d: Solvent viscosity

d: Hydrodynamic diameter

Due to the usually nemonodisperse nature of nanopatrticles, size distribution effects have to
be taken into account by the application of Nheory or Rayleigh scattering. While Mie
Theory describes the scattering from larger particles, Rayleigh scattering is used to describe

the elastic interaction of unpolarized light with particles smaller than the wavelength of the

light:
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2.4. UV/Vis spectroscopy

(2-7)

lo: Intensity of incoming light

d: Scattering angle

R: Distance to the particle

& Wavelength of incoming light
n: Refractive index of the material
d: Diameter of particles

Since the scattering intensity is proportionatifpbig particles contribute much more to the
scattering intensity as compared to small ones. This effect leads to asstwetion of the

size in polydisperse samples and thus needs to be considergd mvdluation. To solve this
issue, the intensithased measurement data of the DLS can also be presented as-volume
weighted @) or numbeweighted @) distributions, giving the real size distribution of
polydisperse sample®ynamic light scattering (D8) measurements were carried out on
diluted suspensions using a Malvern Zetasihtano instrument with a W HeNe laser §

= 633nm) and an avalanche photo detector.

2.4 UV/Vis spectroscopy

UV/Vis spectroscopy is used to quantitatively determine the lighorpbion behavior of
molecules in solution or solid materials. For this purpose, the sample is illuminated with light

in the ultraviolet and visible region, which can interact with valence electrons and excite them
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2. Charaterization

to higher energy orbitals. The energy tbe absorbed photons corresponds to the energy
difference of the orbitals and can give information about the compoundsL&méerts law
allows determining the concentration of an absorbing species with this equation:
0 a 86'2 - w0 (2-8)

A: Detected absorbance

lo: Intensity of incident light

I: Intensity of transmitted light

U Extinction coefficient

L: Path length of light through sample

The setup of UV/Vis spectrophotometers usually consistdighasource, a monochromator,

a sample holder and a detector. Different light sources are applied to ensure a continuous
spectrum, such as a deuterium arc lamp for the UV region and a tungsten filament or a xenon
arc lamp for the visible region. The mohoomator separates the different wavelengths from
each other and allows the measurement of a wavelength resolved spectrum. The detector is

typically a photodiode array or a chargeupled device (CCD).

UV-Vis measurements were performed on a Hitachi U304 Perkin Elmer Lambda 1050

spectrophotometer.

2.5 Electron microscopy

Electron microscopy is a very important technique to characterize materials in detalil

concerning their structure and composition on the nanoscale. Contrary to usual light
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2.5. Electron microscopy

microscopes theesolution is not limited to about 200n and therefore images can be
obtained on the atomic scale due to the shorter wavelength of the utilized electrons in the
range of picometefsThe electron beam can be generated by either a heated tungsten filament
or a field emission gun and is accelerated with a potential difference of about 4 tkeY000

The electron beam is then focused on the sample with electromagnetic or electrostatic lenses
with a spot size of typically a few nanometeFsg(re 2-3). The interaction of these high
energy electrons with matter is much stronger than that-&yX or light and the resulting
primary electrons can be classified as followiNg: interaction with the sample, no change in
direction and no energy loss can be detected for transmitted electrons which are important for
the imaging of the structure of a sample. The fraction of transmitted electrons is depending on
the elemental compit®n, the density or porosity of the material and mainly on the thickness

of a sample, which needs to be prepared thinner than abouni@@dth elaborate sample
preparation techniques. Diffracted and backscattered electrons are scattered elastically with
both still having a high energy but occurring at different diffraction angles. When the high
energy primary electrons hit and strike out electrons of the sample, secondary etestrbas
emitted. Due to the rather low energy of these electrons, onde thenerated close to the
surface of a sample can emerge and be detected which makes them very important for surface
probing techniques. When electrons of the sample are removed from the inner shell, the
generated vacancies are filled by electrons fronglaghn shell. This energy difference is either

released by the emission of characteristia}(s or of an Auger electron from an outer shell.
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2. Characterization

\//" Tungsten filament
{cathode)
s S Anode
= Beam of electrons
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)

Figure 2-3: Optical pathway in a transmission electron microscopé.

Electron microscopy can be mainly divided into three different techniques: Scanning electron
microscopy (SEM) is used to investigate the surface of a sample by scanning it with a beam of
focused eletrons in a grid pattern. The resulting signal of each sample spot is collected and
the information is put together to produce an image of the surface. In contrast, transmission
electron microscopy (TEM) is used to obtain information on the internal steusta sample
by detecting the transmitted electrons on a fluorescent screen or by a CCD camera. When
obtaining the image in TEM with a strongly focused electron beam that scans the sample in a
grid-like pattern like in SEM, this special technique is @@lscanning transmission electron
microscopy (STEM). With a circular detector arranged around the optical axis of the

microscope, images with a very high mass contrast can be obtained due to the collection of
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2.6. Sorption

only high angle diffracted electrons. This terjue is called high angle annular dark field

mode (HAADF).

Scanning electron microscopy (SEM) was performed on a JEOL-GEMF scanning
electron microscope equipped with a field emission gperated att i 10kV depending on
the sample High ResolutionTransmission Electron Microscopy (HRTEM) and Scanning
Transmission ElectrorMicroscopy in High Angle Annular Dark Field mode (STEM
HAADF) were performed using FEI Titan 86300 equipped with a field emission gun

operated at 30RV.

2.6 Sorption

Sorption measements are a versatile method for the characterization of porous systems
regarding the pore characteristics and the surface’ &emtion isotherms are measured at a
constant temperature and the amount of adsorbed species is plotted versus varyingspress

for the adsorption and the desorption processes. The interactions of the adsorbed species with
the surface are mainly weak vderWaals forces, so they can be classified as physisorption
processes. Various models with different assumptions are askzstribe those interactions

and one of the most common ones is the BrunBuemettTeller (BET) theory Two
assumptions are made: There is no interaction of the adsorbed species among each other in a
layer and the adsorption enthalpy of the first moymias different from that for multilayer
formation. The BET method allows determining the surface area of a sample by analyzing the
monolayer formation at low partial pressures in the isotherm and multiplying it with the

adsorption area of the adsorptivelecules.
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Figure 2-4: The six types of gas sorptiotisotherms as classified byUPAC .°

Sorption isotherms can be classified in 6 different basic typ&sMl) depending on the
structure and size of the @@osystems and interaction strength of the adsorptive with the
adsorbentKigure 2-4). Type IV isotherms are typical for mesoporous samples exhibiting a
monolayer adsrption with the subsequent multilayer formation at low partial pressures and a
typical hysteresis loop of thedsorption and desorptidanchwhich is ascribed toapillary
condensation of adsorptive the mesoporesand the hindered desorption thereftfhThe

further adsorption at higher partial pressures is caused by adsorption at the external surface or

in textural porosity.

Nitrogen gas is usually used as adsorptive for sorption measurements on porous powder
samples. The measurements are carriecabthe boiling point of liquid nitrogen, i.e. K.
Structure characteristics of porous materials, such as surface area and porecaviumee
obtained from classical thermodynamic calculations whereathéocalculation of theore

size distributionapproaches such as tlgarrettJoynerHalenda (BJH) theory, noflocal

density functional theory (NLDFT) or Mor{€arlo simulations (MChave to beemployed.
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2.7. Quartz crystal microbalance

Nitrogen sorption is not applicable to materials with a very small specific surface area, for
exanple thin mesoporous films. In this case, Krypton sorption measurements can be
conducted alternatively to determiserface areas down tofew cnt.*! Krypton sorptionis

also measuredt 77K where it is solidand therefore has a lower saturation vapossgre

than nitrogen. However, due to its physical properties, the theory for other liquid adsorptives
cannot be applied and the surface area and pore size have to be determined indirectly by

calibration measurements of standards.

For the characterizationf amesoporous titania films assembled from the tdtrall titania
nanocrystals all Kr sorption measurements were performed and evaluated by Dr. Jiri
Rathousky at the J. Heyrovsky Institute of Physical Chemistry in Pradueanalysis of
adsorption isothens of Kr at the boiling point ofiquid nitrogen (approx. 7K) gave he
porosity ofthe thin films. An ASAP 2010 apparatus (Micromeritics) wasedto obtain the
isotherms. For the determination axtural properties of the samplethe shape of the
hygeresis loop and the limiting adsorption saturation pressure of the krypton sorption
isothermswvas comparedith reference materials (anatgsmwvders) characterized by nitrogen
sorption.The pore size distributiowas obtained fromamparison plotshat were based on

the differentiation of these plots for each sample.

Nitrogen sorption measurements were performed oQuantachrome Instruments Nova
4000eor anAutosorbl by Quantachrome InstrumentsatK and the samples were degassed

for 12h at 150°C.
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2.7 Quartz crystal microbalance

The Quartz Crystal Microbalance (QCM)as ultrafine balance system that measures very
small changes in mass through the change in resonance frequency of a piezoelectric quartz
crystal. This method is based on timverse piezoelectric effecin which a mechanical
deformationresults from thepplication of an electric fieldnd the Sauerbrey equation gives
the relation of the change ina s mwittpa change in frequenayf:*?

. cQYa

y‘Q n — -
5 (2-9)

fo: Resonant frequency

A: Active area of the crystal
} q: Density of quartz

€q: Shear modulus of quartz

The frequency change results from a modified vibration frequency of the piezoelectric chip
due to a changed mass loading. This allows to measure very small amounts of mass deposited
on the chip and can therefore be used for the determination of the masy ttiin porous

films. For example, for a 10Hz crystala frequency change ofHz corresponslto a mass

loading of 4.42-18 g onan activesurface arean the chip of n?. This high sensitivity is
especially useful for electrochemical measuremesitsce the capacity of an electrode
material is usually given in electric charge (Ah) per mass (g) and the usual balances are not
sensitive enough to determine the mass of very thin electrodes. The application of these chips
as electrodes in electrochemigakasurements allows a direct determination of the active

mass deposited on the electrodegre2-5).
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2.8 Thermogravimetric analysis

Figure 2-5: Image of a QCM chip.

Alternatively, thevery high gravimetric sensitivitgf the quartz crystal microbalancan be
employedfor gravimetric sorption measurements. The mesoporous films are usually prepared
by spincoating and subsequent calcination oa @CM chips. Adsorptives can be gases or
solvent vapors. However, the models for nitrogen gas sorption are difficult to adapt to the

interaction of solvent molecules with porous metal oxide surfaces.

QCM measurementwere carried out using a sditiilt Quatz Crystal Microbalance (QCM)
system.The mesoporous films were produdsdspincoating of a precursor solution on KVG
10 MHz QCM devices with gold electrodéisom Quartz Crystal Technology GoH) and

subsequent calcination.

2.8 Thermogravimetric analysis

Thermogravimetric analysis (TGA) is a method to detect a change in the mass of a sample
with temperature and time. The sample is placed in an inert crucible, such as platinum or
corundum, which is coupled to a microbalance. The heating process with a tbestarate

can be conducted in different gas atmospheres such as argon, nitrogen or synthetic air. This
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2. Characterization

allows distinguishing evaporation and desorption of solvent molecules, for example from
oxidative decomposition processésBy calculating the total ass loss after heating the
sample to 900C in an oxidative atmosphere, the total content of inorganic material in metal
oxide nanoparticles can be determined and compared to the initial weight including solvent
molecules and surfad®und organic ligandsAdditionally, the enthalpy of those processes

can be determined with differential scanning calorimetry (DSC) measuring the difference of
energy needed for heating the sample compared to an inert reference. The nature of the
processes can be assessed ftbeninformation gained in these measurements, for example
combustion (exothermic) can be distinguished from phase transformation and evaporation

(endothermic) processes.

Thermogravimetric analysesf the samples were performed on a NetzSIA 440 C
TG/DSC.

2.9 Electrochemical lithium insertion

High-performance battery materials are very important not only for the implementation in
personal mobile devices but will also play a decisive role in the conversion from fossil fuel
based transportatioto a low carbon dioxide footprint electrical transportation based on
renewable energy sources. In this work two nanostructured anode materials for lithium ion
batteries were prepared, Hi@nd the highly stable kTisO;,. The electrochemical equations

for the charging reactions are as follows:
XLi"+x €+ TiO,- LikTiO> (2-10

Li4Ti5012 +3 L|+ +3e- Li 7Ti5012 (2-11)
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Figure 2-6: Cyclic voltammogram (CV) of an electrochemical lithium insertion experiment in the TiQ

phases rutile and anatase and LiTisO4, spinel with the corresponding distinct insertion and extraction

peaks. A broad hysteresis of the baseline curve is mainly attributed to capacitive (faradaic and ron
faradaic) charging as well as electrochemical contributions of amorphous titania phases.

In both @ases Ti{/) is reducedo Ti() and lithium ions are inserted into the structures to
compensate the charge. The formal potentials at which this lithium insertion takes place
depend on the phases of the material, and they aré/1a88 1.55V vs. lithium for TiO; in

its anatase phase and lithium titanate, respectiflgtyure 2-6). The maximum theoretical
capacities for both materials at full lithium insertion are 8% g* and 175mAhg?,
corresponding to kisTiO, and LiyTisO12, respectively. This total capacity can be attributed to
mainly two different contributions, i.e. the faradaic insertion of lithium into the bulk of the
materials and charggorage on theusface of the nanomaterials which can either be a
capacitive process (ndaradaic) or of faradaic nature (pseuchpacitive) in which redox
reactions at the surface take place. The kinetics of such reactions are usually very different
from each other simc the bulk diffusion of lithium ions is rather slow. Hence, when

increasing the surface area of the electrodes the capacitive and -papadiive

contributions can be drastically increased leading to a shortened charging time of the devices.
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In our studes we used a method to quantify the amount contributed from the different charge
storage mechanisms in which the contributions can be distinguished by determining the
current response depending on the sweep rates in cyclic voltammetry*(€W). cyclic
voltammetry the applied potential is varied linearly over time with a certain sweep rate and
the resulting current is detectfdWhen reaching a certain set potential the potential ramp is
inverted and applied until the initial potential is reached. Tkielabon and reduction
reactions take place at characteristic potentials for the materials and the potential is varied in a
certain region usually defined by the decomposition reactions of the utilized electrolyte.
Cyclic voltammetry is a versatile methaa characterize electrochemically active compounds
usually in a threelectrode setup with a working electrode, a counter electrode and a
reference electrode. The total gravimetric lithium insertion capacities can be determined by
the integration of the aa under CV curve upon reduction (charging) and oxidation
(discharging) of the Ti@and LiTisO12 and normalizing the obtained charge to the mass of

the electrode.

For LisTisO12, mainly galvanostatic lithium insertion experiments were conducted in which a
constant current is applied and the resulting change in potential is monitored untdff cut
potential is reached. This method allows a very fast and simple determinati@noafpicity

of the tested electrodes by simply normalizing the charge plotted oratkie to the electrode

mass. The electrochemical insertion and extraction reactions can be inverted by applying the
same current with a negative sign and vice versa. Riapgion the amount of current applied
compared to the active electrode mass, charging and discharging rates can be specified. This
is usually expressed as ther&@e, which is defined as a factor of charge over time. Charging

or discharging a battery inHour to its full capacity is defined asCland doing this in half an

hour would lead to a-€ate of 2C, for exampleThe kinetics of the nanostructured electrodes

can be characterized by performing the measurements at vad@issCand to assess the
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stability of the materials cycling experiments have been conducted by repeating the
measurements up to 100Mes.The contributions from pseuedtapacitive and bulkliffusion
limited processes were deconvoluted by the analysis of cyclic voltammograms$esgndif

scan rates. This is described in detaChapter7.

Electrochemical measurements weegried out using a Parstat 2273 potentiofainceton
Applied Research). Theeasurements were performedift M LiN -(SO,CF;), solution in a
mixture of ethyenecarbonate (EC) adg?-dimethoxyethane (DME)L:1 by weigh). Li wires

were used as both the auxiliary and tbference electrodes.

2.10 Photovoltaic characterization

The dyesensitized solar cells were assembled from the mesoporous titania films and were
mainly characterized by measuring currgottage (}V) curves on a potentiostat with and
without illumination of the sample. The current was collected at altering externally applied
potentials with scan rates slow enough to a avoid capacitive chargihg bigh surface area

of the titania films:® The standard performance characteristics of the solar cells such as the
shortcircuit currentlsg the open circuit potentidVoc, the fill factor FF and the power
conversion efficiency can be extracted from thél-curves as described in the introduction

(Chapterl.5).

An AM 1.5 solar simulator (Solar light Co.) was uded the characterization of soleells.
The light intensity was monitorebdy a pyranometer (PMA2100, Solar light £oCurrent
densityvoltage measurements wererformed with a Zahner IM6ex impedance measurement

unit with ascan speedf 10mV s*,

68



2. Characterization

2.11 Photo-electrochemical water splitting characterization

For the characterization of hematite phetectrodes in Ipoto-eledrochemical water splitting
several measurements were conducted. The cwoltaige characteristics of the masked
films were obtained by scanning from negative to positive potentials in the dark or under
illumination, with a 20mVs! sweep rate. For estnal quantum efficiency (EQE)
measurements, chopped monochromatic light (chopping frequeidzy ®as provided by a
150W Xenon lamp in combination with a monochromator and esdeting filters. The cell

was biased to 1.28 vs. RHE under simulated solaradiation to ensure realistic operating
conditions. Current transients were used to determine the transfer efficiency of holes to the
solution phasé? The high power light emitting diode (LED) was switched on and off every
500ms. The hematite electred were held at a given potential, and transient current was
sampled at 0.ins intervals. This fast sampling allowed the instantaneous current to be
determined. In cases where the current transient had not reached a steady state value after
500ms, additimal photocurrent transients were recorded with d/off times, sampled at

1 ms intervals.

All electrochemical measurements were carried out in MONlaOH aqueous electrolyte in

glass or quartz cells using aAutolab Il potentiostat equipped with a RR impedance
analyzer connected to a saturated Ag/AgCl (or a Hg/HgO) reference electrode and a Pt mesh
counter electrode. Illumination wasther provided by a power LED (Thorlabs, 4%8), or a
simulated AM1.5 solar simulator (Solar Light Model 16S) & & cm?2, and was incident
through the substrate (SI) or the electrolyte (EIl). The light intensity was measured inside the
cells using a 4nn? photodiode, which had been calibrated against a certified Fraunhofer ISE

silicon reference cell equipped withK&5 filter.
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3 Ultrasmall titania nanocrystals and their direct assembly into

mesoporous structures showing fast lithium insertion
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