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Abstract

This thesis aims at extending the applicability spirfactant-based mesoporous titanium
dioxide materials to photovoltaic, photocatalytitdaenergy storage devices, and to exploit
their advantages of high surface area, tuneable pae and periodic porosity in these
applications. The major limitation of the estabdidhprocedures for preparing surfactant-
templated mesoporous titania is the low degreeydtallinity of its walls, and the resulting
negative effect on the material’s electronic andisenductor properties. Furthermore, in thin
films the significant density changes accompanyimg condensation and crystallization of
initially amorphous titania walls lead to mechahisi@ess upon heating, deterioration of film
guality and cracking or delamination when staclsegeral layers.

One strategy to overcome these drawbacks is basadroducing preformed nanocrystalline
precursors into the walls of the mesoporous franmmkwo a novel “brick and mortar”
approach for creating highly crystalline transp&réi©, coatings. In this way, preformed
titania nanocrystalline “bricks” are fused with faatant-templated sol-gel titania “mortar”,
which acts as a structure-directing matrix and ashamical glue. The interaction of
crystalline and amorphous components leads talkansirsynergy, such that a rapid increase
in crystallinity occurs upon thermal treatment amgdhly porous and highly crystalline
structures are formed at very mild conditions. @@ with a broad variety of periodic
mesostructures and thicknesses ranging from fewomaters to several micrometers are
accessible using the same organic template, anithédestructures are tunable by varying the
fraction of the “bricks”. The beneficial combinaticof crystallinity and porosity leads to
greatly enhanced activity of the films in photoétgia and photovoltaic processes, and a
performance optimum concerning the nanoparticletestinis found to be around 70 %
(Cooperations with the groups of Dr. J. Rathouskyeyrovsky Institute, Prague, and Prof.

M. Gratzel, EPF Lausanne).



The potential of the “brick and mortar” approactsymthesize thick mesoporous titania films
of up to 10 um thickness by multilayer depositioaswspecifically investigated. The as-
produced films exhibit very high surface area, \whécales linearly with the thickness, and
roughness factors of up to 1600 cm?2/cm? can beneshcThis is the first time that surfactant-
derived mesoporous titanium dioxide films of suchigh thickness and surface area can be
prepared without serious cracking, delaminationdeterioration of the porous structure. In
dye-sensitized solar cells (DSCs) using a volaiextrolyte, the films feature a remarkably
high performance level of over 7 % already at thedses below 4 um due to their high
surface area and dye adsorption. Thicker “brick amartar” films reach up to 8.1 %
efficiency, which is until today the highest DSCrfpemance of a surfactant-derived
mesoporous material.

The advantages of such high surface area mesopdilous can best be exploited in
photovoltaic systems which are based on more shalildiffusion-length limited electrolytes,
for example room temperature ionic liquids (RTllooperation with the group of Prof. M.
Grétzel, EPF Lausanne). DSCs employing RTILs, d-eitinction coefficient organic dye
and “brick and mortar” electrodes exhibit very higbnversion efficiencies above 6.2 % at
low film thicknesses of only 2 um. This is a vempmising performance for such thin films
compared to the record for this system (8.2 % iefficy, electrode consisting of 20 nm
nanoparticles, thickness 7 um), and consideringifsignt losses due to insufficient light
absorption. Thicker films (> 2 um), however, provedbe not as efficient due to charge
transport-limitations, and further thickness andepaize optimization are supposed to

increase the maximum performance of “brick and axdetlectrodes in RTIL-based DSCs.

The scope of general strategies employing crystallitania nanoparticles can be extended,
when the dimensions of the nanocrystalline buildohocks are further down-sized. A new

non-aqueous sol-gel protocol usitegt-butanol as reaction medium widens the available siz



range of TiQ nanoparticles at its lower end by producing uitrab and highly soluble
anatase nanoparticles of around 3 nm employing &ast low-temperature microwave
heating. The extremely small size of the nanodagiand their dispersibility make it possible
to use commercial Pluronic surfactants for seleagsly of the nanoparticulate building
blocks to form periodic mesoporous structures vaithigh surface area ranging up to 300
m?/g. The advantages of the retention of the measmgo order with extremely thin
nanocrystalline walls were shown by electrochemiitlalum insertion, in which films made
using microwave-treated nanoparticles showed fesdrtion behaviour with high maximum
capacity due to quantitative lithiation with a Ifef increase of charging rates compared to a
standard reference electrode made from 20 nm anpascles.

The use of preformed titania nanocrystals (“brigka$ precursors for surfactant-templated
mesoporous materials can also be extended to aialita composite materials. In
combination with silica sol-gel precursors as “madit films with a high fraction of
crystalline titania particles finely dispersed ieripdic silica mesostructures were obtained at
temperatures as low as 100 °C, and employed agedatyers for the photooxidation of NO
(cooperation with Dr. J. Rathousky, J. Heyrovskstilnte, Prague). For this material system,
the “brick and mortar” approach results in periodiesoporous nanocomposites with
photocatalytically active sites leading to functaibroatings which can be processed at low
temperatures on a wide range of substrates.

In a second strategy towards titania-silica contpesiwith control over the crystalline
properties of the porous system, colloidal mesop®ilica (CMS) nanoparticles with a thin
titania-enriched outer shell showing a spatiallyoleed functionality were synthesized by a
delayed co-condensation approach (joint projechmit. Valentina Cauda, LMU Munich).
The titania shell can serve as a selective nudeatite for the growth of nanocrystalline
anatase clusters. These fully inorganic pure sdma titania-enriched shell mesoporous

nanoparticles show orthogonal functionality, dentiated through the selective adsorption of



a carboxylate-containing ruthenium N3-dye. UV-Vigddluorescence spectroscopy indicate
the strong interaction of the N3-dye with the tisaphase at the outer shell of the CMS
nanoparticles. This selectivity is strongly enhahoghen anatase nanocrystallites are
nucleated at the titania-enriched shell surface.

In conclusion, the introduction of crystalline tita nanoparticles to the synthesis of
mesostructures based on surfactants and sol-gelunsmes allowed to improve the
applicability of the resulting pure titania or sdrtitania composite materials. This measure
provides the possibility to exploit the attractperous characteristics and versatile chemistry
of templated metal oxides, and led to coatings l@ihg very promising performance in

photovoltaics and photocatalysis, and bulk matemath orthogonal functional properties.
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1. Introduction to Titanium Dioxide Nanomaterials

Titanium dioxide is a semiconductor material witlea potential in the fields of
photovoltaics;®> energy storagé and photocatalysis Examples for such titania-based
applications are dye-sensitized solar cells, litiion batteries, and self-cleaning coatings for
glass windows. In recent years, especially the reergy technologies have become
extremely important, since global warming and tbaraity of raw materials demand a more
efficient and ideally sustainable conversion ofunaltresource$.

The working principles in all of these energy casien or storage devices involve charge
transfer reactions and accompanying transport psase Therefore, large interfaces and free
accessibility for diffusion are crucial for the ity and efficiency of active material€
These essential requirements are exclusively metampstructured materials, which feature
repeating structural elements with length scalebkémanometer randé’ In order to achieve
fast and unhindered diffusion, most often theseenmads are highly porous, and the size of the
pores is also on a nanoscale dimension. In paaticahaterials with pore diameters in the
range of 2 — 50 nm are specified as mesoporousX@J&assification):?

Mesoporous titania materials offer advantages imymi@chnological fields due to their
unique electronic, chemical and optical propersiesh as transparency for visible light, low
toxicity, conductivity, and chemical and structurakrsatility’ The performance of
mesoporous titania in energy applications depetrdagy on its surface area, porosity and
morphology, but also to a large extent on the @brdver the crystalline nature of titanium
dioxide**

TiO, naturally occurs in amorphous or crystalline pbasiee crystalline ones being anatase,
rutile, and brookité® Anatase is usually the desired phase for photaieoétpplications due to

its electronic characteristics, but also other lsgtit phases and mixed metal oxides have
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interesting physical properties, for example thestad TiQ(B) as supercapacitor material in
lithium insertion experiment$:*’

In order to be applicable in technological devigesnost cases titania nanostructures have to
be prepared as films on conductive substratestuarahble film thicknesses in a narrow range
of a few micrometers in combination with high optiquality of the coatings are required.

Due to its practical importance, the elaborationmesoporous titanium dioxide has been
intensively investigated. Nowadays, numerous syitthstrategies are described for the
fabrication of mesoporous titania materials. Thesimoasic strategy towards mesoporous
TiO, is the sintering of preformed nanoparticte©ther more sophisticated approaches use
organic templates or employ electrochemical mettidths

In the following, different strategies for prepayititanium dioxide nanostructures will be

introduced, starting with the most basic one, ghdlsesis of nanoparticles.

1.1 Titania Nanoparticles and Sol-gel Chemistry

There are many different ways of synthesizing titan dioxide particles with defined
properties on the nanoscale. The most importantackexistics of nanoparticles for their use
in fabrication of mesoporous films are particleesend size distribution, crystallinity, and
agglomeration/dispersibility*?°*' There are few synthetic procedures that providéqbes
with the desired characteristics, and are alsac®¥ie concerning their cost, effort and yield.
The most important ones are the commercial prodwota flame hydrolysis, and the wet-

chemistry approaches employing sol-gel, hydrothérarasolvothermal processes.

For the commercial production of Ti@anoparticlesflame hydrolysisis probably the most

important techniqué& ? A prominent example of a product synthesized usigtechnique

2



1. Introduction to Titanium Dioxide Nanomaterials

is Aeroxide P25 by Degus$aBy reaction of vaporized titanium tetrachloridd@IG) with
oxygen and hydrogen in the gas phase at high tanwes of over 1000 °C, highly
crystalline titanium dioxide nanoparticles can Iéamed, which have an average diameter of
approximately 21 nm, and consist of a mixture aftase (~ 80 %) and rutile (~ 20 %).

This technique is advantageous for experiments langa scale and is employed in industrial
production. Major drawbacks for application in g@duction of mesoporous materials are
the coexistence of two crystalline phases, thetditioin to rather large particle sizes, and the

low redispersibility.

Wet-chemistry approaches in general are very vM@satd by choosing the right protocol, a
product with the desired characteristics can bainbt* They are based on a combination of
hydrolysis and condensation reactions of metaldeabr alkoxide precursors in water or
oxygen-containing organic solvents. Depending oe tlegree of condensation, these
reactions can lead to molecular nanoclusters, ratioles, or polymer-like metal oxide
networks. This sequence of reactions is traditignaialled sol-gel proces$*?® The
underlying principle of this technique has alredeen utilized since 1848 and the enormous

amount of literature on this topic reflects itsefisity and usefulness.
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i
Hydrolysis aggregation

of
metal precursor

gelation

Figure 1.1.Reaction steps of the sol-gel process leadingctindensed inorganic network.

The classical sol-gel process can be divided in®dharacteristic steps (Figure 1°1):

1) Generation of a stable solution of molecular mptatursors (theol).

2) Formation of a bridged network by condensation tieas, gelation with
increasing viscosity (thgel).

3) Ageing of the gel with ongoing condensation. Fororabf a solid mass and
expulsion of solvents.

4) Drying of the gel, removal of water and solvents ttwermal treatment
(xeroge) or by extraction at super-critical conditiore(oge).

5) Dehydration and removal of surface-bound hydroxyugs by calcination, in
some cases, densification and removal of remaironganics at higher

temperatures (> 800 °C).
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Hydrolysis of titanium species is very fast, ashwiost transition metals, compared to their
silicon analogues. Examples for the reactions eoayduring the hydrolysis of Ti(OEt)1)

— (4) and for condensation (5) are the following:

Ti(OEt); + H,0 Ti(OEt)(OH) + EtOH (1.1)
Ti(OEt)3(OH) + 3 HO Ti(OH), + 3 EtOH (1.2)
Ti(OH)4 + Ti(OH), (HO)Ti-O-Ti(OH)3 + H,0 (1.3)
Ti(OH), + Ti(OEt), (HO)sTi-O-Ti(OR)s + EtOH (1.4)
Ti(OH)4 TiO, + 2 HO (1.5)

The degree of hydrolysis and the organic leavingugs attached to titanium strongly
influence the particle formation in the gel. Additiof ligands as further modifications of the

precursors can also control the structure or mdggyoof the condensation products.

Sol-gel syntheses of titania particles enable tbetrol of particle size, crystallinity and
morphology by changing reaction parameters, suchwater/alkoxide ratio, pH, and
temperature. The dimension of the particles whieim de obtained by altering these
parameters ranges from 4 nm up to aboumland is finely tuneable.

The major disadvantage of aqueous sol-gel derivi€édb TS that its products are mostly
amorphous and need hydrothermal treatment (aeroggtsbelow) or calcination (xerogels)
for crystallization.

Non-aqueous sol-gel processes for the synthesitanifa particles offer attractive alternatives
to their aqueous analogues. In general, two difteegoproaches can be distinguished: one
enabling the control over the particle size andphology via surfactant (surfactant control)

and one via solvent (solvent contrdl).
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The so-called hot injection technique is charazeetiby addition of a solution of metal
precursor into hot solvent containing surfactafite surfactants coordinate to the precursors
and prevent agglomeratiéh.This method has been successfully used in thehsgist of
many materials such as cadmium chalcogenide quattdsnand, also for titania, nanorods of
3.3 nm in diameter and 25 nm in length have beported?®

Another example is the hydrolysis of titanium butiexin the presence of acetylacetone and
para-toluenesulfonic acid at 60 °C. This reactieads to pure-phase anatase particles and

their size could be tuned from 1 — 5 nm by adjugstire synthetic conditiorfs.

Solvent control can be explained by a small nunolbeeactants in solution leading to simpler
and fewer possible reaction pathways. The mainradge of this method is the increased
purity of the products due to the limited numbecofmpounds in solutiof.

Recently, Niederberger and co-workers reported @agueous system using dry benzyl
alcohol as a solvent, titanium tetrachloride as atainprecursor and low to medium

temperatures of 40 to 150 ®EThe resulting TiQ particles were 4 — 8 nm in size and
consisted of pure anata¥e.

In this way, calcination or hydrothermal treatmemd consequent agglomeration can be
avoided. The organic solvents give access to a fietteof possible modifications by organic

molecules which can lead to beneficial chemicapprtes®

Hydrothermal or solvothermal processesre characterized by hydrolysis and condensation
reactions in solutions at high pressures and teatyers above their boiling point in sealed
vessels. In some cases, the conditions are evere dhe critical point of a solvent and the
special properties of supercritical solvents sushtle lack of surface tension and low
viscosity are exploited. In general, these procedsmefit from the improved solubility and

reactivity of reactants at elevated temperatures.
6



1. Introduction to Titanium Dioxide Nanomaterials

The synthesis of nanocrystalline titania by hydeothal techniques has already been
introduced in 1988. The reaction of Ti(OE@nd water in ethanol at room temperature
yielded amorphous titanium dioxide, and subsequeydrothermal processing led to
crystallization of these particles. Pure, crystalanatase could be obtained as agglomerates
of 600 — 700 nm in diameter with a crystallite safeabout 10 — 20 nm, after processing at
200 — 280 °C at pressures of 16 — 66 NMP3.

Other approaches have used TiGh water and hydrothermal treatment at various
temperatures, pressures, ratios and in some caseadditives. The products exhibited great
diversity of particle size, morphology, and aggloaten. Pure-phase crystalline titania could
be obtained as well under certain conditiths.

Non-aqueous solvothermal systems have been rep&otegkample employing-butanol and
titanium butoxide at 200 °C. These reactions wése performed utilizing different ligands
and crystalline anatase nanoparticles of 7 — 16msize were produced.

In general, this technique offers good control ba various physical parameters, however,
the degree of redispersibility and the possibitifychemical modification of the particles at
high temperatures might be limiting for their appbility. Furthermore, the reaction
conditions are normally far above the boiling poafitthe solvent, require special technical

equipment and are thus rather expensive.

1.2 Mesoporous Titania Films

The titanium dioxide layers in photovoltaic or eyerstorage applications consist of
mesoporous Tigfilms, because of their huge surface area and goodssibility of the pores.

There are numerous reports on the synthesis of poesgs titania films with different
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structures, morphologies and degrees of crystgliffiiin general, two strategies for preparing
such films have been established:

The first is based on preformed nanocrystallirentitm dioxide particles which are deposited
from a paste or solution and sintered by calcimatiS8ome recipes additionally employ
polymeric binders, and the film preparation is disudone by a screen-printing or doctor-
blade technique. This approach is commonly usednfany applications, because the
manufacturing of such films is very straightforwanthen the particulate precursors are
available. The resulting layers are highly crystall and show low intrinsic electric
resistance® Recent examples of TiCfilms employed in dye-sensitized solar cells ekhib
surface areas of about 80 — 90 th2gnd roughness factors of about 120 — 150 in fifnsne
micrometer thicknes¥. These films do not feature periodically porousictiures, but their
film thickness can be easily adjusted over a watgge from few nanometers to hundreds of
micrometers.

The second preparation method utilizes moleculdrgsb precursors and surfactants as
stabilizing and structure directing agents (SDA)an evaporation-induced self-assembly
(EISA, see below) process. In thin films, these tomes can form highly ordered
mesostructures in various morphologies, with vaghlspecific surface area values of up to
over 200 m2g.*° Disadvantages of the sol-gel approach for mesoofitm preparation are
the lower crystallinity compared to particle basdtbrnatives, and the extremely thin film
thicknesses (usually below one micrometérfurthermore, due to strong structural
contraction upon condensation of the network, thesybilities of increasing the thickness to

more applicable values are restricted by crack &ion and even delamination of the filfifs.
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Evaporation-induced self-assembly (EISA)

Evaporation-induced self-assembly is a process twlattows the rapid production of
periodically structured porous or nanocomposite emi@s in form of films, fibers or
powders’™®* Self-assembly denotes the spontaneous organizatiomaterials without
external influence. Amphiphilic surfactants dissahvin solvents are known for their ability to
self-organize as soon as they reach a critical exdingtion into micellar aggregates of
different shapes, which can take the form of laargltubic or hexagonal mesophases, among
others. The relationship between surfactant conagom, temperature and resulting

mesophase can be summarized in a phase diagram.

In the presence of dissolved metal oxide precursbessurfactants lead to spontaneous co-
assembly of both materials in a mesostructuredgsidshe liquid crystal templating (LCT)
theory explains this process with a stabilized aetent mesophase which is acting as a
template for the condensation of the inorganic ph@sother mechanism proposed in this
context is called cooperative self-assembly (CSA9chanism, in which surfactant and
inorganic precursor form a combined intermediatasehwhich behaves as an independent
surfactant species and builds up a hybrid structline nature of the process is strongly
dependent on the chemical composition of the systéon non-ionic templates, the LCT
theory is supposed to be applicable, but in mosexahe process is likely to follow a

combination of both mechanisrffs.

The main periodic structures which are accessiblénis way are hexagonal, cubic, lamellar

andwormhole-like mesophases. A schematic overviewustrated in Figure 1.2.
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Figure 1.2.Highly organized mesostructures: a) Cubic. b) Hexad; c) Lamellar.

For the preparation of thin mesoporous films, theperation-induced self-assembly method
offers control over the final structure. It is venyportant to record and control the parameters
which can influence the process to achieve satigfyeproducibility, namely, the chemical

factors responsible for the condensation react{oascentrations of surfactant and inorganic

precursor) and the processing conditions, whickegothe diffusion of the volatile fraction.

After deposition of a certain amount of solution arsubstrate, the EISA process can be

divided into the following steps as shown in Figra*

10
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Final film ﬁ

drying

% o Water
£ Alcohol
ANND Surfactant
@ Metal precursor

a

Figure 1.3.Film formation using an evaporation-induced sskeanbly (EISA) process by

dip coating. MSS: Modulable steady state. Figuiagéetl from ref. 45.

Starting point for the film formation is the initisol. The chemical composition of this sol-gel

system has to be adjusted to achieve the desited @& hydrolysis and condensation

reactions and to match the chemical nature of thesteate. Important parameters are for

instance concentration of surfactant and metal ypsee, choice of solvent, pH, dilution,

water content, and ageing time. For many metalasgithe pH of the precursor solutions is

kept rather low in order to stop hydrolysis reatsion an early stage forming small oligomers

and preventing condensation during the depositiongss.

The next step is the deposition. The volatile congmds evaporate very rapidly and the

concentrations of metal oligomers and surfactanteoubes rise simultaneously. Above the

critical micellar concentration, micelles startftom due to hydrophobic interaction of the

11
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alkyl chains, and the self-assembly processes acaginb After the drying line, the
mesostructure can still be influenced by changimtereal parameters such as relative
humidity and temperature. This intermediate equiiin is called modulable steady state
(MSS). When self-organization and condensationcarapleted, the final mesostructure is
formed.

In the following treatment step, further condermanf the inorganic network can be induced
for example by calcination to increase its stapgihd to remove the template to free the pores.
This process is usually accompanied by contractoddnthe network in a direction
perpendicular to the substrate plane resultindgpénunidimensional shrinkage of the pores. In
transition metal oxide films, the temperature dticeation plays an important role on further
crystallization of the network, because it can lea@®stwald ripening and the destruction of

the periodic mesophase.

12
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1.3 Dye-sensitized Solar Cells (DSCs)

Sun light provides an enormous amount of clean @madtically inexhaustible energy. Per
year, 3 x 16 J are supplied to the earth, which is about 10t0f8s more than all countries
are currently consumintj. However, this energy remains mostly unconvertegtrimuting
only to an extremely small extent to the total ggyegeneration. In the United States, for
example, in 2006 only about 0.08 % of the totalrgpevas produced by conversion of sun
light. The predominant photovoltaic devices areedasn typical semiconductor p-n-junction
cells, with silicon being the major componéhin order to increase this level, more solar
cells need to be built and set up. However, thendpction is rather expensive concerning
cost and energy, and especially shortage of ravenaét must be avoided. On this account, it
is very important that aside from the establishgdtesns new technologies are further
developed and included into the existing portfoliof photovoltaic device®
Photoelectrochemical cells are based on differemtterials than their semiconductor
analogues and therefore offer a great opportunigxploit a bigger part of this huge amount
of energy’

In 1991, Gratzel et al. reported a solar cell basedye-sensitized colloidal Tidilms (dye-
sensitized solar cell, DS¢JCurrent is generated by absorption of photons leyrdglecules,
charge injection into the Tidconduction band and subsequent transfer of seghed¢ctrons
from the dye-titania interface to an electrode. Theuit is completed by a redox electrolyte
which is reduced at the counter electrode and mrgéss the dyes. Solar cells with conversion
efficiencies of 11 % have been attained so farfaritier efforts to optimize their efficiency
and stability are underway.The major advantages of this solar cell are thedost and the

good availability and variability of the materialeeded. Especially, semiconducting porous

13
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titanium dioxide can be obtained in various ways] as titanium is one of the most common

elements on earth, supply with titania is abundant.

1.4.1 Operational Principle of the DSC

A schematic overview of the operational princi@eshown in Figure 1.4.

TiO, Counter-
electrode

Electrode

External
circuit

hv  Electrolyte

e/: 7 e

Electrons —

Figure 1.4.Operational principle of the DSC. Figure adaptednfref. 50.

A mesostructured semiconductor oxide film on comidgcglass is in contact with a redox
electrolyte or an organic hole conductor. The sendeictor is sensitized on its surface by a
monolayer of a dye. The oxide consists normalladtase (Tig), but other materials like
ZnO, SnQ or Nbh,O; can also be employé#>* The photosensitizer is in most cases a Ru-
centered polypyridyl complex. Other examples fortadle dyes are zinc porphyrins or

indoline based organic molecufésExcitation of the dye by absorption of a photoade to

14
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an excited state, from where an electron can leetiegl into the conduction band of the oxide.
Regeneration of the dye is done by an electrolymially a redox system such as the
iodide/triodide couple in an organic solvent. Tlkeastizer is reduced by iodide and triodide is
formed. At the cathode, triodide is reduced to negate iodide. Under illumination, the cell

IS generating voltage. The maximum voltage arisesifthe difference of energies between

the quasi-Fermi level of the semiconductor andédex potential of the electrolyte.

In the dark, a solar cell displays the same elagitcharacteristics as a diode. When a voltage
is applied, the current rises exponentially. Traskdcurrent is based on the voltage-dependent
reduction of the electrolyte at the titania surfddader illumination, the dye molecules can
absorb light, and inject electrons into the conductband of TiQ. In this way, charge
separation occurs and an electrical field is bupt The charges are transported to the
electrodes and a photocurrent is generated, whiosetidn is opposing the dark current. The
current-voltage characteristics of an idealizedasalell under illumination are shown in

Figure 1.5.

| IV curve of the solar cell
5¢ (Vmp,imp)
E Pmax
2
g Power from
the solar cell
Voltage Voc

Figure 1.5.Idealized I-V-characteristics of a solar cell undl@mination.
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Under short-circuit conditions, the so called stwortuit current §c passes the electrodes. In
an ideal solar cell, this point marks the curremtaximum and neither voltage nor power is
generated. In the DSC, theclcorresponds to the number of dye molecules wheh c
simultaneously absorb photons and generate chaageers. The maximum potential
available from a solar cell is called the openugirgoltage \6¢, and for DSCs it is dependent
on the energy difference of the quasi-Fermi levadl ahe redox potential of the redox

electrolyte. This voltage is reached at the maxinchiarge separation point at zero current.

The electrical power which can be generated withsolar cell is determined by the product
of current and voltage. Therefore, at each poinhél-V curve, the power corresponds to the
area of a rectangle. The power curve has a maxi@Rya., With the currentq, and the

voltage V. The fill factor (ff) is a measure for the powdraosolar cell and refers to the ratio

of maximum power to the product of maximum curramd maximum voltage:

Vool
fr= o= Fiac (1.6)
VOCISC VOCISC

The overall conversion efficiencyona is the light-to-energy conversion yield of a sataf.

It is determined by the ratio of converted, eleatripower to incident power, or in another
form by the photocurrent density at short circgg, the open-circuit photovoltagepy, the
fill factor ff of the cell and the intensity of thicident light I:

—_ Pmax - VOCI SC( ff)

global —
P |

h (1.7)

For dye-sensitized solar cells, certified conversedficiencies of about 11 % have been
reported. Other single-junction, solid-state dewvi@xhibit much higher efficiencies, the
highest being crystalline GaAs and crystallinecsii both at about 25 %, which is already

close to the upper maximum of 33 % for single-jiorcsolar cells.

16
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The record is held by multi-junction devices, whiobmbine several materials and exploit
their different absorption behaviour. Their effiotges currently range up to 34 % under one
sun illumination, and can reach over 40 % whentligbncentrator systems are used to
increase the light intensity. However, these valaes still relatively low, compared to the

thermodynamic Carnot limit of 93 %, leaving greatemtial for further developmerit.

1.4.2 Physics of the DSC

The crucial physical processes in dye-sensitizeldr scells which mainly affect their
efficiency are™
(1) Absorption of incident light in a chromophore,
(2) heterogeneous electron injection from the dye te semiconductor and charge
separation,
(3) electron percolation over the mesoporous netwotkecelectrode, and
(4) charge diffusion through the electrolyte/hole tgorser (HTM) and regeneration of
the dye.
Absorption of the photon energy (1) is the starfraynt of the cycle for power generation.
The charge transport processes (2) and (3) areeaf gnportance, because they compete with
the thermodynamically favoured back reaction of d¢ectron with the oxidized sensitizer.
This recombination is the main loss process andumes heat instead of electrical current.
The kinetics of step (4) affect this main recombora pathway only if the life-times of the
injected electrons in the semiconductor are onstdmae timescale as diffusion through the
electrolyte/HTM.
The efficiency of these processes can be expressditie incident photon to current

conversion efficiency (IPCE, also external quantefficiency EQE). It corresponds to the

17
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number of electrons that are converted into phaoteot divided by the photon flux striking
the cell. The IPCE is dependent on the wavelengthcan be obtained by

IPCE () = LHE ( ) inj coll - (18)

Here, absorption is represented by the light-hamwgefficiency for photons of wavelength
LHE (). Injection processes are combined in the quantiaia for electron injection .
The electron collection efficiency.o denotes the influence of charge carrier percalatio
through the semiconductor.

The LHE () can be explained as the probability of absorptban incident photon in the
film. It can be calculated from the thickness af thm d and the reciprocal absorption length
of the sensitizer, which depends on the dye’shekbtin coefficient and the concentration

of the dye in the film:

LHE ()=1-10"¢. (1.9)

The quantum yield for electron injection,; depicts the fraction of absorbed photons which
are converted into conduction band electrons. Treee several deactivation channels
competing with the injection to the semiconductod ghe sum of rate constants for these non-
productive channels is taken into account fgy:

inj = Kinj /(Kinj + Kdeac) - (1.10)
Absorption of a photon on a ruthenium polypyridghtplex leads at first to a metal-to-ligand
charge transfer transition. From the ligand, ingagtto the semiconductor occurs within pico-
to femtoseconds. This injection time is typicalgveral orders of magnitude shorter than the
time spans of deactivating processes, which atkdrrange of milliseconds to nanoseconds.
Hence, a high quantum yield for electron injectiam be achieved.
The last variable, the electron collection effi@gn ., is dependent on various factors, such

as the electron diffusion coefficient and specifienductivity of the semiconductor or
18
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interfacial electron-transfer reactions such as lo§ electrons to the electrolyte. A key
parameter for quantitative collection of chargerieas is the electron diffusion length,,L
which is given by

L,=J/D.t. , (1.11)

where @ and ; are diffusion coefficient and lifetime of the eten.

Hence, complete collection of all photogeneratadi@a can only be achieved if the electron
diffusion length is greater than the film thicknes®wever, the film needs to be thicker than
the light absorption length for guaranteeing quattie harvesting of light. The thickness of
the semiconductive layer likewise has an optimuinwlach the positive effect of additional

charge carriers due to higher absorption in thidikens is counterbalanced by increased
recombination caused by the longer diffusion lengtthe thicker semiconductor layer. This
optimum is strongly dependent on the choice of nme#e For liquid-electrolyte DSCs with

standard Ruthenium polypyridyl dyes it is typicailyout 6 to 12 micrometetS.

1.4.3 DSC Assembly

The choice of materials and the optimal cell desiyangly affect the efficiency and lifetime
of the solar cell, and are subject to constant awg@ment. Figure 1.6 shows the details of one

of the latest configurations of the DST.
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Glass
Sealant
_— FTO layer
Glass Pt layer
Sealing
spacer _— ~ —
Dye-sensitized
FTO layer
= ‘/
Glass | |

Figure 1.6.Sandwich-type configuration of the DSC.

The two electrodes, one coated with a sensitizashocrystalline titania film, the other
covered by a platinum layer, are assembled in dvgiah-type cell. A light scattering layer of
submicron-sized crystalline anatase on top of #goorystalline film is in some cases used
both as a photon-trap and as a second active fayethe generation of photocurrent. A
thermoplastic frame is used as a sealing spacgr $ewrlyn polymer foil of 20 to 60 um
thickness) and encloses the electrolyte.

The electrolyte is filled in through the hole iretkhounter electrode by vacuum-backfilling.
Therefore, a small amount of electrolyte is droppedhe hole and vacuum is applied. Upon
exposing to normal pressure again, the electrod/riven into the cell. The small hole is
finally sealed with a thermoplastic film and a tleimver glass.

The FTO-covered glass slides are coated with sadsilver lacquer in short distance to the
plastic frame in order to improve the electricahtaxt to the external circuit, and to reduce

the total resistance of the cell.
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1.4.4 DSC Materials

There are various materials with specific propsrihich have been used and tested with
regard to their performance in the DSC. In theolwlhg, an overview of common materials

for the several parts of the DSC is shown.

Electrodes

The electrodes for the DSC consist of glass whickhaated with a transparent conductive
layer, such as fluorine-doped tin oxide (FTO) ordbped indium oxide (ITO). FTO is the
most commonly employed conductor, because of itgeloresistance after heating to high
temperatures which are necessary for calcinatiohsartering of the titania or platinum layer
(for ITO, the resistance increases threefold dfeating to temperatures of 300 °C or higher
due to a reduction of oxygen vacanci&sfor the counter electrode, a catalytic layer of
platinum is deposited on top of this oxide layenisTcan be achieved by dropping a solution
of a platinum precursor @®PtCk) on the electrode with subsequent heat treatnoed0® °C

to reduce the Pt, and to obtain finely spread narimtes of platinunt®°

Semiconductive mesostructured layer

To obtain an acceptable photovoltaic efficiencghtimust cross hundreds of adsorbed dye
monolayers, because the area occupied by one digcu® is much larger than its optical
cross sectiofi® On this account, the semiconductive layer consitts mesoporous material
with an extremely high surface area, which is dbléake up a large number of sensitizing
molecules. Anatase (titanium dioxide) is the mogtely used oxide for the semiconductive

layer. Other wide-band-gap materials such as Zm@,3" Nb,0s>* or CeQ° have also been
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employed, but due to various reasons (electric goindty, electronic band structure,
electrolyte recombination rates, stability) havé mached the performance level of 7iO

In the established standard procedure for nanadlys titania electrodes, the mesoporous
films consist of hydrothermally prepared nanopétcwhich have a spherical or pyramidal
shape and an average size of about 26%ifhese particles are dispersed in a paste, in most
cases in combination with a cellulose binder, aredcated on FTO glass, for example by
screen printing or doctor-blading. Usually, thetjgde films are subject to a short sintering
process at about 450 — 500 °C to combust remaionmggnic compounds, to establish
interconnections between the particles and to ingthe conductivity within the film.

Some additional measures are beneficial to theieffcy of the cell. First, the FTO electrode
is treated with TiC) before coating with the particle paste, which ferandense layer of TO
This leads to a reduction of losses due to chaegennbination via direct contact of the
electrolyte with the FTO layer and enhances theneotivity of the titanium dioxide layers
with the FTO. Second, after screen printing andesing, the mesoporous layer is again
soaked with a TiGl solution to increase both the contact area betwseticles and the
roughness of the titania surface. Depending ondyes extinction coefficient and the
electrolyte or hole conductor, the optimal thicksme$ the nanocrystalline, transparent FiO
layer is usually in the range of several microngetand has a strong influence on the
conversion efficiency. For a typical DSC systemhvatperformance of over 10 % employing
a Ru-dye and a volatile iodide-based electrolyteefficiency maximum can be reached for a
layer thickness of about 12 — 1t *°

Further improvements can be achieved by using #&t-figattering layer of large,
microcrystalline anatase particles on top of theocaystalline layer. These particles of
approximately 100 — 400 nm reflect the light whitlas not been absorbed in the
nanocrystalline layer, and help increasing thel tetael of absorption. Furthermore, they also

act as active sites for photovoltaic power generati
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Dyes
For application in a DSC, a dye has to fulfil seleequirements®>’
- It should absorb all visible and near infrared fighlow a wavelength of about 920 nm.
- Adequate functional groups for grafting the dyeoathie oxide surface must be present.
- Absorption of light should lead to electron injectiinto the solid with a quantum yield
of unity.
- The energy level of the dye’s excited state is sgpd to be just slightly above the
lower bound of the conduction band of the semicatatuand
- The redox potential of the dye should be adequdigly, such that it can be reduced by
the redox electrolyte.
- It must be stable to exposure of light and tempeeatiuctuations and be able to endure
10 turnovers or 20 years of life-time.
The best match for all of these requirements hasisbeen reached by ruthenium-centered
polypyridyl complexes, and they are most commonhpeyed in DSCs nowadays. Some

examples for dyes with excellent properties for B&@& shown in Figure 1.7.

o
ABTO o o

7N\ /TN NN A TN
C
Ho—< - ] |
e} _ pZ s = NN
ABTO 0~ "ABTO ~ ~0” ~ ~ CHs
N719 Black dye K19

Figure 1.7.Examples for dyes with excellent efficiency anabdity in DSCs: N719, black

dye and K19. ABTO: tetrabutylammonium [Ngds)4'] salt.
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The cissRuL,(NCS), complex named N3, or as the corresponding biskatylammonium
salt N719 is probably the most renowned and it thasfirst dye which in 1993 could reach
an overall efficiency of 10 % employed in a D&ther dyes such as the “black dye”
slightly exceeded the performance of N3 a few yémtes>® Recently, new compounds were
developed, for example K19, which feature improlght harvesting also in the near infrared
region and superior long-term stability due to &t&t donating alkoxy groug§Extended -
conjugation chains with a third organic redox papeant were introduced to enable control
over the charge-recombination dynamics and byrttgans electrically improve the interface
of the chromophore and the electrol§te.

Further research aims at replacing ruthenium dyesther less expensive but stable and
efficient materials. First results involve porpmgj indolines, phtalocyanines or coumarine
type sensitizers and efficiencies of up to 7.7 %ehdéeen reached. One promising
characteristic of many of the all-organic sensi8zés their extremely high extinction
coefficient (for example, D205 indoline dye: 53 OBD' cmi' at = 532 nm measured in
tetrahydrofurane, whereas N3 Ru-dye: 14 000dvti* at = 538 nm in ethanof/®

Another attractive alternative to dyes as sensgirmethe use of quantum dots. Many types of
semiconductor particles have been described, waiehsmall enough to produce quantum
confinement effects and their absorption spectramhbe adjusted by altering the particle size.
So far, there are several limits to their applmatin DSCs, one important being photo-
corrosion with the liquid redox electrolyte. Howeyvence these difficulties can be overcome,
guantum dots are supposed to exhibit great stalmwbmbined with a very high extinction

coefficient, and they are therefore promising cdatiis for DSC&?

Electrolyte or hole conductor
In general, electrolytes are liquid solutions o&icfed molecules, and in case of the DSC of a

redox-active species in a solvent. Hole conducaoesmostly p-type semiconductors and can
24



1. Introduction to Titanium Dioxide Nanomaterials

be liquid or solid, for example the polymers sdileOTAD, or P3HT, and the inorganic
CuSCN®*" The choice of the electrolyte or hole conductoorgjly affects the performance
of the solar cell. The maximum photovoltage coroesjs to the difference of the Nernst
potential of the redox system and the quasi-Feewell of the semiconductor. The diffusion
constant of the electrolyte can also be a limifiagfor for the photocurrent. Other important
requirements to the electrolyte are reversibilifytitee redox reaction, slow recombination
rates with the semiconducting titania electroderrttal stability, and low light absorptigh.
Typical electrolytes for the DSC employ the iodtdedide redox couple due to its excellent
redox potential, kinetics and stability, and sobgemixtures such as acetonitrile witrt-
butanol or methoxyproprionitril&:*® Additives such as alkylimidazolium iodides, guadin
thiocyanate andert-butyl pyridine are used for adjusting the potdntf both the redox
couple and the surface of TiGand for screening the charge of excited electtonavoid
reduction of the electrolyte at the titanium diaxidyer® A key role for stability of DSCs is
the volatility and viscosity of the electrolyte,da@ise one of the major problems for future
outdoor applications is leakage of the electrolytder thermal stress. Recently, polymeric or
gel materials incorporating the redox couple haeenbreported, which show enhanced
stability in combination with non-hindered diffusiof the electrolyt&®

lonic liquids have also been intensively invesights a replacement for volatile solvents.
These materials usually consist of a eutectic mklmidazolium salts, which are liquid at
room temperatures and have an extremely low vapoessure. Despite a lower charge
diffusion length their efficiency is at a respedtatmaximum level of over 8 % with cell life-
times of many thousand hours even at elevated tempes of 80 °C?

The use of solid hole transporting materials (HThMs3upposed to further increase the long-
term and thermal stability of the devices. In thesks, a solution of the HTM is spin-coated
on the sensitized titania layer. The counter ebeleris replaced by a metallic layer of for

example gold, silver or aluminium, which is sputeor thermally evaporated on top of the
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solid HTM. Until today, the major drawback of ttgstup is the drastically reduced diffusion

length, which limits the titania electrode thickagsom which charges can be extracted to

about below 2 pm. This thickness is not sufficitmtcomplete light absorption and on this

account the maximum efficiencies of solid DSCs hheen below 5 %> New titania

nanostructures are investigated to improve thetpasien and charge extraction of the HTM,

and to increase the accessible surface area.
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2 Characterization

2.1 X-ray Diffraction (XRD)

X-ray diffraction (XRD) is a very useful characttion method, because it can determine
and distinguish crystalline phases in a samplecamdalso provide information on organized
porosity> The principle of XRD is based on scattering of &g with wavelengths in the
range of only a few Angstrems on structures whiabehabout the same physical dimension.
Constructive interference of an incident beam cetuoonly on periodic lattices of matter

and leads to diffraction patterns (see Figure 2.1).

Incident Diffracted
beam W beam

Figure 2.1. Diffraction of X-rays on a periodic lattice illusting the Bragg condition for

constructive interference.

Bragg's law gives the relationship between the ergfl constructive interference and the

distance of lattice planes:
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n =2dsin, (2.1)

where n is the order of interference,is the wavelength of X-rays (usually Cu:K =
1.540562 A), d is the lattice spacing ands the angle of incidence. The dimension of
structures which can be resolved is in a rangdoti®20 nm to 0.1 nm, if angles from 0.5° 2
to 100° 2 are considered.

Furthermore, the widths of the reflexes are depeide the size of the crystalline domains
which are responsible for constructive interferenidee peak broadening is measured as full
width at half maximum and relates to the crystalldomain size D according to the Scherrer
equatior?

k/

D= :
b cosg

(2.2)

Here, k is a factor depending on the crystals’ shepd is usually 0.9, is the wavelength of
X-rays, is the full width at half maximum precorrected fostrumental peak broadening
in ° 2 ,and is the angle of incidence. The intensity of thiéraction reflexes is dependent
on the scattering volume, and the intensity forlsa@mains is rather low. Therefore, for size
determination of crystalline domains in nanosizeatamnals, either a large amount of material
has to be available for the measurement, or thesexp times have to be rather long.
Traditionally, measurements at angles below 10ate called small angle X-ray scattering
(SAXS) and diffraction at angles above that angidaiabout 100 to 140° 2are referred to
as wide angle X-ray scattering (WAXS).

In SAXS, two-dimensional detectors can be usedbtaio orientational information of the
reflections. With the resulting data, it is in soweses possible to index the reflections of
highly periodic and oriented mesoporous structuaesl to assign the mesostructure with a

space group. 2D-SAXS can be performed in transonssiode on thin membranes or using
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grazing incidence geometry with thin films on asdte (GISAXS). Since these experiments
typically need very bright X-ray sources, 2D-GISAXfas performed with mesoporous
titanium dioxide thin films at the SAXS beamlinetae ELETTRA Synchrotron in Trieste
(Italy). The wavelength of the incident beam wa$5@98 nm (8 keV), and the sample-
detector distance was set to 1430 mm. The detesra two-dimensional image intensified
CCD detector (Model CV 12, Photonic Science LtdilJidm, UK). In-situ heating was done
using a DHS-1100 heating stage from Anton Paar, ted development of structural
parameters from the diffraction patterns was evatliasing the Bragg equation.

For quantitative X-ray diffraction measurements, drder to determine the content of
crystalline titanium dioxide material, calcium flide was chosen as an internal standard
because of its high crystallinity and its diffracti peak close to the (101) anatase peak.
Evaluation of the diffraction patterns was done nmymalizing the integrals of the (101)
anatase peaks to the integral of the standardpgakito account its exact content in the
sample®*

X-ray diffraction analysis was carried out in retien mode using a Scintag XDS 2000
(Scintag Inc.) and a Bruker D8 Discover with Nidiled CuK -radiation and a position-
sensitive detector (Vantec). The thermal develognoérine XRD diffraction patterns was
monitored either by ex situ heating or in in-siteasurements using a DHS-1100 heating

chamber with a graphite dome (Anton Paar).

2.2 Electron Microscopy

Electron microscopy is a powerful technique to obtatructural and compositional
information on the nanoscale. Similar to XRD, itinsprinciple a scattering technique, but

instead of light with wavelengths of hundreds afioraeters as in optical microscopy or a few
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Angstrems in XRD, electrons are used with wavelengh the range of picometers. The

resolution of structures thus increases substn@ad images of structures of only a few

nanometers in size can be obtained.

The interaction of electrons with matter is muatsger than that of light or X-rays and the

signals emanating from a sample upon irradiatiothva beam of high energy, primary

electrons can be classified as shown in Figuré 2.2.

Electron
beam
Backscattered X-rays
electrons
Secondary Auger
electrons electrons

Sample

Diffracted
electrons

Transmitted
electrons

Figure 2.2.Signals emanating from a sample in electron meopsy.

Transmitted electrons are not influenced by thesispen and do not suffer from energy loss

or a change in direction. The fraction of transeditielectrons is mainly dependent on the

thickness of a sample (which for imaging needsdadbblow about 100 nm), the chemical

composition, and its periodic structure. Elasticadlcattered electrons include diffracted
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electrons and backscattered electrons. Both haledriergy, but the angle of diffraction can
be different. Secondary electrons are emitted whegin-energy primary electrons strike other
electrons in the specimen such that they emerge the sample. Their energy is rather low
and they can only leave the specimen when theynatig) from within a volume close to the

surface.

Auger electrons or characteristic X-rays are geedravhen an electron from an inner shell is
removed by the beam. Another electron from a higiell must fill the vacancy and the

energy difference is either released by emissiorcharacteristic X-rays or of an Auger

electron from an outer shell.

Electron microscopy can be divided into three bagchniques: Scanning electron
microscopy (SEM), transmission electron microscdp¥M) and scanning transmission
electron microscopy (STEM). In all cases, the etacbeam is produced with an electron gun,
usually consisting of a heated tungsten filamena dield emission gun, which is put under
high tension to extract the electrons. These alastare focussed and accelerated. The beam
is directed into an optical system of condensesdsrand onto the specimen, and the latter is

imaged by objective lenses.

In SEM, the surface of a sample is investigated and lysoaly secondary electrons are

detected. The high voltage is normally in a ranigé 6 30 keV. The beam can be moved over
the specimen by a set of coils and follows a giattggn. On each spot, the interaction is
detected and in the end put together into a fimalge.

TEM in contrast is designed to obtain information ba internal structure of a sample. It

detects transmitted and scattered electrons anaubedhe intensity of the signal is a very

important factor, the specimen has to be very thatow 100 nm). Microscopes for TEM are
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run at high voltages of typically 100 — 300 keV dhd transmitted electrons are detected by a
fluorescent screen or by a CCD camera.

STEM is a special mode of TEM, in which a strongly fesed beam scans the sample in a
grid-like pattern and an image is built up of thesesls. High mass contrasts can be obtained
by using high angle annular diffraction, in whicldetector is arranged in a circular fashion
around the optical axis of the microscope and thnly the electrons diffracted at higher
angles are detected.

In this work, scanning electron microscopy (SEM)sweerformed on a JEOL JSM-6500F
scanning electron microscope equipped with a fegidssion gun, at 4 kV. High Resolution
Transmission Electron Microscopy (HRTEM) and ScagniTransmission Electron
Microscopy in High Angle Annular Dark Field modeT@&M-HAADF) were performed using

a FEI Titan 80-300 equipped with a field emissiom gperated at 300 kV.

2.3 Raman Spectroscopy

Raman spectroscopy is a valuable method for chaiaation, because it offers information
on for example chemical composition and crystdijimf a sample and is a non-destructive
and quantitative technique.

In Raman spectroscopy, usually a monochromatic leseliates a specimen and the scattered
light is examined at wavelengths different from éxeitation light. These shifts of frequency
correspond to specific energy levels of the saraphkcan be assigned to a specific matarial.

The possible kinds of scattering upon excitatiasarmmarized in Figure 2.3.
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Rayleigh |
Scattering _
1 Virtual
Energy

— States
3 Vibrational/
Rotational
2 Energy
i States
0

Stokes
Raman
Scattering

Figure 2.3.Energy levels and transitions in Raman spectroscopy

The reason for these shifts is the so called Raaff@ct. A molecule is at first excited to a
virtual energy state. From there it can relax te Hame state (Rayleigh scattering) or a
vibrational/rotational state different to the ialtione. These inelastic scattering effects can
start from the ground state and end in an excitatk,semitting light of less energy. This
phenomenon is also called Stokes Raman scattdfiige molecule was originally in an
excited vibrational state, anti-Stokes Raman sc@atjeleads to relaxation back to an
energetically lower state than the initial one, &mémission of light with shorter wavelength.
Generally, Stokes lines are much more intensivealise usually most molecules of an
ensemble are in the vibrational ground state.

In general, Raman-active molecules must featureatitmal modes in which the electron

cloud can be polarized by irradiation. The intgnsit the Stokes and Anti-Stokes lines is
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mainly dependent on the degree of polarizabilityd @n various other factors such as the
amount of material and temperature.

Raman spectroscopy affords mainly vibrational infation and likewise a chemical
fingerprint of the compounds in a specimen. In addj when the laser is coupled to a
confocal microscope, a very small volume can benéxad and information on differences of
composition within one sample can be obtained.

Raman spectra were recorded with a LabRAM HR UV-\Wriba Jobin Yvon) Raman
microscope (Olympus BX41) with a Symphony CCD ditecsystem using a HeNe laser at

632.8 nm.

2.4 UV/Vis Spectroscopy

Spectroscopy using ultraviolet to near infraredhtligc commonly employed for quantitative
determination of compounds which can absorb light tihis range. The amount or

concentration of an absorbing species can be dkfiven the Beer-Lambert lai:

A= - Iogll— = clL, (2.3)

where A is the measured absorbangethe intensity of the incident light at a given

wavelength, | is the transmitted intensity, L thathpength through the sample, and c the
concentration of the absorbing species. The rdtland b is called transmittance.

An UV/Vis spectrophotometer generally consists bfhat source (for example a light bulb or

a deuterium arc lamp), a sample holder, a diffeexctgrating or a monochromator for

separating light of different wavelengths and aedetr (typically a photodiode or a CCD).

UV/Vis spectroscopy can be performed both in solutr using thin films.
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In this work, UV-Vis measurements were done in gmrssion mode using a UV-Vis

spectrophotometer (Hitachi U-3501).

2.5 Fluorescence Spectroscopy

In fluorescence spectroscopy, the existence andrenadf excited electronic states is
investigated. In general, the instant, radiativeageof such states is called fluorescence. The
mechanism of fluorescence spectroscopy startstivgtlabsorption of light in a molecule, and
the generation of an excited electronic state (f€ig4). The excited state is influenced by
collisions with other molecules and some part of @nergy is lost via non-radiative
dissipation until the excited molecule has readiedibrational ground state. However, the
environment is unable to absorb such a high amoluemergy that the excited molecule could
reach its electronic ground state. On this accdbetmolecule can relax to its ground state by
spontaneous emission of a photon, which has aréliffavavelength than the initial excitation

light.®
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excited state

Non-radiative
dissipation

ground state

'Absorption /

'Fluorescence

hv

Figure 2.4.Energy levels and transitionsflnorescence spectroscopy.

In this work, fluorescence spectroscopy was emplole study dye molecules and their
attachment to titanium dioxide surfaces. Dissoluedh solution, most standard ruthenium
metal complexes used for the DSC feature a speftifarescent emission. Surface-bound
dyes, in contrast, can inject their excited elawrinto the conduction band of the titania
semiconductor, and do no longer exhibit any fluceese signal. Fluorescence spectroscopy
was performed on a PTI spectrofluorometer with at@multiplier detection system (model

810/814) and a xenon short arc lamp (UXL-75XE USHIO
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2.6 Sorption

Sorption measurements examine the interactionsnotdsorptive species (typically gas
molecules) on an adsorbent surface, which allowsvidg information about important

properties of the adsorbent such as its structudeparosity. The interactions involve mainly
physisorption, which is a rather weak bonding basedfor example, van-der-Waals forces.
During the measurement, the relative vapour presetithe adsorptive is slowly increased
and the amount of adsorbate, i.e. the adsorbed@os) is monitored. The resulting curve is

called isotherm, as it is obtained at a constanpezature.

There are various theories for interpreting thesaetherms. One very common is the
Brunauer-Emmett-Teller (BET) theory, which is bagsed the following two assumptions:
There is, first, no interaction between particlesilayer and, second, the adsorption enthalpy
for the first monolayer is different from those falt the other layers, because of adsorptive-
adsorbent interactioflsUsing this theory, the surface area of a sampte i estimated

through the number of adsorbed molecules in tis¢ ionolayer.

Adsorbed volume cm®/g

L L L L
0,0 0,2 0,4 0,6 0,8 1,0
Relative pressure, p/p,

Figure 2.5. Typical example of an isotherm of a mesoporouseriait
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In general, six basic types of isotherms are diassiwhich can be obtained from different
materials’® The shape of isotherms differs for different pstrictures and is also dependent
on the type and strength of interaction betweeromtise and adsorbent. Mesoporous
samples usually exhibit a so-called type IV isatieA typical example is shown in Figure
2.5. From such sorption measurements, sample dbastics such as the specific surface
area, pore radius and pore volume can be obtained.

A typical feature of a type IV isotherm is the heysisis loop of the adsorption and desorption
branch, which can be explained by capillary condgas of adsorptive in mesopores. After
filling these pores, the curve typically reachgdateau or a region with a smaller slope due to
further adsorption at the external surface or xtul porosity. The initial part at low values
of p/p is characterized by the adsorption of a monolaydow pressures and the following
multilayer condensation.

Sorption measurements of porous powder samplegsai@ly performed using nitrogen N
as adsorptive and are carried out at its boilinmtpof 77 K. Physical data such as specific
surface area and pore volume can be obtained Vafisical thermodynamic calculations. For
the evaluation of the pore size distribution, ii&idn to the classical Barrett-Joyner-Halenda
(BJH) theory, approaches such as non-local demgitgtional theory (NLDFT) or Monte-
Carlo simulations (MC) are employed.

In case of particulate TEsamples, the specific surface area from sorptieasurements can
be used to estimate the size of the particles. Basethe assumption that the specimen
consists only of ideal spheres without any conoacpoints, the ratio of the particle surface
area and their mass is constant and equals théfispraface area. Thus, the hypothetic

particle size can be calculated as

r= , (2.4)

42



2. Characterization

where is the density of the material (3.88 g trior anatase), andsSr the specific surface
area derived from the linearized part of the isothasing BET theory.

Thin mesoporous films and other materials havingeey small specific surface area are
measured utilizing an adsorptive with lower satoravapour pressure than nitrogen. Krypton
sorption at 77 K is commonly employed and enab&terdhination of surface areas down to a
few cnt. There are, however, drawbacks of this methodceSitr is solid at this temperature,
the theory for other sorptives cannot be easilydierred, and quantitative evaluation of
surface area and pore size is usually done intjredter calibration measurements using
standards.

In the present work, all Kr sorption measuremergsewperformed and evaluated by Dr. Jiri
Rathousky at the J. Heyrovsky Institute of Phys@aémistry in Prague. The porosity of thin
films was determined by the analysis of adsorptsmtherms of Kr at the boiling point of
liquid nitrogen (approx. 77 K) using an ASAP 20Xparatus (Micromeritics). Textural data
are obtained from comparing the shape of the hgsieloop and the limiting adsorption at
saturation pressure of the krypton sorption iseottserwith reference materials (anatase
powders) characterized by nitrogen sorption. Compar plots were constructed for each

sample, and the differentiation of these plots [gled the basis for the pore size distribution.

2.7 Quartz Crystal Microbalance (QCM)

A quartz crystal microbalance (QCM) measures mafsrehces through the change in
frequency of a piezoelectric quartz crystal. Theseasurements of frequency can be
performed precisely, and using the direct propogity of mass and frequency change
described by the Sauerbrey equation, even tiny ntassiges m can be determined

(Equation 12)° This sensitivity can be exploited for measuringpsion isotherms using
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solvent molecules such as toluene or ethanol asr@tiges. For obtaining isotherms using
QCM, a porous sample is deposited on the QCM atopsisting of a piezoelectric quartz
crystal sandwiched between two gold electrodesrAfetermining the resonant frequency of
the fundamental mode of the crystal chipthe liquid adsorptive is vaporized and led on the

specimen. The resulting mass change corresportitds tonount of adsorbate.

f=. 2o 0 (2.5)

A: Active area of the crystal.
q- Density of quartz.

q- Shear modulus of quartz.

The choice of the solvent as sorptive is crucialgsithe size of the molecule and the philicity
of both surface and solvent molecule are decisiveéhie sorptive’s ability to enter the porous
system. Moreover, the strength of the interactietwleen sorptive and surface can vary
strongly and can have a major influence on theelofjan isotherm.

A major advantage of QCM is that it can be perfatnvath metal oxide films that are
deposited on one side of the chip (usually by spatng). The resulting porous
characteristics are always normalized to the weajlthe deposited material, which can be
initially determined with a high accuracy even &nall amounts of material. Furthermore,
the method is sensitive enough even for small §ipesurface areas and is therefore
especially suitable for thin films. A disadvantagkethis method is the fact that physical
models for adsorption are not easily adaptablénéoimteraction of solvent molecules with
surfaces, and that for this reason the determimadi porous characteristics from QCM
measurements employing such adsorptives is arectdmethod that needs other standardized

procedures for calibration.
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Adsorption measurements employing the QCM wereiedhrout using a self-built Quartz
Crystal Microbalance (QCM) system. For this purpdee mesoporous films were produced
by spin-coating of a precursor solution on KVG 181MQCM devices with gold electrodes
(from Quartz Crystal Technology GmbH) and subsetjaaltination. Toluene was used as an

adsorptive and the measurements were performesl &t .2

2.8 Dynamic Light Scattering (DLS)

Dynamic light scattering (DLS, also known as photamrelation spectroscopy, PCS) is a
very useful, fast and non-destructive technique dbtaining information on the size and
agglomeration of nanoparticles dispersed in a softé? It is based on monitoring the

Brownian motion of particles in solution and rehatiit with the particles’ size and size

distribution. The resulting sizes are always tharbgynamic dimensions of dissolved
particles, because they include shells of solvealeaules or other species which diffuse
alongside the patrticles.

The measurement is done by illuminating a sampklbd @&ilaser beam, and observing the
scattered light. Since the particles are movingugh the solution, the scattering pattern is
fluctuating, and the time evolution of this patteran be recorded. A digital correlator can
then perform a similarity analysis of the indivitlgeatterns at different points of time. The
fluctuations in intensity | are correlated acrassetby a second order autocorrelation function

2.1

g

L)1 (t+1))

2 ey = &
9% (q;) = oy (2.6)
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with the wave vector g, time t, and the delay tim&his correlation shows an exponential

decay towards long delay times, and can be relatede first order autocorrelation fuction

1

g:
@ (@)=1+ [g" ()P (2.7)

( : constant, “coherence factor”). Employing thisretation function § and assuming dilute

solutions of monodisperse nanoparticles, the ddfugsoefficient D can be obtained from a

single exponential function:

g' (g; ) = exp(- g?D). (2.8)

For spherical particles in a dilute solution thiatien between diffusion coefficient D and the
hydrodynamic diameter d is given by the Stokes-€insequation:

KT

D=——, 2.9
3pd (2.9)

with the Boltzmann constant k, temperature T, andesit viscosityh.

Since this assumption of monodisperse particlemast cases is a simplistic model, size
distribution effects can be taken into account Bing Rayleigh scattering or Mie theory.
Rayleigh scattering describes the elastic intevacbf light with objects which are much
smaller than the wavelength of the light, suchasekample nanoparticles. The intensity of

Rayleigh scattering | is given as:

2 6

1+cosqg 2p “n?-1 d (2.10)
-7 5 .

2R? / n®+2

=1,

lo: Intensity of the incoming light;: Scattering angle;: Wavelength of the light; n:
Refractive index of the nanoparticle; d: Partidlendeter.
Thus, the scattering intensity is proportional f§ tesulting in an enormous scattering

contribution of large particles compared to smatiees. Especially for polydisperse samples,
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this effect needs to be considered and further emad#ttical treatment of the intensity-based
results of DLS leading to volume-weighted)(dr number-weighted (d) distributions can be
more significant.

Dynamic light scattering (DLS) measurements wereaz out on diluted suspensions using
a Malvern Zetasizer-Nano instrument with a 4 mW Ne-laser (= 633 nm) and an

avalanche photo detector.

2.9 Zeta Potential Measurements

The potential due to the existence of an electritalble layer at a virtual boundary at the
interface of a particle dispersed in a liquid idlezhthe zeta potentidf This boundary is
located outside the Stern layer, in a diffuse negio which ions are still attached when the
particle is moving, for example due to gravity orapplied electrical field. The zeta potential
can be considered a stability indicator for thelasdal system, because high positive (or
negative) zeta potential values are equivalentlemge number of positive (negative) charges
which will lead to a strong repulsive force betwegarticles and in this way prevent
agglomeration and flocculation. The main factoduehcing the zeta potential besides the
chemical composition of liquid and solid is the @f the solution. For this reason, zeta
potential data are usually displayed as a functibpH, and the point in which the curve
passes through zero (least stable colloidal systenglled the isolelectric poirt.

The zeta potential of particles in a medium is Uguabtained by measuring the
electrophoretic mobility, which is the movement tbe particle upon application of an
electrical field. The relationship between zetaeptil z and electrophoretic mobilitysUs

given by the Henry equation:
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_ 2ezf(Ka)

Ue %

, (2.11)

where is the dielectric constani, the viscosity and(Ka) Henry’s function, which can be
approximated for aqueous systems and rather largeicles (> 200 nm) as 1.5
(Smoluchowski approximation), or for smaller pdds and low dielectric media as 1.0
(Huickel approximationj**°

The electrophoretic mobility can be obtained by theser Doppler Velocimetry (LDV)
technique®®**It relies on measuring the speed of the particlesmedium when a potential is
applied. The moving particles scatter incident ddiggnt, resulting in an intensity fluctuation
when compared to a reference beam. The frequentlyiofluctuating signal is proportional
to the velocity of the particles, and by modulatorge of the laser beams the sign of the zeta
potential can be extracted.

Zeta potential measurements were performed andiaeal by Dr. Valentina Cauda on a

Zetasizer-Nano (Malvern Instruments) equipped watd mwW He-Ne laser of 633 nm

wavelength and an avalanche photo detector.

2.10 Thermogravimetric Analysis (TGA)

Thermogravimetric analysis (TGA) is a method forardcterizing the composition of a
sample and its decomposition behaviour under thetr@atment. This is done by measuring
weight losses at different temperatures, which oaour due to desorption of adsorbed
molecules, evaporation of volatile compounds antbdgosition of materials. Additionally,

differential scanning calorimetry (DSC) can deterenithe enthalpy and thus the
thermodynamic nature of a weight loss, by measuheglifferent amounts of energy needed

for heating the sample compared to a reference.
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TGA data of particulate metal oxide samples beadrganic ligands can be evaluated by
calculating the theoretical weight loss upon renha¥dhe organic compounds. Therefore, the
amount of metal surface sites on the outside ofsihigeres has to be estimated. This is
possible taking into account the average volumesamfdce areas of each Ti(d the anatase
unit cell, which can be calculated based on thebmrrdensity of Ti on different lattice planes
and an assumed equal probability of surface expdsur(110), (101), and (011) planes. The

amount of Ti surface sites can thus be estimateq by

% surface sites %? , (2.12)

where d is the diameter of the particles in nanemdased on this ratio, and assuming that

one surface site binds to one ligand, the the@etveight loss can be estimated by

M (Particle) - M (Metal oxide

Theoretical weight loss % = _ (2.13)
M (Particle)

Here, M(Particle) denotes the total molar massaofiges with ligands attached to the surface
and M(Metal oxide) the molar mass of the pure mexale.
In this work, thermogravimetric analyses and digitaanning calorimetry measurements were

performed using a Netzsch STA 440 C TG/DSC.
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2.11 Photocatalytic Activity (PA)

The principle of catalysis was first brought up Bgrzelius, who in 1835 found that certain
chemicals influence the kinetics of chemical reaxgi In general, materials which are able to
act as catalysts can even in small amounts acteléna speed of a specific reaction by
lowering the energy of a transition state. Regaydihe reaction equations in catalytic
equilibria, catalysts are either not participatorgare regenerated. Catalysis can be performed
either in the same phase as the reaction mixtupen@lgeneous) or in a different phase
(heterogeneous)*’

The acceleration of a photoreaction by a catalystiled photocatalyst8. This is achieved
through absorption of light by the catalyst, whareates electron-hole pairs. The theoretical
principle for a semiconducting catalyst, for exaengilanium dioxide, is shown in Figure 2.6.
After illumination and absorption of a photon, dactron from the valence band is excited to
the conducting band and can from there undergdemtren transfer to an acceptor molecule
which is reduced. The remaining electron hole endhtalyst oxidizes a donor molecule and is

by this means regenerated.
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Figure 2.6.Principle of photocatalysis.

Photocatalytic activity (PA) is a quantitative meaes for the photocatalytic properties of a
catalyst and is dependent on its ability to cred¢etron-hole pairs by absorption of light, the
efficiency and kinetics of the transfer and regatien reactions and its specific surface area,

i.e. the amount of sites available for reactafts.

There are several ways of quantifying the photdgtaactivity, including the photocatalytic
decomposition of dyes (for example methylene bltieg, oxidation of gaseous species (for
instance NO), or the decomposition of thin laydrBquid or solid substances (e.g. oleic acid,
self-cleaning effect}’

In this work, photocatalytic decomposition of ol@icid was employed for measurement of
the PA of titania thin films as it is a technicalhexpensive and reliable technique, which has
also been suggested as an ISO standard. The mmasusewere performed by J. Rathousky
at the J. Heyrovsky Institute of Physical ChemisByague. Ti@ films were covered with a

layer of oleic acid and illuminated with UV-ligh@leic acid transforms into more hydrophilic
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compounds, such as acids with shorter alkyl chalighydes, alcohols, or gaseous products
like CO,and likewise leads to the exposure of the hydrapfilO, surface. The degradation
of the oleic acid was monitored by measuring itstact angle for water, as a decrease in the

contact angle for water is proportional to the éegof degradation.

2.12 Electrochemical Lithium Insertion

In recent years, rechargeable lithium-ion battehase proven their attractivity as power
sources, especially for portable electronic apfibcs?-?* Electrochemical insertion of
lithium is the central process in these batter@s both anode and cathode materials have
been intensively investigatéti** Nanostructured titanium dioxide can be used abocit
material, and especially TiB) and the spinel-type lithium titanate,LisO;, feature highly
interesting energy densities, insertion kinetios aycling stability?>%®

In this work, electrochemical lithium insertionamployed as a characterization technique for
titanium dioxide materials, and information abolk tphase composition, crystallinity, the
electrochemical accessibity of the titania matengédted to its porosity, and the suitability of
the nanostructure for efficient lithium insertiomdacharge storage can be obtaified.

The method is based on the following reaction:

xLi* +xe +TiO, ® Li,TiO,, (2.14)

in which titanium ions are reduced to Ti(lll) and’ Lions are inserted into the lattice.
Depending on the crystalline phase, Ti®able to take up different amounts of Li (fron¥ x
0 to 0.96), at different potentials, and with vagykinetics due to the corresponding insertion

mechanism. For example, the electrochemical lithinsertion into anatase takes place at a
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formal potential of about 1.85 V, and the maximunadretical insertion capacity is 168 mAh
g, which corresponds to a chemical composition afuat iosTiO- (further intercalation

leads to a phase transition to an orthorhombic @hdsigure 2.7 shows a typical cyclic
voltammogram (CV) from a mesoporous titania eladroonsisting of mainly anatase with

traces of TiQ(B).

Insertion into anatase
TiO(B)
k=
[0)
=
=
(@)
LI L L L L L
1.2 1.4 16 18 2.0 22 2.4 26

Voltage vs. Li/Li", V
Figure 2.7. Cyclic voltammogram (CV) of an electrochemicahilitm insertion experiment
with a mesoporous titanium dioxide cathode materigthe distinct peaks denote the
contributions of intercalation into anatase and ;{B). The broad hysteresis of the baseline
curve is mainly due to capacitive (faradaic and -fevadaic) charging as well as

electrochemical reduction/oxidation of the amorghbtania phases.

The total charge storage in titania materials cassdparated into two components: a faradaic
contribution from intercalation of lithium into thmulk of TiO,, and capacitive charge transfer
processes at the surface of titania nanoparticlesadaic/pseudocapacitive or non-

faradaic/capacitive). The kinetics of the intertala and capacitive charging are rather
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different, and their contributions can be extrapadaby determining the current response on
different potential scan rates in cyclic voltammgéft

In our experiments, the total gravimetric insertioapacity of lithium into titania was
determined by integrating the area under the CWeupon reduction (forward process) and
oxidation (reverse process), respectively, and abmng it with the active electrode’s mass.
The fraction of crystalline anatase could be euvallidy analyzing the integral of the anatase
insertion peak and comparing it with the theoréticapacity of fully lithiated anatase.
Furthermore, cyclic voltammetry experiments werefggened at different scan rates to get
insight on how different nanostructures influende tkinetics of lithium insertion by
amplifying pseudocapacitive processes.

Cyclic voltammetry was performed in a three-eled¢r@ell using porous titanium dioxide on
FTO conductive glass as a working electrode, Levéis both the auxiliary and the reference
electrodes, and an electrolyte composed of LiIN{&), in a mixture of ethylenecarbonate
and 1,2-dimethoxyethane (1:1 v/v). Electrochemicsasurements were performed in a
potential range from 3.0 to 1.3V using a ParstaT X potentiostat (Princeton Applied

Research).

2.13 Photovoltaic Characterization

Mesoporous titanium dioxide coatings have been @xaanregarding their performance as
active electrodes in dye-sensitized solar cells.this purposegurrent-voltage (I-V) curves
were recorded by varying an applied external veltagd monitoring the current response of
solar cells both under illumination and in the ddrkorder to obtain the steady-state current
response of the cells, the scan rate was chosée wufficiently slow to avoid capacitive

charging at the large interface of the c&lihe I-V curves are used to extract the typical
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characteristics of a solar cell: short-circuit euntrk., open circuit potential 3, Fill Factor FF,
and power conversion efficienty(see Introduction, section 1.4).

By varying the light intensity used for illuminatip the so-called “linearity” of the
photovoltaic performance can be investigated. Talpexperiments are run at illumination
levels of 1 %, 10 % and 100 % sun (1, 10 and 100/enW/ respectively), and use neutral
grey filters of different density to adjust theHigntensity. Under these conditions, the overall
conversion efficiency is supposed to be constahigreas the individual parameters vary.
Thus, Isc rises linearly with increasing photonxfldue to higher absorption and charge
generatior’? Voc shows a linear dependence on the logariththeofight intensity, which can
be explained by the difference in occupancy ofteteic states under illumination and in the
dark, or employing a different theoretical modeldrydecreased contribution of shunt current
to recombination at high light intensitiés®* As a result of the combination of the
dependencies of Isc and Voc, the fill factor valdesrease slightly with increasing light
intensity because of the higher slope of the ctirgensity curve’>3 This “linearity” of the
photovoltaic performance generally applies only B8Cs which are not limited by charge
transport or diffusion (i.e. when volatile liquitketrolytes and sufficiently accessible porous
electrodes are employed). For DSCs employing maseous electrolytes or solid hole
transporters, the investigation of performanceoat light intensities can provide indications
for the existence of such transport or diffusionitations®

Another characterization technique to elucidatetthesport and diffusion behavior of DSCs
is the recording ofransient current decays Instead of measuring the steady-state current
response of solar cells under illumination, a flagHight of defined intensity and length is
used and the generated photocurrent is monitorslaat-circuit conditions with special focus
on its time-dependence. The photocurrent arisedlghadter the light pulse, and in an ideal

DSC it should be constant at the same level aadyg-state conditions. Transport limitations
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can be clearly identified when the time-resolvedrent response exhibits an exponential
decay from a high first value to a lower steadyestavel. Current decay measurements are
usually also performed at different light intersstiin order to obtain information on the
significance and nature of the restrictions ofdlbs’ charge transport:’

The spectral current response of solar cells carexaemined by measuring theternal
photon to current efficiency (IPCE) at different wavelengths (see Introduction, secfia}).
The IPCE can be obtained at low light intensitigeen the cells are illuminated by light of
only one wavelength, or under full sun illuminatioy superimposing additional photons of a
certain wavelength on the standard AM 1.5 simulatalight. IPCE measurements can be
run under short-circuit conditions or with an ertdrbias. In the first case, the product of the
IPCE values with the spectral energy charactesisifcan AM 1.5 spectrum equals the short-
circuit current, in the latter the current value the |-V curve at the applied potential,
respectively. For DSCs, the IPCE curves are gdyenahinly dependent on the chemical
nature of the dye (i.e. its absorption charactesgtand its concentration in the path of the
incident light®

Apart from these photoelectrochemical measuremestsiblished electrochemical methods
can also be used to individually characterize tbenmonents of DSC¥. In particular,
electrochemical impedance spectroscopy (ElIS)as proven to be a powerful tool to study
the influence of various parameters, such as thesseesistance of the complete cell,
capacitance or resistance of charge transfer, enaagsport and diffusion of the individual
components of the solar cells (FTO electrode, iatdawer, electrolyte, and platinum-loaded
counter electrode}, EIS is based on the perturbation of an exterregiglied potential by a
small ac sine wave modulatioby), and the measurement of the resulting sinusadaknt
signal Q) as a function of its frequency (amplitude anés shifj ). The impedancegss is

then given by?
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Zeis= —¢€” . 2.15
EIS D| ( )

Shown in a Nyquist plot, the impedance of a DSOcslly exhibits three semicircles of
increasing frequency, which correspond to the igdial contributions of Nernst diffusion in
the electrolyte, electron transfer at the interfatetitania and electrolyte, and the redox
reaction at the counter electrode, respectiveljheoretical models to evaluate the frequency
response of DSCs have been developed, and the ampedcan be interpreted as a
transmission line using an equivalent circuit favdelling the important parameté'sin this
equivalent circuit model, the interfacial reacticar® each represented as a combination of
double-layer capacitor and resistafitdzigure 2.8 illustrates the components of such an

equivalent circuit and the parameters which caoliained from EIS analysis.

FTO TiO, Electrolyte Pt/CE
RFTQfTiO2 ZTiO2 R'I’lQ/EL zEL REL/Pt
O | N ' O
il i il
CFTOfﬁO2 CTiQ/EL CEL/Pt

Figure 2.8. Equivalent circuit of a DSC. Parallel resistoramtl capacitances C represent the
charge transfer interfaces between FTO-IEDectrolyte-Pt/CounterElectrode. Additional

diffusion elements Z correspond to resistance afghtransport. Figure adapted from ref. 39.

In this way, EIS can be employed to derive theinsic charge transfer and transport
properties of a DSC. Combined with photovoltaic releterization, it allows important
insights into the underlying physical processesitej the performance of solar cells.
Dye-sensitized solar cellswere prepared following a reported procediirdn short,
conductive glass (fluorine-doped tin dioxide layEm,O on glass) was thoroughly cleaned

(washing and ultrasonication steps with water agigrgent, water, and ethanol; subsequent
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drying in air and plasma-cleaning), and coated wittense blocking layer made from a dilute
solution of prehydrolyzed tetraethyl orthotitanated hydrochloric acid in tetrahydrofurane.
On top of this dense titania layer, a mesopordas df varying composition, morphology and
thickness was deposited. The titania layers wewnallyscalcined to temperatures above 300
or 450 °C for complete combustion of organic resgl@and crystallization of the porous
network, then cooled to ca. 8C and immersed into a dye solution at room tempezatind
kept there for at least 16 h. A typical dye solatmontained 0.5 mM of the dye N719 in
acetonitrile andtert-butyl alcohol (volume ratio 1:1). Dye-coated mesmus TiQ films
were assembled in a dry-chamber (below 15 % relatiumidity), and sealed with a
transparent hot-melt 68m thick surlyn ring to the counter electrodes (RtFIroO glass,
chemical deposition from 0.01 M hexachloroplatia@md in ethanol heated at 40G for 15
min). The active cell area was usually about 0.d®8. The electrolyte was injected into the
inner electrode space by vacuum back-filling frdra tounter electrode side through a pre-
drilled hole, and then the hole was sealed withiréys sheet and a thin glass cover slide by
heating to 120 °C. For the electrolyte, either tildamixtures based on acetonitrile and
valeronitrile, non-volatile solvents such as megwprionitrile, or room-temperature ionic-
liquids were employed. Further additives are BMilitylmethylimidazolium iodide), iodine,
GUNCS (guanidinium thiocyanate), and tert-butylighyre. For the characterization of solar
cells, an AM 1.5 solar simulator (Solar light Cavds used. The light intensity was monitored
by a pyranometer (PMA2100, Solar light Co.). Cutrdensity-voltage measurements were
performed with a Zahner IM6ex impedance measuremeitt The scan speed was set to 10
mV/s.

Experiments using non-volatile and ionic liquid afelytes in DSCs, their |-V testing,

electrochemical impedance spectroscopy, transiamemt and IPCE measurements were
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performed in cooperation with the group of Prof. chael Gratzel, EPF Lausanne

(Switzerland).
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3. “Brick and Mortar” Strategy for the Formation of Highly
Crystalline Mesoporous Titania Films from Nanocrysalline

Building Blocks

This chapter is based on the following publication:

Johann M. Szeifert, Dina Fattakhova-Rohlfing, DmitGeorgiadou, Vit Kalousek, Jiri
Rathousky, Daibin Kuang, Sophie Wenger, Shaik Mkegauddin, Michael Gratzel and

Thomas BeinChemistry of Material201Q 21 (7), 1260-1265.

3.1 Introduction

Nanostructured films of Ti@have an enormous potential for applications intptetalysis,
solar cells, sensors, and energy storfagewever, reaching this potential often requirésdi
that simultaneously feature both large and easitgssible surface area and highly crystalline
pore walls. Crystalline titania layers are most ooonly assembled from crystalline particles
by sintering? * This approach offers very good control over theagghcomposition and the
degree of crystallinity, but lacks the possibilitytune the structure and the porosity. In order
to overcome these shortcomings molecular/oligomprexursors (sols) are employed in a
templated sol-gel proce88. Thus, precise control over the porosity by usitgicsure
directing agents'® can be achieved, but the crystallinity of the sy TiO, frameworks is
usually only moderate and high calcination tempeest are needed for further crystallization.
Here we present a novel preparation strategy thiabmly combines the strong points of both
above-mentioned techniques, but also extends theria& functionality by introducing

63



3. “Brick and Mortar” Mesoporous Titania Films

further control over physical properties beyond shepe of the classical techniques. This is
achieved by the fusion of preformed titania nanstag with surfactant-templated sol-gel
titania, which acts as a structure-directing maaiixi as a chemical glue. This technique can
be described as a "brick and mortar" approachrra tehich has been introduced for the
preparation of composite materidfs* The uniqueness of our approach consists in thidesim
chemical composition of both the "bricks" and tlmeottar”", such that the latter acts as a
reactive precursor for the further growth of thgstalline phase seeded by the nanocrystals.
This synergy leads to a drastically lowered temjpeeaneeded for crystallization (Scheme
3.1). Moreover, the films exhibit high transparenitynable thickness over a wide range from
tens of nanometers to several micrometers, andgtdhesion to the substrate.

The following experiments have been performed @sird project: The “brick and mortar”
films were synthesized and characterized by JohdnrSzeifert. Krypton sorption and
photocatalytic experiments were performed and etath by Vit Kalousek and Dr. Jiri
Rathousky at the J. Heyrovsky Institute in Praglreestigation of the photovoltaic
performance in dye-sensitized solar cells was don®r. Sophie Wenger and Dr. Daibin
Kuang in the group of Dr. S. M. Zakeeruddin andfPRr. Michael Gratzel at the EPF

Lausanne.

Scheme 3.1Scheme of formation of crystalline mesoporousigdilms (right side) via the

“brick and mortar” approach. The nanocrystallinartia “bricks” (light blue, left side) are
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dispersed in amorphous titania “mortar” (grey), ethis periodically self-assembled around

the micelles of the polymer template (magenta).

3.2 Results and Discussion

The synthesis of the titania nanocrystalline “bsickvas inspired by a non-aqueous route
originally developed by M. Niederberger at“af:® Completely crystalline particles of 4-5 nm
in size are formed by the reaction of titanium aetdoride with benzyl alcohol at low

temperatures (Figure 3.1).

Figure 3.1. TEM image of titania nanoparticles used for filneparation with their selected
area electron diffraction (SAED) pattern in theeih&), their powder XRD pattern (b) and

Raman spectrum (c).

We found that the resulting particles redisperssilyean tetrahydrofuran (THF) at high
concentrations exceeding 5 wt% in the presenckeoPturonic 123 block-copolymer (P&
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PPQoPEQy). The latter promotes stabilization of the paescland acts as a structure
directing agent in the film assembly. The sol dariia "mortar” was prepared by the
hydrolysis of tetraethyl orthotitanate catalyzedHhygrochloric acid’ For the preparation of
the nanocomposite films, the "mortar” was addeth&colloidal solution of “bricks” at ratios
ranging from 0 wt% to 100 wt% (related to the tatass of TiQ formed after calcination).
The dip-coated titania films were calcined at 3Q0iri order to induce further crystal growth

and to remove the copolymer.

Figure 3.2.SAXS patterns of titania films prepared from swing containing various

amounts of titania nanoparticles.

The results of transmission electron microscopyMJ,Esmall-angle X-ray scattering (SAXS,
Figure 3.2), scanning electron microscopy (SEM)gesand physical sorption experiments
clearly show that the introduction of crystallinania nanoparticles into surfactant-templated
titania precursor sols has a dramatic influenceéhenporous structure and crystallinity of the
calcined films. While the pure sol-gel derived aptwmus films exhibit a well-defined 3D-

cubic arrangement of mesopores of 7 nm in size wifferiodicity of 14 nm (Figure 3.3a),
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deterioration of the mesostructure occurs upon tihdiof small amounts of patrticles,

accompanied by some increase in the crystallifitgure 3.3b).
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Figure 3.3. SEM images on silicon substrate (first column), THIR images (third column)
and the corresponding SAED patterns (second coluain)he composite titania films

containing 0 % (a), 10 % (b), 15 % (c), 30 % (il 400 % (e) of titania nanoparticles.
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When the fraction of the titania nanoparticles exsea critical value of 15 wt%, a channeled,
fingerprint-like structure is formed with greatlydreased crystallinity (Figure 3.3c). A further
increase in the concentration of nanoparticlesdeadh phase separation and coexistence of a
channeled structure and domains of a particulai@sehhaving a different mesoporous
structure (Figure 3.3d). The latter phase becomeasrthnt when the particle fraction exceeds
50 %.

Addition of different amounts of titania nanopale also changes the character of porosity
(Table 3.1 and Figure 3.4). In pure sol-gel filrhe spherical pores are connected with each
other via openings of the ink-bottle typewith restricted accessibility. Addition of titania
nanoparticles at 15 or more wt% induces an incr@agmre size and pore volume and an
opening of the pore system. Higher concentratidrematase particles lead to the creation of
roughly cylindrical mesopores with a substantiatigreased size, and the complete removal

of pore blocking.

Figure 3.4 Adsorption isotherms of krypton at 77 K (a) aotuéne at 298 K (b) on “brick
and mortar” titania films calcined at 300 °C. Tlabéls indicate the particle content in the

initial solution.
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Percentage of Seer, Seet, V7or©, V7ot D,
nanoparticles, % | m%g cnf/cm? cmlg mm°*/cnt nm

0 89 118 0.132 0.010 3-4
10 - 98 - 0.0086 3-4
15 71 110 0.180 0.0107 7.5
30 52 77 0.210 0.013 6-7
50 62 57 0.325 0.0142 10
100 - 68 - -* -*

Table 3.1.Texture data of mesoporous titania films

a from adsorption isotherms of toluene at 25 °auithe cross-sectional area of toluene of
0.314 nn calculated from the density of the liquid adsomgtin the bulk liquid state.

b from adsorption isotherms of krypton at 77 K,ngsthe cross-sectional area of krypton of
0.210 nm.

¢ from adsorption isotherms of toluene at 25 °*@githe molar volume of liquid toluene.

d from adsorption isotherms of krypton at 77 Kngsihe molar volume of solid krypton.

e average value for a bimodal texture (wider casitvith narrow necks).

* |sotherm of a macroporous material. Pore size \aldme are not determinable from Kr

sorption experiments. D = pore diameter.

The crystallinity of the films prepared by the ‘tkiand mortar” approach was found to
increase dramatically upon calcination at the netht low temperature of only 300 °C. This
development of crystallinity was demonstrated byargitative X-ray diffraction using a
crystalline standard as a reference and companm@li01l) anatase peak integral (Figure 3.5).
As the crystallinity increases much faster than gbecentage of added crystalline particles,

the crystalline building blocks must have induckd trystallization of the surrounding sol-
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gel matrix and acted as seeds for the crystalimadf amorphous titania. Above a percentage
of approximately 50 %, the crystallinity reachgsl@eau which corresponds to the maximum

value of crystallinity.

Figure 3.5. A diagram showing the development of crystallinity samples from cast
solutions after calcination at 300 °C as a functadnthe fraction of nanoparticles in the
precursor solution. The data points (average oik@eements) were calculated using the
internal standard method (see experimental sectiof)n short, the integral of (101) anatase
was divided by that of the standard (111) fluoréted normalized to the value of the samples
which contains 100 % crystalline particles; theetrars indicate the standard deviation. This
is correlated to the formation of different mesap® structures as observed by electron
microscopy and sorption methods: distorted cubisapkase (), channeled structure (1), and
particulate phase (lll). The dotted line shows tiieoretical crystallinity of the films before

calcination.

71



3. “Brick and Mortar” Mesoporous Titania Films

The titania films prepared by the “brick and mdrtapproach were investigated in some of
their most important applications, namely in phatatysis and in dye-sensitized solar cells
(DSC).

The photooxidation of NO was selected as a suitpht#ocatalytic reaction because of its
environmental importanc®.Low concentrations of nitrogen oxides remainingiimosphere
after the burning of fuels present a major envirental risk in cities. Highly crystalline
mesoporous films of Tipare especially suitable for the removal of NO dweheir large
surface area, as the heterogeneous photodecompogitocesses are dependent on the
amount of surface-adsorbed reactants. The studred tan be roughly divided into three
groups according to their photoactivity (Figured.6rhe films with a nanoparticle content of
50-70 % are the most active ones, the stationasady state) photoconversion reaching
about 9 %. Those prepared without nanocrystals naweh less active — the stationary
conversion being only about 4 %. Interestingly, thlens prepared exclusively from
nanocrystals without any sol-gel “mortar” additialso exhibit low conversion efficiency,
most probably due to the lower surface area arsdféa®rable pore structure. Thus, the “brick
and mortar” layers are very promising materials ghpotocatalytic applications due to their
high efficiency in the degradation of NO. The amshitl advantages of “brick and mortar”
layers in this context are high transparency amgkent optical qualities in combination with
strong adhesion to the substrate. This makes thteactave candidates for large-area coatings
on glass panels and windows in buildings, wherehaeical stability and transparency are

essential.
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Figure 3.6.Photocatalytic degradation of NO on titania filmgh different particle content:
steady-state conversion efficiency (a) and crostieseal STEM-HAADF image of one of the
highly photoactive films containing 50 % of titarparticles (Phase Il from Figure 3) (b).
Inset: Fourier transform of the picture revealihg periodic pore shape. Photocurrent-voltage
curve (c) and dependence of conversion efficienyof DSC devices based on the “brick
and mortar” titania layers with a nanoparticle emtranging from 0 to 100 wt%, D205
sensitizer and Z646 electrolyteThe titania layer thickness was ca. 1rf. The photovoltaic
performance was measured at air mass 1.5 (100 m¥futh sunlight illumination. The

active cell area was 0.158 &m
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A similar non-linear change in performance was atdiserved for photovoltaic cells
fabricated from films with different particle conte(Figure 3.6 c,d and Table 3.2). The films
prepared from a sol-gel precursor without partickedibit very low photocurrent and
conversion efficiency. The performance increasegemimhan 7-fold when 15 wt% of
nanocrystals are added to the initial solution, atidl improves with a further increase in
particle content. This effect, similar to that obse for the photocatalytic performance,

clearly reflects the drastic changes in the degf@eystallinity of the titania material.

Nanoparticle content in the %o mA/ent | Vo, mV | FF , %
titania precursor, wt%

0 0.355 593 0.75 0.16
15 2.68 615 0.75 1.24
30 5.54 632 0.74 2.56
80 6.34 742 0.75 3.58
100 3.83 645 0.73 1.79

Table 3.2.Photovoltaic parameters of DSC devices based nck‘and mortar” titania layers
of about 1.0 m thickness with varying nanoparticle concentratiarcombination with D205

sensitizer and 2646 electrolyte under AM 1.5 sumilit 100 mW/crhfull sun irradiation.

It is supported also by the photocurrent transstmdlies (Figure 3.7), which indicate electron
collection problems due to the insufficient cryltatly of titania layers containing less than
30 % of particles. We note that Ti@lms prepared from 100 % nanoparticles exhibitcimu
worse photovoltaic properties in spite of their pbete crystallinity, which are about 45 %
lower than the values for the films containing 30o%nanocrystals. The mild calcination
temperature of 300 °C is apparently not sufficiant sintering the particlesia solid-state

diffusion. In contrast, the fast viscous sinterafghe amorphous sol-gel (mortar) component
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followed by its crystallization enables efficienisfon of the particles and provides the
necessary electrical contact. The binding rolenefgol-gel component also becomes evident
in the obvious difference in the mechanical stapitif the nanocomposite films. While the
100 % particulate films are rather fragile and lgascratched off the substrate, films

containing the sol-gel precursor are much moresbaod mechanically stable.

Figure 3.7.Photocurrent-time dependence of DSC devices basdae “brick and mortar”
titania layers with a nanoparticle content rangnogn O to 100 wt%, D205 sensitizer and
Z646 electrolyte. The titania layer thickness was@9 m. The photovoltaic performance
was measured at air mass 1.5 (100 m\W)dail sunlight illumination. The active cell area

was 0.158 cf
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Figure 3.8 Photocurrent-voltage curve of DSC devices baseithe “brick and mortar”
titania layers with a nanoparticle content of 8@owD205 sensitizer and Z646 electrolyte.
The titania layer thickness was ca. 2ri. The photovoltaic performance was measured at air

mass 1.5 (100 mW/ctnfull sunlight illumination. The active cell areaas 0.158 crh

The films prepared by the “brick and mortar” apmioare very versatile with respect to the
thickness of the finally obtained films. The cogtiprocedure can be repeated several times
leading to a linear increase in thickness, suréaea and pore volume without any significant
change in the nature of the porosity. This featsidrastically different from the classical sol-
gel template films. For the latter, the surfaceaaamd pore volume can be increased at
maximum by 4-5 times compared to a single coativigle further coating/calcination cycles
lead to a degradation of the porous systém.

As expected, the photovoltaic efficiency is imprdvafter increasing the thickness of the
titania layer. The optimum performance was found fioms prepared using 80 wt% of
anatase nanoparticles. The cell based on sucimanith 2.7 m in thickness gives, under
standard global AM 1.5 full sunlight (100 mW/gnillumination, a short circuit photocurrent

density (J) of 10.7 mA/cm, an open circuit potential ¢y of 745 mV and a fill factor (FF)
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of 0.75, yielding a total conversion efficiency@b % (Figure 3.8). This is impressively high
for such thin films in combination with a non-valatelectrolyte, and makes them serious
candidates for photoanodes in dye-sensitized selts.

In conclusion, the “brick and mortar” approach the formation of mesoporous crystalline
materials shows a striking synergy in the intemadi of crystalline and amorphous
components. The distinctive feature of this appnaadhe ability to create highly porous and
highly crystalline structures at very mild conditgd A broad variety of mesostructures is
accessible using the same organic template, anithédestructures are tunable by varying the
fraction of the “bricks”. This attractive strategyfers new opportunities for the design of
nanostructured materials with enhanced function#itough various architectures with large

accessible porosity and high crystallinity.

3.3 Experimental Section

Titanium dioxide nanoparticles were synthesizedlofmhg a modified procedure by
Niederberger et df Titanium tetrachloride (1.5 mL, 13.7 mmol) was dissd in toluene (10
mL) and added to benzyl alcohol (30 mL, 290.8 mmuatder continuous stirring. The
solution was kept at 60 °C for 20 h, then cooledvmdo room temperature. The particles
were separated by centrifugation at 50000 rcf fOr8inutes and used without further
treatment. As such, the particles contain aboutws% of benzyl alcohol according to
thermogravimetric analysis; this was taken intocact for the adjustment of the TiO
content.

In a typical synthesis, a solution of Pluronic P1R2 g, 0.04 mmol) in THF (4 mL) was
added to non-washed particles (0.2 g, 1.1 mmol @,,T previously separated by

centrifugation) and stirred overnight until the tpdes were homogeneously redispersed.
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Subsequently, the desired amount of sol-gel (S& bstow) solution (for example, 0.9 mL,
with 2.51 mmol of TiQ, for the solution containing 30 % particles) wakled followed by
stirring for several minutes. The final solutiongre transparent or translucent, being of
yellow to orange color. The SG solution was prepdrg adding hydrochloric acid (37 %, 5.1
mL, 62.1 mmol) to tetraethyl orthotitanate (7.2 n®4.3 mmol) at room temperature under
continuous stirring.

The mass-ratio of nanoparticles to the sol-gel ymsar was varied, but the total amount of
TiO, was kept at 0.4 g (5.01 mmol). The Pluronic P1@8tent in the dip-coating solution
was 50 wt % with respect to the total mass of , T an example, the amount of Tid the
solution containing 50 % particles was 8.1 wt %e Titms were prepared by dip-coating at
23 = 2 °C and a relative humidity of 45 + 10 % atithdrawal rate of 1.8 mm/s, and calcined
at 300 °C (with a ramp of 0.6 °C miipfor 30 minutes.

Scanning electron microscopy (SEM) was performedaodEOL JSM-6500F scanning
electron microscope equipped with a field emissgum, at 4 kV. High Resolution
Transmission Electron Microscopy (HRTEM) and ScagniTransmission Electron
Microscopy in High Angle Annular Dark Field modeTSM-HAADF) was performed using
a FEI Titan 80-300 equipped with a field emissiam gperated at 300 kV. The patrticulate
samples were prepared by evaporating a drop ofuedisolution of particles with small
amounts of Pluronic P123 in THF on a Plano holaepa@a coated copper grid. HRTEM of
films was carried out by scraping the thin-film gdes off the substrate onto a holey carbon
coated copper grid. The film thickness was meashyeprofilometry (Dektak), ellipsometry
using a Woolam ESM-300, and SEM. The porosity @& fiims was determined by the
analysis of adsorption isotherms of Kr at the Ingilpoint of liquid nitrogen (approx. 77 K)
using an ASAP 2010 apparatus (Micromeritics). Koyptsorption was performed and
evaluated by Dr. J. Rathousky and V. Kalousek atXhHeyrovsky Institue, Prague. The

toluene adsorption was carried out using a self-lipuartz Crystal Microbalance (QCM)
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system. For this purpose, the precursor solutiom®spin-coated (3000 rpm, 30 s) on KVG
10 MHz QCM devices with gold electrodes (from Qmatirystal Technology GmbH) and
calcined at 300 °C. Toluene was used as an adgermid the measurements were performed
at 25 °C. Raman spectra were recorded with a LabRMMUV-VIS (Horiba Jobin Yvon)
Raman microscope (Olympus BX41) with a Symphony Qiefection system using a HeNe
laser at 632.8 nm. The spectra were taken fromrmahtemoved from the substrate. X-ray
diffraction analysis was carried out in reflectiorode using a Scintag XDS 2000 (Scintag
Inc.) with Ni-filteredCuK -radiation.

The quantitative crystallinity measurements werefgomed using the internal standard
method with fluorite, Caf as internal standard® For this purpose, the dip-coating
solutions were cast into a wide calcination vesseéd over night at 60 °C, and calcined at
300 °C (with a ramp of 0.6 °C nifih for 30 minutes. The resulting film or powder wgasund
and thoroughly mixed with 10 wt% of fluorite. X-ralffraction patterns were recorded using
a STOE STADI P COMBI diffractometer. The diffraatippeaks of (101) anatase and (111)
fluorite were fitted with a Gaussian peak shape iatehrated. The integral of (101) anatase
was divided by that of (111) fluorite. This crystaty value was normalized to that of the
100 % particles sample, which after calcinatiorcesisidered to be completely crystalline.
The data points correspond to an average of thaesples. The error bars indicate the
standard deviation from the average.

The experimental set-up for the photocatalytic stesbnsisted of a gas supply part, the
photoreactor, and a chemiluminiscent NO-NOx gaslyara (Horiba ambient monitor
APNA-360). The gaseous reaction mixture was prephgemixing streams of dry air (1500
mL/min), wet air (1500 mL/min, relative humidity @00 %) and 50 ppm NO/ANapprox. 60
mL/min), in order to obtain a final concentratiohNO of 1 ppm at a relative humidity of 50
%. The photoreactor was illuminated by four 8 Wckldights, thus achieving a UV light

intensity of 1 mW/crh Prior to the photocatalytic tests, the photoreawias purged with the
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NO/water vapor/air mixture without illumination uinta steady NO concentration was
achieved at the outlet. 100% NO conversion is exjait to a photonic efficiency 0£0.14

% assuming a mean irradiation wavelength of 350 Tine. photocatalytic experiments were
performed and evaluated by Dr. J. Rathousky afl titeyrovsky Institue, Prague.

For photovoltaic measurements, the mesoporous filds on FTO-coated glass substrates
were heated at 200 for 30 min, then cooled to ca. 80 and immersed into the dye solution
at room temperature, and kept there for 16 h. Tye sblution containing 0.3 mM of the
indoline dye D205 (molar extinction coefficient ®8000 at 532 nm) in acetonitrile ateft-
butyl alcohol (volume ratio: 1:1) was used to sérsithe photoanodd. Dye-coated
mesoposous TiPfilms were assembled and sealed with a thin tramsg hot-melt 25m
thick surlyn ring (DuPont) to the counter electred®t on FTO glass, chemical deposition
from 0.005 M hexachloroplatinic acid in isopropapet cnf surface area, heated at 40D
for 15 min). The electrolyte was injected into tinaer electrode space from the counter
electrode side through a pre-drilled hole, and tinenhole was sealed with a Bynel sheet and
a thin glass cover slide by heating. The non-viglalectrolyte (Z646) contains 1.0 M PMII
(propylmethylimidazolium iodide), 0.15 M iodine,J0M GuNCS (guanidinium thiocyanate),
and 0.5 M N-butyl benzimidazole (NBB) in 3-methoxgpionitrile > The device assembly,
the characterization of current density-voltage amddent photon to current conversion
efficiency (IPCE) of the DSCs were performed by Br.Wenger, and Dr. D. Kuang in the
group of Dr. S. M. Zakeeruddin, and Prof. Dr. Ma@el at the EPF Lausanne, Switzerland,

and are described in detail elsewh@&re.
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4.  Multilayered High Surface Area “Brick and Mortar ”
Mesoporous Titania Films as Efficient Anodes in Dye

Sensitized Solar Cells

This chapter is based on the following publication:

Johann M. Szeifert, Dina Fattakhova-Rohlfing, JRathousky, Thomas Beimdvanced

Functional Materialssubmitted

4.1 Introduction

In 1991, a new type of highly efficient photoelecihemical device based on mesoporous
titanium dioxide covered with a photosensitizingeddnd a redox electrolyte, the so called
dye-sensitized solar cell (DSC), was repofteBince the DSC's discovery, research has
focused most intensively on developing new dyemtoease the amount of absorbed light
and thus the conversion efficiency, and on new telbtes and hole-transporters to
significantly enhance the cells’ long-term stagifit Concerning the electrodes,
nanocrystalline mesoporous titania layers featuanbigh and accessible surface area for
maximum dye loading are the most frequently usextias in the DSCs. In combination with
a scattering layer of larger particles on top, thishitecture is the only electrode system until
today that can reach the maximum performance dbul.2 % using volatile electrolytés.
The common Ti@ electrodes are prepared by sintering anatase adie@es about 20 nm in
size. The resulting nanocrystalline layers are mpesms due to voids between the

nanoparticles, with typical values for pore sizel aaughness factor being 18 nm and 780,
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respectively, for a layer with a typical thicknexsl0 pm*® This design of the double layer
electrodes has been the basis for all record effazes reported with liquid electrolyte DSCs.
However, when more viscous electrolytes such ag iguids or solid hole transporters are
employed, the relatively high thickness of sucltiet@les can become a limiting factor in the
cell performancé&.In the above systems, the diffusion length of &xtielectrons becomes
shorter than the necessary film thickness to harakgphotons. This leads to an increased
probability for recombination and lowers the maximafficiency®’®

In order to improve the performance of DSCs, itdesirable to further optimize the
electrode’s nanostructufeOne synthetic strategy is based on the use ofkbtopolymer
templates for obtaining periodic porous structuwath very high surface areas, usually
employing sol-gel derived amorphous species aslmetee precursor$® This alternative
route enables the fabrication of titania layers cuhfeature one of the highest volumetric
efficiencies reported so far. Thus, layers of o2lym in thickness can reach impressively
high efficiencies of up to over 5 8% However, attempts to further improve the cell
efficiency by a corresponding increase in electrtiilekness prove to be difficult. The major
problem is that only relatively thin films of up t@bout 2 pm can be fabricated by this
approach, which is still below the optimum thickmesequired for efficient photon
absorption>** The main reason for this limitation is a drastitamge in density upon
transformation of an initially amorphous mesostuetl framework into a crystalline phase
upon calcination. As a result, the porous structshenks significantly, with destructive
consequences of cracking or delamination of thasfiland can even totally collapse into
dense material. Thicker films are accessible whilk approach by sequential deposition of
thin layers:®*+317 Although the efficiency of such films can be palifi improved, the
increase in the film thickness does not lead toettgected linear increase in surface area and
pore volume because of the progressing deterioratidhe first layers upon multiple thermal

treatment:}1>16
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We have recently demonstrated an alternative glydtw obtaining regular surfactant-based
mesoporous film$®*° Titanium dioxide layers were produced by usingmbination of pre-
formed nanocrystals with surfactant-templated amaoug sol-gel. We called this a “brick and
mortar” approach, because the nanopatrticles dtire&s” assembling around the surfactant,
and are fused by the amorphous sol-gel (“mortdspon thermal treatment, the “bricks” act
as crystal seeds for the further crystallizatiothef mesoporous framework, and the final thin
films exhibit high surface area, porosity, and $garency in combination with a tunable
porous morphology. Due to the intrinsic crystatynof the nanoparticle precursors, the
volume and density changes upon heating are daligticeduced. On that account, this
combination enables the production of multilayefrs@veral micrometers thickness without
influencing the bottom layers. The resulting laylease shown to act as very efficient anodes
in DSCs, exhibiting a conversion efficiency of 84for films of only 2.7 pm in thickness.
Such a high performance of “brick and mortar” |aybias led us to further investigate the
possibility of maximizing the cells’ efficiency bgptimizing the titania layer thickness and
morphology.

Here we report the fabrication of thick “brick amdortar” titania films by sequential
deposition of several layers, focusing on the éftdcstacking multiple layers on the films’
physical properties such as nanostructure morploplsgrface area, pore size and dye
adsorption, and the corresponding performance aslesnin DSCs. We find that even
relatively thin films of few micrometers show rerkable light absorption and photovoltaic
performance in liquid DSCs. In this way, the highlumetric efficiencies of flms obtained
with this synthetic strategy open perspectives di@ctrode materials in DSCs made with
diffusion-limited hole transporting materials tohéeve good performance and long solar cell

lifetimes.
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4.2 Results and Discussion

The “brick and mortar” mesoporous titania layersengynthesized as described previod8ly.
In short, anatase nanocrystals are prepared innaagoeous sol-gel process using benzyl
alcohol and titanium tetrachloride at elevated terafures. The nanoparticles of about 4-5 nm
are separated by centrifugation, and are redisparsiag a PEO-PPO-PEO block copolymer
(Pluronic P123 or F127) in tetrahydrofuran. Afteldang a pre-hydrolyzed molecular sol-gel
precursor (obtained from tetraethyl orthotitanated ahydrochloric acid), the colloidal
dispersions are used for spin- or dip-coating ahdlbstrates. Since a nanopatrticle to sol-gel
ratio of 70 wt % nanoparticles (fraction of nandjgdes based on the total mass of TiO
precursors in solution) proved to be optimal foofavoltaic applicationd® all layers were
prepared with this ratio. Using a typical coatirmfusion with a total titanium dioxide content
of 7 wt % and spin-coating on glass or FTO substtahomogeneous, crack-free and
transparent films can be made. After calcinatiooval300 °C, the films are mesoporous due
to the combustion of the polymer template. Thekimgss of the films obtained after a single
coating is usually about 1 um depending on themelyused, and can reach at maximum 1.5
to 1.8 um without cracking and delamination. Toaabtthe thicker films required in many
applications, multiple “brick and mortar” layersnche sequentially deposited on the top of
the previous ones. Between each coating, a calematep to 300 °C has to be performed in
order to reduce the mechanical stress due to thplage removal in lower layers. The film
thickness rises linearly with the number of coatir{gigure 4.1), and with the employed
conditions an average thickness per layer of abdupum for P123- and 0.85 pum for F127-

containing precursor solutions is obtained, respelgt
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Figure 4.1. Development of film thickness with multiple coainycles for P123- and F127-
templated “brick and mortar” titania films. Thenfis were calcined at 300 °C between each

coating.

With this method, it is now possible to preparefattant-templated mesoporous films of up
to 10 um in thickness without cracking and delarmama As can be seen from cross-sectional
SEM images (Figure 4.2), all layers have a very dgemeous and flat surface (for example,
compared to the rough FTO surface in Figure 4@h)wing us to tune the film thickness in a
wide range. The porous structure (Figure 4.2c)k@thno periodic order over large domains;
no characteristic small-angle X-ray scattering pealobserved. This non-periodic porous
structure appears to be consistent throughout thelenfilm and no drastic structural

differences between the top and bottom layers iaibl®.
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Figure 4.2. Cross-sectional SEM images of a multilayer “braséd mortar” film. Overview
on the whole film with a thickness of 7.5 um pregghby a sequential deposition of 12 layers
(a). Magnification of the first four layers at timterface with the FTO substrate (b), and of the

mesostructure in a middle layer (c).

Krypton and dye adsorption studies were performeghin further information about the pore
system. Special attention was focused on the abdégsof the lower layers in thick films.
For this purpose, films of different thicknessegevexamined using Kr sorption at 77 K. The
films exhibit type IV isotherms of mesoporous matsr (Figure 4.3). Since the isotherms do
not exhibit a saturation plateau at high partigssures due to full condensation in the pores,
the pore volumes of the films are somewhat undenastd. The development of the surface
area upon sequential coating of multiple layershewn in Figure 3c. The roughness factor
rises linearly with the film thickness, proving thmhindered accessibility of the bottom
layers in the thick multilayer film, and the thictdayers exhibit roughness factors of up to
1600 cm?/cm?. This linearity demonstrates the atageof the “brick and mortar” approach
for the fabrication of thick mesoporous films comgzhto strategies based on only sol-gel
derived titania precursors. For the latter onesinarease in surface area and pore volume
upon deposition of additional layers is usually exeed merely for the very first layers
reaching up to about 2 pm total film thickness. @&y this thickness a plateau in surface area

is reached due to progressive densification obtiteom layers, and the porous characteristics

88



4. Multilayer “Brick and Mortar” Titania Films in {e-Sensitized Solar Cells

only deteriorate with increasing film thickné$s? The “brick and mortar” strategy, however,
can overcome this disadvantage, most probably Isecalready at the relatively low
temperatures of 300 °C necessary for template ramthe films are completely crystalling,

providing sufficient stability against further casation and densification.

Figure 4.3. Krypton sorption isotherms of Pluronic P123 (a)}daRl127 (b) templated
mesoporous “brick and mortar” titanium dioxide fdnof varying thickness after calcination
at 450 °C. (c) Development of surface area (givermoaghness factor) depending on the film
thickness derived from Kr sorption on multilayerridk and mortar” mesoporous TiO
employing the templates Pluronic P123 (black seg)ase F127 (blue triangles). (d) Pore size

distribution for two films composed of differentmbers of layers.

The pore size of the P123-templated “brick and exdftims is found to be about 12 nm and

is thus very large for mesostructures using thigymer. Additional nitrogen sorption
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measurements are in close agreement with the ateswits (Figure 4.4). The pore size is
rather independent of the film thickness, whiclsli®wn by pore-size distributions of two
films of 4.4 and 7 um thickness, respectively (IFggd.3c). The pores in the lower layers are
not filled up with precursor solution by coatingd#dnal films using the same precursor
solution. This effect for multiple coatings of sacfant-containing solutions has been
explained by surfactant molecules plugging the operes at the surface, thus limiting the

diffusion of precursor solution into lower layéfs.

Figure 4.4.(a) Nitrogen sorption isotherms of Pluronic P188 &127 templated mesoporous
“brick and mortar” titanium dioxide films after @whation at 450 °C. To obtain sufficient
amounts of porous material for, Morption, 20 one-layer films of about 1 um thicknevere
scratched off the substrate after calcination amsured as powders. (b) Comparison of
pore-size distributions derived from the isotherift'e maxima correspond to 12.1 nm (P123)

and 13.5 nm (F127).

In order to exploit the structural features of thaltilayered “brick and mortar” films in the
DSC, we investigated the accessibility of the mesep for dye molecules used in DSCs and
the dye loading in the films composed of severggis. Absorption data obtained from UV-

Vis spectroscopy of films after staining with a M7dye solution are shown in Figure 4.5.

90



4. Multilayer “Brick and Mortar” Titania Films in {e-Sensitized Solar Cells

The spectra show the typical absorption featureheflye bound to titanium dioxid&? and

the absorbance both at the absorption maximum@n&2and the mean absorbance over the
whole visible spectrum rises linearly with highmfithicknesses of over 7 um. This indicates a
constant accessible surface area per thicknesagiwoaot the whole film. The surface areas

are very high, since at film thicknesses of about@already over 90 % of the incoming light

is absorbed at the absorption maximum (Figure 4.5b)

Figure 4.5. Absorption behaviour of N719 dye molecules adsbrtyeto the P123-templated
mesoporous films of varying thickness on FTO subsf. (a), (c) Absorbance (optical
density) values obtained from UV-Vis spectra meagdun transmission. Note that scattering
and reflection are not taken into account. (b), GHiculated absorption values in % of
incident light intensity, with (absorption %) = @ 1072°°™a"§) * 100. Squares: mean
absorption in the visible spectrum; circles: absorpat the absorption maximum. (a),(b) The
first value (zero film thickness) corresponds te bitank FTO substrate.
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These high values for light absorption in relatyw#iin films could be very useful in dye-

sensitized solar cells because in thin films thargls can be transported efficiently due to
low resistance. “Brick and mortar” films of varyirtgickness were examined in DSCs using
N719 dye and a typical volatile iodine-containinigatrolyte, and Figure 4.6 shows the

photovoltaic characteristics.

Figure 4.6. Photovoltaic performance of DSCs made using Ploré1i23 templated “brick
and mortar” mesoporous TiCelectrodes with varying thickness, and employingL®l dye
with a volatile electrolyte under 1 sun illuminatioPower conversion efficiency (a), fill
factor (b), short circuit current (c), and opercuit potential (d), versus the film thickness.

The dotted lines indicate fits of the developmémnnhean values.

The power conversion efficiency of a series of Ri#fiplated electrodes with varying
thickness rises quickly to reach a plateau of avést for films of less than 4 um thickness,

92



4. Multilayer “Brick and Mortar” Titania Films in {e-Sensitized Solar Cells

mainly due to a fast increase in photo- and shoetiit current for low film thicknesses. This
can be correlated with the mean visible absorptbrthe films, which shows a similar
behaviour (Figure 4.6b). Above 4 um film thicknesiespite a higher absorption, the
additionally generated charges contribute lestéadtal power resulting in a slower increase
in conversion efficiency. This can be explained mhaby the thickness-dependent reduction
of open circuit potential from over 900 mV for figmof less than 2 um to less than 800 mV
for films above 8 um (Figure 4.6d). We attributéstlower potential to the increase in the
number of recombination sites and the dark curfféigure 4.7) due to the higher surface area

in thick films 82122

Figure 4.7.Dark current measurements of DSCs made using mtuRil23 templated “brick

and mortar” mesoporous Ti@lectrodes of varying thickness.

The maximum performance obtained with Pluronic PtE28plated “brick and mortar” films
was found to be 7.8 % (¥ 840 mV, Lk 14.9 mA/cm?, FF. 0.63, 1 sun illuminaton, film
thickness 8.5 um), and 8.1 % for a film made usirggslightly larger polymer Pluronic F127

(Voc 820 mV, L 15.1 mA/cm?, FF: 0.65, 1 sun illuminaton, filmdkness 10 um, Figure
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4.8). These conversion efficiencies are ratherlaimfor the two polymers, which reflects the
similar pore size distributions in the titania fdn{Figure 4.9). This indicates that despite
having smaller pores than the standard nanocrystadlectrodes (18 nm average pore size),
the pore size and the charge collection by the tN®lalectrolyte are not the major
performance-limiting factors?* In fact, these conversion efficiencies are thehésy that
have been reported for surfactant-templated mesapadiiims, and since no backscattering

layer was applied, even compared to the standantreties these values are quite high.

Figure 4.8. Current density — voltage curves of the most iffit DSCs assembled from
titania layers made using Pluronic P123 or F12%eawplates (active area: 0.196 cm?; 1 sun
illumination). Black squares: P123-templated elmay, efficiency: 7.8 %, ¥ 840 mV, Lk
14.9 mA/cm?, FF: 0.63, film thickness 8.5 um. Bluimngles: F127-templated electrode,

efficiency: 8.1 %, ¥ 820 mV, Lz 15.1 mA/cm?, FF: 0.65, film thickness 10 pum.
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Figure 4.9. Comparison of pore-size distributions for multéaybrick and mortar” films

templated with P123 (film thickness 7 um) or F12:5(um) derived from Kr sorption.

4.3 Conclusion

In conclusion, the “brick and mortar” syntheticaségy was used to prepare up to 10 um thick
multilayer mesoporous titanium dioxide films. Thailtdayers exhibit a very high surface
area, which scales linearly with the film thicknedsen multiple coatings are stacked. In this
way, roughness factors of up to 1600 cm2/cm? cameaehed, without serious cracking,
delamination, or deterioration of the porous suitet These high surface areas and film
thicknesses are a new record for surfactant-demmedoporous titanium dioxide films. The
mesopores prepared by using the commercial blopklgmers Pluronic P123 and F127 are
rather large, and despite stacking many layersdioayot shrink and remain accessible, which
could be proven by dye adsorption experiments. igdpin dye-sensitized solar cells, the
multilayered “brick and mortar” films feature a rarkably high performance level of over
7 % already at film thicknesses below 4 um, whghtiributed to their large surface area and
the consequently high amount of adsorbed dye migecurhis makes them interesting

candidates for solid-state solar cells employirffudion-limited hole transporting materials.
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4.4  Experimental Section

Titanium dioxide nanoparticles were prepared usangnodified procedure developed by
Niederberger et af> Titanium tetrachloride (1.5 mL, 13.7 mmol) wassdised in toluene
(10 mL) and added to benzyl alcohol (30 mL, 291 Mnumder continuous stirring. The
solution was kept at 60 °C for 20 h, then coolewvmdo room temperature. The particles
were separated by centrifugation at 50 000 rcf30rminutes and used without further
treatment. The centrifuged particles (without besadpjected to washing procedures) contain
about 45 wt% of benzyl alcohol according to thermawgnetric analysis; this was taken into
account for the adjustment of the Ti€ontent.

To obtain a coating solution with 70 wt % TLi@anoparticles and 30 wt % sol-gel titania
precursors (based on Ti-content), a solution ofd?lic P123 (0.2 g, 0.04 mmol) or F127 (0.3
g, 0.02 mmol) in tetrahydrofurane (4 mL) was adttedentrifuged, unwashed particles (0.4 g,
2.2 mmol of TiQ), ultrasonicated and stirred overnight until thartigles were
homogeneously redispersed. Subsequently, 0.4 mitegmonding to 1.1 mmol TiKp of a
prehydrolyzed sol-gel solution was added (sol-gélitson, see below), and the mixture was
stirred for several minutes. The final solutionsrevéransparent or translucent, being of a
yellow to orange color. The sol-gel solution wasgared by adding hydrochloric acid (37 %,
5.1 mL, 62.1 mmol) to tetraethyl orthotitanate (iR, 34.3 mmol) under continuous stirring
for about 10 min. The films were prepared on FT@ted glass (TEC-7 from Pilkington) by
spin-coating (150 - 180 pL per 1 cm? substrate)aae&00 rpm for 30 seconds and calcined
at 450 °C (with a ramp of 0.6 °C mipfor 30 minutes.

Scanning electron microscopy (SEM) was performedaodEOL JSM-6500F scanning
electron microscope equipped with a field emisgyom, at 4 kV. The film thickness was

measured by profilometry (Dektak). The porositytted films was determined by the analysis
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of adsorption isotherms of Kr at the boiling poaftliquid nitrogen (approx. 77 K) using an
ASAP 2010 apparatus (Micromeritics). All kryptorrgiion experiments were performed and
evaluated by Dr. Jiri Rathousky at the J. Heyrousisfitue in Prague. Textural information is
obtained by comparing the Krypton sorption isotherand their limiting adsorption at
saturation pressure with reference materials (seafowders) characterized by Nitrogen
sorption. Comparison plots were constructed fohesample, and the differentiation of these
plots provided the basis for the pore size distidyu Nitrogen sorption measurements were
performed with a NOVA 4000e (Quantachrome Instruisleat 77 K. To obtain sufficient
amounts of porous material for, Morption, 20 one-layer films of about 1 um thicknevere
scratched off the substrate after calcination aedsured as powders. Pore size distributions
were calculated using a NLDFT equilibrium modeNafon silica assuming cylindrical pores.
UV-Vis measurements of mesoporous titania flmsemgerformed in transmission using a
UV-Vis spectrophotometer (Hitachi U-3501). Scatigror reflection from the FTO substrates
were not taken into account. Absorption values iméte calculated from the corresponding
absorbance values by the formula: (absorption gd)-=1¢2s°"a"§)* 100.

For photovoltaic measurements, the mesoporous filis on FTO-coated glass substrates
were heated at 45@ for 30 min, then cooled to ca. 80 and immersed into the dye solution
at room temperature, and kept there for 16 h. A sbtation containing 0.5 mM of the dye
N719 in acetonitrile andert-butyl alcohol (volume ratio 1:1) was used to sensithe
photoanodes. Dye-coated mesoporous ,TiIms were assembled and sealed with a
transparent hot-melt 68m thick surlyn ring to the counter electrodes (RtFIro glass,
chemical deposition from 0.01 M hexachloroplatia@d in ethanol heated at 40G for 15
min). The active cell area in all samples was aloL®6 cm?2. The electrolyte was injected
into the inner electrode space by vacuum backjlirom the counter electrode side through

a pre-drilled hole, and then the hole was sealé¢k avsurlyn sheet and a thin glass cover slide
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by heating to 120 °C. The volatile electrolyte @ns 0.6 M BMII (butylmethylimidazolium

iodide), 0.03 M iodine, 0.1 M GuNCS (guanidiniumioityanate), and 0.5 M tert-butyl

pyridine in acetonitrile and valeronitrile (volumatio 1:1). For the characterization of solar

cells, an AM 1.5 solar simulator (Solar light Cauds used. The photovoltaic measurements

have been performed under one sun illumination,thadight intensity was monitored by a

pyranometer (PMA2100, Solar light Co.). Current gsigavoltage measurements were

performed with a Zahner IM6ex impedance measurennant

4.5
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5.  High Surface Area “Brick and Mortar” Films for lonic

Liquid Dye-Sensitized Solar Cells

5.1 Introduction

In the past two decades, dye-sensitized solar (8€s) have demonstrated their potential as
alternative technology to conventional photovoltdevices, and maximum efficiencies of
over 11 % have been attainetSubstantial progress has been made in solvingrtitgem of
achieving both long-term stability and at the saime high efficiency of the cells by the
introduction of solid hole transporters or room-pamature ionic liquids (RTILsY®
Especially the latter exhibit acceptable perfornealewels; their efficiency record is currently
reaching 8.5 %, with excellent stability over thaomds of hours even at elevated
temperature$.In general, the photovoltaic systems employingerstable electrolytes or hole
transporters have the drawback of a low electrdfusion length leading to increased
recombinatiof° As a result, the maximum film thickness from whicharges can be
extracted is reduced to less than about 5 (solid)Coum (ionic liquid hole transporters),
respectively, which is below the optimum thicknesguired for complete light absorptiéit

In order to improve the performance of these typéscells, new titania electrode
morphologies are needed which feature an optimalboaation of high accessible surface
area, pore size, and electron conductitAtin our previous publications, we have introduced
a new concept enabling the use of surfactant-dénmesoporous titanium dioxide films for
application in DSCs by integrating preformed nagstlline seeds into the walls of a
mesostructuré®'*This so called “brick and mortar” approach leamlighly crystalline films

with very high surface area and large, accessitdsopores of over 12 nm in size. The
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electrode thickness can be precisely tuned by deposof multiple layers. Applied in
solvent-based DSCs, these layers exhibited a mamirefficiency of over 8 % with the
standard ruthenium dye N719 and a film thicknesalwdut 10 um. The most intriguing
feature of cells fabricated using this method, heeveis the remarkable performance of
rather thin layers: An efficiency plateau of overd” can already be reached with layer
thicknesses of only 4 um. In this way, the combarabf high accessible surface area in thin
films offers a significant advantage for photovmtasystems with low electron diffusion
lengths.

Here we report on the investigation of “brick andrtar” titanium dioxide films as anodes in
DSCs based on high molar extinction coefficientsgeers and room temperature ionic
liquid electrolytes. The mesoporous films can reteh performance level of the reference
nanocrystalline electrode when employing similaceibde thicknesses. However, the rather
small pore size of the “brick and mortar” mesodinues is shown to be affecting the
photovoltaic characteristics in thicker films (;ué). The advantages of the high surface area
in “brick and mortar” films can be best exploitethen thin electrodes are used. DSCs made
using such layers exhibit a maximum in efficienéywer 6 % at film thicknesses as low as 2
pm.

The following experiments have been performed @sird project: The “brick and mortar”
films were synthesized and characterized by Joihan8zeifert. Testing of the photovoltaic
performance in ionic liquid dye-sensitized soldisceras done by M. Marszalek in the group

of Dr. S. M. Zakeeruddin and Prof. Dr. Michael Ggitat the EPF Lausanne.
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5.2 Results and Discussion

The “brick and mortar” mesoporous titania layersraverepared following a reported
proceduré? In brief, anatase nanocrystals of about 4-5 nmsgrehesized using a non-
agueous sol-gel protocol using benzyl alcohol ar@Tat 60 °C. After centrifugation, the
nanoparticles are redispersed using a solutionRE@-PPO-PEO block copolymer (Pluronic
P123 or F127) in tetrahydrofuran. A pre-hydrolyzedl-gel precursor (obtained from
tetraethyl orthotitanate and hydrochloric acid)agded, and the colloidal dispersions are
employed for spin-coating on flat substrates. Siadeigh ratio of nanoparticles to sol-gel
titanium dioxide precursors proved to be optimal ghotovoltaic application¥’ all samples
were prepared using this basic recipe (see expetaheection). The thickness of the
homogeneous and transparent films obtained afsémgde coating procedure on FTO-coated
glass is usually about 1 um after calcination, aad reach at maximum 1.5 to 1.8 pm
without cracking and delamination. Sequential cgpsteps allow the preparation of thicker
films, with the total thickness rising linearly up 10 pum. Between coating steps, for
condensation and stabilization of the lower layargzalcination step to 300 °C has to be
performed. For application in DSCs, the final filee heated to 500 °C prior to immersion
into a dye solution to remove organic residuesthim following, “brick and mortar” films
which were made employing the polymer Pluronic P328 denotedBM-P, those using
Pluronic F127BM-F, respectively. The standard reference electrodle which the highest
efficiency has been reported is abbreviatdetRef, and was prepared by screen-printing a
paste of nanoparticles of 20 nm in size with ceBel binders. In some cases, a scattering
layer of 400 nm anatase particles is depositedopnaf the NP-Ref layer (double layer

referenceDL-Ref). Since the large crystals hardly contribute t® dletive surface area of an
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electrode, their thickness contribution is not taketo account when comparing different
cells, and the thickness values correspond torndenlying nanoparticle layer only.

For an optimal cell performance employing ionialds and thin TiQ electrodes, it is crucial
to choose a high molar extinction coefficient dyed @&a matching RTIL electrolyte. The
organic dye D205 offers acceptable characteridhesause of its molar extinction coefficient
of 53 000 M*cm™, and also quite high maximum efficiencies in iolimid DSCs (7.2 %j.
Imidazolium salt based iodine containing ionic l@dgiare currently the best performing RTIL
low viscosity electrolytes? Examples are iodine-containing electrolyte mixsucensisting of
1-methyl-3-propylimidazolium iodide  (PMII) and 1-thgl-3-ethylimidazolium
tetracyanoborate (EMITCB), denotedlbsA , or 1-ethyl-3-methylimidazolium iodide (EMII),
1,3-dimethylimidazolium iodide (DMII) and EMITCBeferred to asL-B , respectively. For
optimal performance of the solar cells, guadiniummodyanate (GuNCS) and N-
methylbenzimidazole (nMBI) are added to the eldgtes’ The low viscosity of the two
ionic liquid mixtures leads to a rather high trideli diffusion coefficient in the RTIL
electrolytes of 5.9 10 cm?/s and 5.8 10 cm?/s at room temperature for IL-A and IL-B,
respectively 141

These materials were employed in first DSC tesitsguthe “brick and mortar” titania layers
of about 5 to 10 um thickness. The main photovolp@rameters are summarized in Figure 1.
The reference cells exhibited high power conversitbiciencies of 6.5 % (5 um, NP-Ref) and
6.7 % (8 um, DL-Ref). “Brick and mortar” electrodesade using the smaller polymer
Pluronic P123 (BM-P) resulted in cells with sigo#ntly lower performance. The main
reason for this effect is a decrease in open ¢ingoiential of about 50 mV. This can be
attributed to drastically increased recombinat@amd is probably caused by charge transport
limitations due to the small pore size. The limiteahsport also leads to lower short circuit

current values comparing to reference cells.
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The BM-F layers made using the slightly larger pody F127 exhibit much better charge
transport behaviour resulting at maximum in verg@yperformance, reaching the level of the
reference cells DL-Ref at 6.7 % for films of ab@/5 um (BM-F). Interestingly, both the
power conversion and the short circuit current earfor BM-F show increasing trends
towards lower film thicknesses, indicating thatefprmance maximum might exist at film
thicknesses below 6 pm. Regarding the open cipnfiéntial and the fill factor, the BM-F

cells exhibit rather little variation and are at game level as the reference electrodes.

Figure 5.1. Thickness dependence of the photovoltaic parasefddSCs made using “brick
and mortar” electrodes with the templates Pluréiiz7 (BM-F) and P123 (BM-P), dye D205
and RTIL electrolyte IL-A. (a) Power conversioniefncy. (b) Short circuit currentsdl (c)
Open circuit potential, ¥. (d) Fill factor.

* Double layer reference electrode: 8 um nanopaldie layer and a scattering layer of 5 um

on top consisting of 400 nm titania particles.
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The action spectrum of the best cell (BM-F, 6.5 paxhibits very high internal photon to
current efficiencies reaching about 75 % at thegii®n maximum of the dye (Figure 5.2a).
However, time-resolved photocurrent measurementsisfdevice indicate that at high levels
of illumination the charge transport is slightlyndered, and the steady-state current is
reduced (Figure 5.2b, 0.5 and 1.0 sun illuminatidrjis fact is also in agreement with the
observation that the short circuit current curgesitowards lower film thicknesses despite the
lower dye loading and absorption, because the pgaahdimitations are supposed to be
decreasing with lower film thicknesses. It alsoigates that the measured efficiency is
transport-limited, and by overcoming this restanotia higher performance might be

obtainable.

Figure 5.2. (a) IPCE spectrum of the best cell BM-F (layerckiniess of 6.5 um, 6.7 %
efficiency). (b) Time-resolved photocurrent measeats of the same cell under different
levels of illumination. For 0.1 and 0.5 sun photoent data: Extrapolation of theoretical

current values under full sun illumination.
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In this way, these initial results of “brick and rta” layers in RTIL-based DSCs show the
potential of this alternative porous morphologyd darther tests with lower film thicknesses
could lead to even higher performance levels sgipgghat of reference films.

On this account, BM-F films with thicknesses ramginom 2 to 8 um were prepared, and
subjected to testing in DSCs. This time a differanganic dye was employed (Y123), because
it features a similarly high molar extinction coeiént, but at the same time photovoltaic
characteristics superior to D205. In combinatiothwine low viscosity ionic liquid electrolyte
IL-B maximum efficiencies of 8 % could be achieved & jam reference film (DL-Ref, Isc:
14.3 mA/cm?, Voc: 763 mV, FF: 0.72). The resultshed BM-F layers as active electrodes in
Y123-sensitized DSCs are summarized in Figure Br&ingly, the thinnest layer of only 2
pm exhibited the highest conversion efficiency heag 6.2 %, 11.3 mA/cm? short circuit

current, and a fill factor of 0.74.
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Figure 5.3. Thickness dependence of photovoltaic parametefl3S$s made using BM-F
electrodes, dye Y123 and RTIL electrolyte IL-B. @pwer conversion efficiency. Black
squares, green circles: Full sun illumination. Bidangles: Behaviour of BM-F DSCs under
0.1 % sun illumination (data not displayed for tteer parameters (b)-(d) for clarity). (b)
Short circuit current,gl. (c) Open circuit potential, )¢ (d) Fill factor.

* Double layer reference electrode: 8 um nanopaldie layer and a scattering layer of 5 um

on top consisting of 400 nm titania particles.

The fill factor values (Figure 5.3c) are generaiyy high, reaching 0.85, and the open circuit
potentials (Figure 5.3d) decrease with increasiiig thicknesses. Thus, thin BM-F films
appear to be rather promising for application iesth devices. Already this thinnest sample,
however, features a slightly reduced open circaieptial of only 737 mV (compared to the

reference electrodes), which could be an indicatibsome recombination due to transport
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limitations. This constriction can be more cleashserved when testing BM-F cells of higher
film thickness. Whereas the efficiency under loluritination levels of 0.1 sun (1 mW/cm?,
Figure 5.3a) increases with electrode thicknessnlgnhecause of increasing current values),
in full sun the transport is hindered and bothcefficy and short circuit current decrease
significantly. Furthermore, the existence of a $m@ort problem can be proven by current
transient measurements (Figure 5.4). The lowest filickness of 1.8 um shows negligible
current transients, however, already at 3 pm andendramatically for thicker films
photocurrent decay occurs. This indicates thairsit & higher amount of charge carriers are
generated, but cannot be extracted from the poeterstrode. As a result, the steady-state
current is reduced (Figure 5.4, 25 % loss fromitiitgal peak value for the cell BM-F 3 um,
46 % for BM-F 4 um, respectively), and consequettily efficiency level for these cells is

much lower.

Figure 5.4.Current decay measurements of BM-F samples oingelectrode thickness (1.8,

3, 4, and 5 um thick titania layers) under full siumination.
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5.3 Conclusion and Outlook

In conclusion, the “brick and mortar” approach lmeven to be a promising alternative
synthesis strategy for the preparation of actiestebdes for RTIL-based DSCs. Rather thin
coatings of TiQ have achieved very high efficiency values, butr@éasing the thickness
resulted in deteriorating photovoltaic charactersstComparing the experiments made using
thin films of BM-F with Y123 and IL-B with the inil results obtained from thicker layers of
BM-F with D205 and IL-A, gives rise to several qiiess: Why do such drastic transport
limitations (reduced voltage and current) occur timnner BM-F films, whereas the
restrictions were found to be much less pronouncedtiicker BM-F electrodes (despite the
similar viscosity of the electrolytes IL-A and ILyB What is the statistical significance of
these results? What measures can be taken to overtt@ transport problems? Can the total
performance be improved by achieving higher absmrpdue to a large surface area in close
vicinity to the FTO electrode?

Future experiments are necessary to address tlhestians. They involve the improvement
of the statistical quality of the data, electrocieahcharacterization of the best cells using
impedance spectroscopy, and the testing of evamehifilms. Furthermore, it could be tried
to increase the pore size by using slightly langelymers or by adding swelling agents to
enlarge the surfactant micelles with the same peftgmFinally, varying the size of the
nanocrystalline titania precursor in the “brick andrtar” approach might affect the pore size
and the transport properties of the titania wallg] optimizing this parameter could lead to an

improvement of the transport characteristics ofIRBdsed DSCs.
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5.4 Experimental Section

Nanoparticles of titanium dioxide were synthesized a modified non-aqueous sol-gel
protocol reported by Niederbergetral *® A solution of TiCk (1.5 mL, 13.7 mmol) in toluene
(10 mL) was added to benzyl alcohol (30 mL, 291 Mnobmder continuous stirring. The
reaction mixture was heated to 60 °C and kept tfwer20 h. After cooling, the particles were
centrifuged for 30 minutes at 50 000 rcf. The astsgsized particles contain about 55 wt%
of titania according to thermogravimetric analysisgd were used without further purification.
Since in previous publications, coating solutiontha content of 70 wt % Ti£nanoparticles
and 30 wt % sol-gel titania precursors (based owontent) proved best for photovoltaic
applications, this ratio was employed for all saespin this chapter. Solutions of Pluronic
P123 (0.2 g, 0.04 mmoBM-P) or F127 (0.3 g, 0.02 mmoBM-F) in tetrahydrofurane (4
mL) were added to titania nanoparticles (0.4 groide nanoparticles, 2.2 mmol of T
subjected to ultrasonic treatment for 20 minuted siivred until a homogeneous dispersion
formed. Subsequently, a prehydrolyzed titania sblsglution (0.4 mL, corresponding to 1.1
mmol TiO,) was added (sol-gel solution, see below), andestifor several minutes. The final
solutions were of a yellow to orange color, andiggarent or translucent. The sol-gel solution
was obtained by slowly adding hydrochloric acid ¢&7 5.1 mL, 62.1 mmol) to tetraethyl
orthotitanate (7.2 mL, 34.3 mmol) under continuatisring. Mesoporous titania films on
FTO-coated glass (TEC-7 from Pilkington) were prepgaby a spin-coating process (150 -
180 pL per 1 cm? substrate area, 800 rpm for 36rs#s) and calcined at 450 °C (with a ramp
of 0.6 °C mint) for 30 minutes.

Scanning electron microscopy (SEM) was performedaodEOL JSM-6500F scanning
electron microscope equipped with a field emisgyom, at 4 kV. The film thickness was

measured by profilometry (Dektak). Nitrogen sorptimeasurements were performed with a
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NOVA 4000e (Quantachrome Instruments) at 77 K. Btaion sufficient amounts of porous
material for N sorption, 20 one-layer films of about 1 um thickmavere scratched off the
substrate after calcination and measured as powBers size distributions were calculated
using a NLDFT equilibrium model of Non silica assuming cylindrical pores.

For photovoltaic measurements, the mesoporous filis on FTO-coated glass substrates
were heated at 500 °C for 30 min, then cooled t88aC and immersed into the dye solution
at room temperature, and kept there for 16 h. Dyatisns of the dye Y123 or D205 (0.3 mM
in 1:1 volume ratio of acetonitri@rt-butanol) were used to sensitize the photoanodgs- D
coated mesoporous TiGilms were assembled and sealed with a transpaninelt 25nm
thick surlyn ring to the counter electrodes (PHJO glass, chemical deposition from 0.01 M
hexachloroplatinic acid in ethanol heated at 400for 15 min). The active cell area in all
samples was about 0.185 cm?2. The electrolyte wastad into the inner electrode space by
vacuum back-filling from the counter electrode sideough a pre-drilled hole, and then the
hole was sealed with a surlyn sheet and a thinsgtaser slide by heating to 120 °C. The
electrolyte mixtures IL-A and IL-B contain 0.5 M NBll (N-methylbenzimidazole), 0.2 M
iodine, 0.1 M GuUuNCS (guanidinium thiocyanate), imMIR mixtures of either PMI/EMITCB
(IL-A , 65:35 volume ratio, PMII: 1-propyl-3-methylimidalzim iodide, EMITCB: 1-ethyl-3-
methyl) or DMI/EMI/EMITCB (IL-B, 12:12:16 molar ratio, DMIIl: 1,3-
dimethylimidazolium iodide, EMIIl: 1-ethyl-3-methyiidazolium iodide). The device
assembly, the characterization of current densitiage, time-resolved photocurrent and
incident photon to current conversion efficiencfQE) of the DSCs were performed by M.
Marszalek in the group of Dr. S. M. Zakeeruddind drof. Dr. M. Gratzel at the EPF

Lausanne, Switzerland, are described in detailv¢ises’
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6. Ultrasmall Titania Nanocrystals and their Direct Assembly

into Mesoporous Structures showing fast Lithium Ingrtion

This chapter is based on the following publication:

Johann M. Szeifert, Johann M. Feckl, Dina FattakhBwhlfing, Yujing Liu, Vit Kalousek,
Jiri Rathousky, Thomas Beidournal of the American Chemical Soci2f1Q 132, 12605-

12611.

6.1 Introduction

Mesoporous crystalline metal oxide layers have bieethe focus of extensive research
activities in the last decad@.The crystallinity of a metal oxide scaffold in cbimation with

a high interfacial surface area and a periodic imdeon the nanoscale are of special interest
in applications involving interfacial charge tragmstind bulk charge transport processes such
as solar cell§2 sensorsand energy storage devid8s? The basic approach to manufacturing
such layers is the self-assembly of metal oxidéding units assisted by a suitable structure-
directing agent:** The critical point here is the amorphous charaofethe common metal
oxide precursors, which usually emanate from sbkgethesis and require crystallization at
elevated temperatures, often resulting in the psBaof the mesostructut€This limitation
motivates the search for largely crystalline buitdiunits that could convert to the final
crystalline periodic scaffolds at mild conditionsdalow temperature®. To make such an

approach successful, the building blocks need textreemely small in order to be compatible

with the size of the structure-directing agentsj #rey should be dispersible in the required
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solvents without agglomeratidi.Hydrothermal synthesis methods are often unsuaitéd
this purpose due to the fast reaction rates, fiaguh highly agglomerated nanoparticles with
a wide distribution of particle size and shape. @& contrary, non-aqueous solvothermal
routes usually provide much better control over $iee, crystallinity and agglomeration
behavior of the nanoparticléSAmong the large number of organic solvents exathinehis
context, benzyl alcohol has received much attentamnit enables the synthesis of a large
variety of metal oxide nanoparticles with high ¢ajnity, a low degree of agglomeration
and tunable particle siZ&*® However, it is difficult to prepare extremely singdrticles with
this approach, and surface-modifying ligands aeded for stabilization. Another issue with
the benzyl alcohol synthesis is the presence ofylemcoholate residues on the particles’
surface, which influence physical and chemical progs of the interface and can be removed
only by harsh oxidative treatment or at temperatuakove 450 °¢>?° An accessible and
ligand-free surface is, however, of great imporéafar charge transfer processes across the
interfaces. This issue can be solved when non-dronsalvents are used as reaction
medium?* Thus, polyols enable the preparation of monodiparystalline nanoparticles
with good interface properties, however, again gt difficult to prepare very small
nanoparticles with this approatf?® Aliphatic alcohols usually require higher reaction
temperatures and typically do not provide homodisge non-agglomerated nanocrystais.
Crystalline nanoparticles can also be preparedheraon-aqueous solvents such as ketones
or aldehyde$®

Aiming to prepare metal oxide nanoparticles of $ramle, enhanced crystallinity and good
dispersibility without the need of additional stang ligands, we exploretert-butanol as a
novel reaction medium. Similar to other small a#ipt alcohols, this solvent can be easily
removed due to its low boiling point of 83 °C. Timeique reactivity otert-butanol resulting
from a strong inductive stabilization of an intedvege carbocation is supposed to result in a

different mechanism of particle formation compatedhat of other aliphatic alcohols, thus
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leading to particles with different properties andrphology?® As a metal oxide system we
selected titanium dioxide, which is of great ingtréor applications in solar cells, catalysis
and energy storagé.

Here we describe the useteft-butanol as a new solvent and reactant in a noneaugol-
gel protocol leading to highly dispersible and nawgstalline titania particles without the need
for additional ligands or surfactants. Ultrasmatlatase nanoparticles of high crystallinity
were obtained by a special microwave-based hegtmgedure that allows the crystal
formation within several minutes. Additionally, shinew approach permits the direct
application of the as-synthesized particles in coatiion with a commercial polymer
template for the preparation of mesoporous titanidioxide films without the need for
particle separation or chemical processing. Thetalyne nature of the films and their use as
electrode material for Li-ion batteries is showndbgctrochemical lithium insertion. Here, the
high surface to bulk ratio of the nanocrystals, treleasily accessible mesoporous structures
with extremely thin walls lead to a drastic accafen of the Li insertion and high maximum
capacitance. Our synthetic strategy leading tolhidlspersible and crystalline nanoparticles
represents a versatile alternative for the premmaraif periodically ordered mesostructures,
and should be applicable to other metal oxidesnaixéd oxides.

The following experiments have been performed hada M. Feckl and Johann M. Szeifert
in the group of Prof. Dr. Thomas Bein. Vit Kalousakd Dr. Jiri Rathousky contributed by

measuring and evaluating krypton sorption isotherms

6.2 Results and Discussion

In a typical procedure for the preparation of fitmm dioxide nanoparticles, a solution of

titanium tetrachloride in toluene was added to wéese tert-butanol at 25 °C and subjected
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to different temperature treatments. In a conveatigynthesis, the reaction mixture was put
into an oven at 60 °C for 24 hours until it turnetb a colourless but turbid and highly
viscous suspension (assigned further as T60). Adtling to room temperature, the
nanoparticles were separated by centrifugatioriuidher characterization. The particles were
highly dispersible in ethanol, and wide-angle X-rsgattering (WAXS) of the material
showed the formation of partially crystalline Ti@natase particles of about 4 nm in size and
the presence of a relatively large amount of amauplphase (Figure 6.1a).

In an attempt to shorten the reaction time, micnemaased heating was examined for this
reaction mixture, as it had been reported for oflystems to significantly accelerate certain
reactions’ After only one hour at 50 °C under microwave iiation, the solution turned
colourless and transparent, and formation of aratagticles of only 3.1 nm was observed by
dynamic light scattering (DLS) and WAXS (Sample M@YSFigure 6.1a). The broad
background in the WAXS pattern still indicates firesence of amorphous material, but at
much lower relative ratios than for samples pregpdyg conventional heating. Microwave
syntheses at higher temperatures led to a signtficarease in crystallinity, but also to larger
particle sizes and precipitation of the particlesnf the solution, thus decreasing their

dispersibility.
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Figure 6.1.Crystallinity and morphology of the Tikhanoparticles obtained usiteyt-BuOH

as the reaction medium after different synthesisdtmns: WAXS patterns of samples T60
(blue), MW50 (red) and 2xMW80/50 (black) (a); higésolution TEM image (HRTEM) and
SAED pattern (inset) of the MW50 particles (b). T8eale bar corresponds to a distance of

1.0 nm.

Using microwave irradiation, we aimed to maximihe tyield of crystalline material in the
product and simultaneously to prevent further pltgrowth and agglomeration. For this
purpose, we combined a fast ramp to a higher testyrer such as 80 °C for an initial burst of
nucleation, directly followed by a cooling periochda a longer dwell time at lower
temperatures (50 °C) for subsequent particle grqgample MW80/50). This procedure leads
to the formation of very small and crystalline paes without visible agglomeration, as
demonstrated by the DLS data of the particles latiem (Figure 6.3), and the transmission
electron microscopy (TEM) images of dried partiakesa carbon-coated copper grid (Figure
6.1b). Although DLS data show the formation of drpalticles of less than 3 nm in size, the
yellow color of the reaction solution still indieat the presence of titanium-chloro complexes
and thus incompletely reacted molecular precurdbvgas found that after two cycles of this

heat treatment a colourless and slightly turbidisomh can be obtained (sample 2xMW80/50),
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from which nanoscale titanium dioxide could be flokated using n-heptane. TGA data of
this sample show weight loss to above 400 °C, sstggethe presence of organic material on
the surface of the nanoparticles (Figure 6.2). Wh&XS pattern of particles made this way
shows much reduced amorphous phase, and the pamdtelning corresponds to nanocrystals
of 3.8 nm in size (Figure 6.1a). This is in goodeagnent with the HRTEM micrographs
(Figure 6.1b) that show particles of the same sitabiting lattice fringes and the typical d-

spacings and electron diffraction pattern of aretas

Figure 6.2. TGA of TiO, nanopatrticles from trt-BuOH synthesis (sample 2xMW80/50,
prior to measurement powder was dried at 60 °C oigit). The initial weight losses below

100 °C correspond to the evaporation of remainoigesit molecules.

The dispersibility of the particles iert-butanol and ethanol was proven by DLS, showing

monodisperse particles with hydrodynamic radiilodat 3 to 4 nm (Figure 6.3).
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Figure 6.3.(a) Picture of 2xMW80/50 particle solutions:tart-butanol/toluene (3:1 volume
ratio, 3.3 wt% TiQ, left), after flocculation with heptane, centriigpn and redispersion in
ethanol (3.3 wt%, middle), and further diluted thanol (0.7 wt%, right). (b) DLS data of
dispersions of particles prepared by microwavettneat in tBuOH (magenta: MW80/50,

black: 2xMW80/50), and of 2xMW80/50 in EtOH (green)

The excellent dispersibility of thert-butanol-based nanoparticles in both ethanol tend
butanol can be exploited for the preparation of apesous films using the as-synthesized
nanocrystals as metal oxide building blocks. Theced advantages d¢ért-butanol are, first,
that due to its low boiling point of only 83 °C, like benzyl alcohol, it is a suitably volatile
solvent for evaporation-induced self-assembly (BISA thin films. Second, it is a good
solvent for the polymers of the Pluronic family, ialh are commonly used as templates for
mesostructure formatioit° Therefore, the reaction mixture containing theapamticles can
be used directly, and the effort needed for theitmadl steps of particle separation and
redispersion in other solvents suitable for theAEffBocess can be avoided. Using this direct
coating technique, mesoporous titanium dioxide dilmere produced from solutions
containing Pluronic P123 itert-butanol that were treated with either one cyclenafrowave

irradiation, or two microwave cycles and thus comtey fully crystalline titania particles. For
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comparison, films were also prepared without amst lieatment of the coating solution from
a sol-gel precursor itert-butanol (sample tBuOH-SG).

A TEM investigation of very thin films was perforohéo get insights into how the particles
arrange around the pores forming the network. Tmrast variations in the walls around the
mesopores in Figure 6.4b and 6.4c prove that féin bacrowave-heated samples, the pore
walls consist of many small particles, whereas foe untreated solution, the walls
surrounding the pores show uniform density whictiidates the presence of homogeneous
but amorphous titanium dioxide (Figure 6.4a). TBBA@H-SG sample also exhibits a worm-
like pore structure, which only converts to an opemnous phase at higher temperatures as

observed by SEM after calcination at 300 °C (Fidgurs).
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Figure 6.4. Mesoporous titanium dioxide films assembled froifiecent building blocks:
tert-butanol titania sol-gel (tBuOH-SG) (a, d), MW80/8f) e) and 2xMW80/50 (c, f). The

first row (a-c) shows STEM-HAADF images of the fdndirectly after coating, and the
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second row (d-f) SEM images (top view) of the sdines after calcination at 300 °C, 450 °C

(9-i), and 600 °C (j-1).

All of the layers prepared from different typesrefction mixtures and calcined at 300 °C
show mesoporous structures with a regular, wormftikee system. The reference sample
prepared from non-treated sol-gel titania precu(Baure 6.4d) exhibits the highest degree of
periodicity, the biggest size of periodic domainsl ghe smallest mesostructure spacing of 14
nm. The MWB80/50 particle solution results in a stame with slightly smaller periodic
domains and a larger pore spacing of about 20 ngui@ 6.4e), while the use of a solution
with the more crystalline 2xMW80/50 particles leadsa much less periodic structure on the
film surface (Figure 6.4f). Still, pores of the sarsize that are open to the surface can be

observed.

Figure 6.5. Isotherms of Krypton adsorption on the titaniael@dyassembled from different
building blocks: tBuOH-SG (black), MW80/50 (blu&xMW80/50 (red). The BET surface
areas of these films are 116 m2#g (tBuOH-SG), 2%gniMW80/50), and 297 ma3/g

(2xMW80/50). The films were calcined at 300 °C.
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The mesoporous nature of the pore system after téhgplate combustion was also
investigated using Kr adsorption (Figure 6.5 ar@®).6The isotherms of all layers exhibit the
typical shape of mesoporous materials with a lang#ace area, high pore volume and the
open and accessible character of porosity. TheeBighurface area of about 300 m2/g is
exhibited by the layers assembled from the MW8@BA 2xMW80/50 particles. The use of
more crystalline 2xMW80/50 particles leads to mesops layers with increased pore size

and pore volume.

Figure 6.6. Textural properties from Kr sorption of sampleseaftalcination at different
temperatures. (a): Pore diameters for samples edteination at 300 °C for samples tBuOH-
SG, MW80/50, and 2xMW80/50 (sample names givenhm figure). (b): Comparison of
isotherms of sample 2xMW80/50 after calcinatio3@®d °C and 450 °C; these data show the
preservation of the surface area (228 m#/g fosdraple 2xMW80/50 after calcination at 450

°C) and a change in the textural porosity uponihgdb the higher temperature.

The periodicity of the mesostructure after treatiragnhigh temperatures was confirmed by

the existence of reflections in small angle X-ragtgering (SAXS, Figure 6.7) from samples
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calcined at different temperatures. At room temjpeea the samples exhibited the typical
reflection of Pluronic P123-templated titania cepending to d-spacings of 10 to 12 nm.
After calcination at 450 °C, this peak was shiftechigher angles and gradually disappeared
at higher temperatures due to rather strong cdidgraof the mesostructure in the direction
perpendicular to the substrdfe” At the same time, other reflections became visitidse to
the lower detection limit of the SAXS at 0.6 to 0.2 and remained at the same position
upon further heating. This proves the existencg@easfodically repeating structural features

after heating up to 600 °C, and indicates struttiranges upon thermal treatment.

Figure 6.7.SAXS patterns of films before and after calcinatatrdifferent temperatures (a):
room temperature, (b): 300 °C, (c): 450 °C, (d)08C. Black:tBUOH-SG, blue: MW80/50,

red: 2xMW80/50.

The crystallization behavior upon heating was afsonitored by evaluating the peak
broadening in wide angle X-ray scattering (WAXS).the sol-gel sample (tBuOH-SG), first
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traces of anatase nanoparticles of about 4.7 nid d®mudetected only after heating to 450 °C
(Figure 6.8*** At even higher temperatures, the nanocrystalshéntért-butanol sol-gel
sample grow rapidly and almost triple their sizeewreated to 600 °C. The microwave-
treated nanoparticulate precursor, however, exhibé&é more steady, controllable
crystallization, and the particles of originallynn grow to only about 6 nm at 300 °C, to 8
nm at 500 °C, and finally to 11 to 13 nm at 600 “®mmarizing, at 450 °C the
nanoparticulate systems show both crystallinity temdplated mesoporosity, while the sol-gel
derived systems show only low crystallinity withmelated mesoporosity. On heating to 600

°C, both systems have lost the templated mesoppmse to further crystal growth.

Figure 6.8. Development of crystal size from broadening of (bh@1) anatase reflection in
wide-angle X-ray scattering upon heating. Black:uu@i-SG, blue: MW80/50, red:

2xMW80/50 (film data below 300 °C were not recordie to their low scattering intensity).

Electrochemical lithium insertion was performed tioe determination of the relative amounts
of crystalline and amorphous phase in the fiimem@dded from different precursors, and to

examine their applicability as electrode materials Li-ion batteries’>® The layers were
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calcined at 300 °C in order to combust the tempdaie: to open the pores, and at 450 °C to
induce further crystallization of the networks. Gyooltammograms of the films prepared
from the untreated solution exhibit only the broexertion/extraction features of the
amorphous phase even after calcination at 450 fgLi& 6.9). The films prepared from the
MW80/50 nanoparticles show the insertion behavibrale amorphous titania phase after
calcination at 300 °C and, after calcination at 4% clearly feature the characteristic
guasireversible insertion/extraction anatase-bgsaks around 1.85 V vs. Li. Finally, the
films assembled from 2xMWB80/50 particles show threspnce of anatase already after
calcination at 300 °C. The amount of crystallinatase phase doubles after heating the films

at 450 °C, and only small traces of }{B) (around 1.6 V) are observable.

Figure 6.9.Cyclic voltammograms (scan rate 0.5 mV/s) fromnsertion of the mesoporous
TiO, films after calcination at different temperaturéBuOH-SG (a), MW80/50 (b), and

2xMW80/50 (c). Black: 300 °C; blue: 450 °C; red06TC.

The above evidence shows that the microwave iriadiaof the titanium tetrachloride
solution intert-butanol leads to the formation of ultrasmall criJsta nanoparticulate seeds,
which after film preparation can induce crystalliaa of the surrounding network at elevated
temperatures by lowering the activation energy.

The films from solutions employing two cycles ofthurst of nucleation profile (sample

2xMW80/50) show a capacity for lithium insertion at7 V (end of the first plateau
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corresponding to insertion into anatase) of 143 fgAditer calcination at 450 °C, which is a
high level for this temperature considering the immasm theoretical Li insertion capacity of
anatase of 167 mAhAj. Furthermore, the material shows good cycling tgbiwhich is

comparable to other recently reported nanostrudtiitania systems (Figure 6.18)%

Figure 6.10.Total discharge capacity of the sample 2xMW80/58ratalcination at 450 °C
upon multiple lithium insertion cycles in the pati@hrange from 3.0 to 1.3 V vs. Li (scan rate

10 mV/s).

Besides the high capacitance, the nanocrystallivte raesoporous nature of the films also
leads to a significant increase in the insertioméetion rate of Li ions (Figure 6.11, and
Figure 6.12). During a charging time of only 15@h& microwave treated samples reach over
80 % of their maximum insertion capacity, whereafenence films assembled from 20 nm
anatase particles take approximately 10 times lot@eeach that level. Similar accelerated
kinetics were also described for films assemblednfrcrystalline anatase nanoparticfe§
and were attributed to a significant contributidnpseudocapacitive processes in the total
electrochemical Li insertion due to the large stefarea of the nanoparticles. The small
crystal size comparable to a maximum penetratiqgothd®r Li ions, the good connectivity of

the crystals providing a continuous pathway for tbe/electron diffusion in the titania
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scaffold, and the excellent accessibility of theepsystem for the Li ions in the electrolyte
also contribute to fast insertion kinetics of ttregared films?® The high insertion capacity
and fast insertion kinetics in combination withastfand facile preparation procedure make
the described mesoporous films promising electmodéerials for thin layer Li ion batteries

and supercapacitors.

Figure 6.11.Comparison of charging rates for reaching maxinuimsertion into TiQ films
assembled from different titania precursors. Thatinee charge was calculated as the ratio of
measured charge over the maximum charge at thest@®gan rate. Black: Standard reference

film made from 20 nm anatase particles, red: 2xMY880

Figure 6.12. Rate dependence of the total charge in Li insertigperiments of the sample

2xMW80/50 after calcination at 450 °C in the poigintange from 3.0 to 1.3 V vs. Li.
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6.3 Conclusion

Non-aqueous sol-gel procedures using benzyl alcbhheé been successfully employed for
the preparation of crystalline metal oxide nanapkes. However, for titania nanoparticles
obtained with this method the dispersibility in anic solvents is limited and very small
particle sizes are not accessible. Here we showtktigacombination of the new reaction
mediumtert-butanol and microwave irradiation using very shegction times provides an
effective synthesis protocol for the preparationstdble, soluble, and ultrasmall anatase
nanoparticles. Additionally, due to the low boilipgint oftert-butanol and the high solubility
of Pluronic templates in this solvent, it was pbksio develop a direct coating technique for
the preparation of mesoporous films from nanoctiysé particles, omitting the time-
consuming steps of centrifugation and redispersfamanoparticles in a different solvent. The
use of these ultrasmall and highly soluble parsicdlowed the production of mesoporous
layers from nanoparticulate precursors using comialePluronic templates in an efficient
one-pot procedure, and the films exhibit uniformsoporous networks with a very high
surface area. The microwave-treated titanium dexitins can be converted, contrary to
untreatedert-butanol sol-gel derived films, into anatase upoadicication at 450 °C due to a
seeding effect of the previously formed crystallim@noparticles. Finally, electrochemical
lithium insertion in these films shows the advaewg@f the microwave treatment regarding
the retention of mesoporosity and crystallinityadang to high insertion capacities and
remarkably fast charging rates. The efficient prapan of the ultrasmall nanoparticles and
their applicability in the direct preparation of se@orous titanium dioxide make thisrt-

butanol system an attractive alternative to otloer-agueous sol-gel strategies.
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6.4 Experimental Section

Titanium dioxide nanoparticles were synthesizechgis non-aqueous sol-gel routetent-
butyl alcohol under microwave irradiation. All chimads were purchased from Sigma-Aldrich
and used as receivetbrt-Butyl alcohol was dried over 4 A molecular siewe28 °C and
filtered prior to use.

For all syntheses, titanium tetrachloride (1.5 B,7 mmol) was dissolved in toluene (10
mL) and added tdert-butyl alcohol (30 mL, 320 mmol) under continuousristg. This
solution was directly used as metal oxide precui@othe sample tBuOH-SG. For the sample
T60, this solution was kept at 60 °C for 24 houkcrowave heating was performed in
microwave autoclaves with an initial heating powé€rn200 W (Synthos 3000, Anton Paar).
MW50 was heated to 50 °C within one minute and kaepthis temperature for one hour.
MW80/50 was heated to 80 °C within one minute, #meh kept at 50 °C for 20 minutes
resulting in a slightly yellow, transparent solutiof nanoparticles.

To obtain the fully crystalline nanoparticles, tlsating procedure had to be repeated one
more time after a cooling period to room tempet@xMW80/50). The solution was then
colorless, and titanium dioxide could be floccuthby the addition of n-heptane (n-heptane:t-
butanol/toluene 1:1 volume ratio) and separateddmyrifugation at 50000 rcf for 15 minutes.
The content of TiQof the resulting solid was determined to be 73 wi#thermogravimetric
analysis (Netzsch STA 440 C TG/DSC).

One-pot coating solutions were made by mixing geaetion mixtures with Pluronic P123 (1.4
g, 0.24 mmol) after microwave heating. Coatingwilite nanocrystalline solid as Ti€burce
were made by dissolving the amount of 0.2 g nanimpes in ethanol (2 mL) and mixing this

solution with Pluronic P123 (0.2 g, 0.04 mmol) inA (2 mL). Films of mesoporous TiO
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were prepared on glass, FTO, or silicon by spirthagawvith 1000 rpm at 23 £ 2 °C and a
relative humidity of 45 + 10 %.

Scanning electron microscopy (SEM) was performedaodEOL JSM-6500F scanning
electron microscope equipped with a field emissgum, at 4 kV. High Resolution
Transmission Electron Microscopy (HRTEM) and ScagniTransmission Electron
Microscopy in High Angle Annular Dark Field model&M-HAADF) were performed using

a FEI Titan 80-300 equipped with a field emissiam gperated at 300 kV. The particulate
samples were prepared by evaporating a drop ofuedisolution of particles with small
amounts of Pluronic P123 in THF on a Plano holepa@a coated copper grid. HRTEM of
films was carried out by scraping the thin-film gdes off the substrate onto a holey carbon
coated copper grid or by direct spin-coating of thieite solution on a non-holey carbon
coated copper grid.

The porosity of the films was determined by thelygsia of adsorption isotherms of Kr at the
boiling point of liquid nitrogen (approx. 77 K) wg an ASAP 2010 apparatus
(Micromeritics). Textural data is drawn from comipgrthe shape of the hysteresis loop and
the limiting adsorption at saturation pressurehef Krypton sorption isotherms with reference
materials (anatase powders) characterized by Nitrogorption. Comparison plots were
constructed for each sample, and the differenhatibthese plots provided the basis for the
pore size distribution.

X-ray diffraction analysis was carried out in retien mode using a Scintag XDS 2000
(Scintag Inc.) and a Bruker D8 Discover with Nidiled CuK-radiation and a position-
sensitive detector (Vantec). The thermal develognoérine XRD diffraction patterns was
monitored either by ex situ heating or in in-siteasurements using a DHS-1100 heating
chamber with a graphite dome (Anton Parr).

Dynamic light scattering (DLS) was performed usedValvern Zetasizer-Nano equipped

with a 4 mW He-Ne laser (633 nm) and an avalantiotéqaliode detector. The scattering data
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were weighted based on particle number. Prior t& Dheasurements, the viscosity of the
solvent mixture was measured using a Bohlin rotatioheometer (Malvern).

For lithium insertion, the mesoporous films wereated on conductive ITO glass and
subjected to cyclic voltammetry using a Parstat 32Pbtentiostat (Princeton Applied
Research). The measurements were performed in asbliion of LIN(SOCR;),in a 1:1
w/w mixture of ethylenecarbonate and 1,2-dimethtixyee. The solution preparation and
cell assembly were carried out in an Ar-filled gtolvox with a water and oxygen content of
less than 20 ppm. The electrolyte solution wasddaeer 4 A molecular sieve. Li wire was
used as both the auxiliary and the reference el@etrThe working electrode was masked
with a silicone resin to precisely define the exgbssurface area. Electrochemical
measurements were taken in a potential range fr@d1.3 V vs. Li. The scan rates in
cyclic voltammetry measurements were varied frof . 100 mV &.The weight of the
titania layers was calculated using the thickndgh® films and their density, which can be
obtained by multiplying the density of anatase (®&n3) with the porosity determined by Kr
sorption experiments. The accuracy of this methad @onfirmed by weighing 10 films of the
same samples on larger substrates with similar thlitcknesses. The reference sample for Li
insertion was made as described elsewfiehe.brief, anatase nanoparticles of 20 nm size
were synthesized hydrothermally, and were mixed wellulose binders. Porous films on
FTO substrates were obtained using the doctor bledenique (Zehntner ZAA2300) and

calcination at 450 °C for 30 min (1 °C/min ramp).

6.5 References

1. Yang, P.; Zhao, D.; Margolese, D. I.; ChmelkaFB Stucky, G. DNature1998 396,

152-155.

134



6. Mesoporous Titania Structures from Ultrasmalhdlzarticles

2.

10.

11.

12.

13.

14.

15.

Lee, J.; Orilall, C. M.; Warren, S. C.; Kamperm#/.; DiSalvo, F. J.; Wiesner, U.
Nature Mater2008 7, 222-228.

Boettcher, S. W.; Fan, J.; Tsung, C.-K.; Shi,Rucky, G. DAcc. Chem. Re2007,
40, 784-792.

Wan, Y.; Yang, H.; Zhao, Acc. Chem. Re2006 39, 423-432.

Sanchez, C.; Boissiére, C.; Grosso, D.; Lab&rtyNicole, L.Chem. Mater2008 20,
682-737.

O'Regan, B.; Gratzel, NNature1991, 353 737-740.

Zhang, Q.; Chou, T. P.; Russo, B.; Jenekh&.SCao, G.Angew. Chem. Int. Ed.
2008 47, 2402-2406.

Rajan, J.; Velmurugan, T.; Seeram,JRAmM. Ceram. So2009 92, 289-301.

Pinna, N.; Neri, G.; Antonietti, M.; Niederberg®. Angew. Chem. Int. EQ004 43,
4345-4349.

Li, H.; Balaya, P.; Maier, J. Electrochem. So2004 151, A1878-A1885.

Poizot, P.; Laruelle, S.; Grugeon, S.; Dupdumt, Tarascon, J. MNature 200Q 407,
496-499.

Grosso, D.; Cagnol, F.; Soler-lllia, G. J. deA; Crepaldi, E. L.; Amenitsch, H.;
Brunet-Bruneau, A.; Bourgeois, A.; Sanchez,Adv. Funct. Mater2004 14, 309-
322.

Yang, P.; Zhao, D.; Margolese, D. I.; ChmelRaF.; Stucky, G. DChem. Mater.
1999 11, 2813-2826.

Szeifert, J. M.; Fattakhova-Rohlfing, D.; Geadypu, D.; Kalousek, V.; Rathousky, J.;
Kuang, D.; Wenger, S.; Zakeeruddin, S. M.; Gratlkel|,Bein, T.Chem. Mater2009
21, 1260-1265.

Fattakhova-Rohlfing, D.; Szeifert, J. M.; Yu, ®alousek, V.; Rathousky, J.; Bein, T.

Chem. Mater2009 21, 2410-2417.
135



6. Mesoporous Titania Structures from Ultrasmalhdlzarticles

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

136

Niederberger, M.; Garnweitner, Ghem. Eur. J2006 12, 7282-7302.

Niederberger, M.; Bartl, M. H.; Stucky, G. Ohem. Mater2002 14, 4364-4370.
Niederberger, M.; Bartl, M. H.; Stucky, G. . Am. Chem. So2002 124, 13642-
13643.

Niederberger, M.; Garnweitner, G.; Krumeich, Wesper, R.; Colfen, H.; Antonietti,
M. Chem. Mater2004 16, 1202-1208.

Kotsokechagia, T.; Cellesi, F.; Thomas, A.;démerger, M.; Tirelli, N.Langmuir
2008 24, 6988-6997.

Pinna, N.; Niederberger, Mngew. Chem. Int. E@008 47, 5292-5304.

Feldmann, C.; Jungk, H.-Angew. Chem. Int. E@001, 40, 359-362.

Feldmann, CAdv. Funct. Mater2003 13, 101-107.

Wang, C.; Deng, Z.-X.; Zhang, G.; Fan, S.;YLiPowder TechnoR002 125, 39-44.
Yang, X.; Konishi, H.; Xu, H.; Wu, Meur. J. Inorg. Chen2006 2006 2229-2235.
Li, G.; Li, L.; Boerio-Goates, J.; Woodfield, B.J. Am. Chem. So2005 127, 8659-
8666.

Wang, C.; Deng, Z.-X.; Li, Y¥norg. Chem2001, 40, 5210-5214.

Garnweitner, G.; Antonietti, M.; Niederberger, Chem. Commur2005 397-399.
Kominami, H.; Kato, J.; Takada, Y.; Doushi, ®htani, B.; Nishimoto, S.; Inoue, M.;
Inui, T.; Kera, Y.Catal. Lett.1997, 46, 235-240.

Bartl, M. H.; Boettcher, S. W.; Frindell, K.;LStucky, G. D Acc. Chem. Re2005
38, 263-271.

Bilecka, I.; Djerdj, I.; Niederberger, Mhem. Commur2008 886-888.

Grosso, D.; Soler-lllia, G. J. d. A. A.; CragialE. L.; Cagnol, F.; Sinturel, C,;
Bourgeois, A.; Brunet-Bruneau, A.; Amenitsch, Hlbduy, P. A.; Sanchez, ©Chem.

Mater.2003 15, 4562-4570.



6. Mesoporous Titania Structures from Ultrasmalhdlzarticles

33.

34.

35.

36.

37.

38.

39.

Crepaldi, E. L.; Soler-lllia, G. J. d. A. A.y&so, D.; Cagnol, F.; Ribot, F.; Sanchez,
C.J. Am. Chem. So2003 125 9770-9786.

Choi, S. Y.; Mamak, M.; Speakman, S.; ChopraOzin, G. A.Small2005 1, 226-
232.

Fattakhova-Rohlfing, D.; Wark, M.; Brezesinski; Smarsly, B. M.; Rathousky, J.
Adv. Funct. Mater2007, 17, 123-132.

Brezesinski, T.; Wang, J.; Polleux, J.; Dunm, Bolbert, S. HJ. Am. Chem. Soc.
2009 131, 1802-1809.

Ren, Y.; Hardwick, L. J.; Bruce, P. @agew. Chem. Int. EQ01Q 49, 2570.

Wang, J.; Polleux, J.; Lim, J.; Dunn,BPhys. Chem. €007, 111, 14925-14931.

Ito, S.; Murakami, T. N.; Comte, P.; Liska, Eratzel, C.; Nazeeruddin, M. K.;

Gratzel, M.Thin Solid Films2008 516, 4613-4619.

137



138



7. Low-Temperature Synthesis of Mesoporous Titani&ilica

Films with preformed Anatase Nanocrystals

This chapter is based on the following publication:

Dina Fattakhova-Rohlfing, Johann M. Szeifert, QianqYu, Vit Kalousek, Jiri Rathousky,

Thomas BeinChemistry of Material201Q 21(12), 2410-2417.

7.1 Introduction

Crystalline nanoparticles are attractive buildirigcks for the solution-based preparation of
nanostructured materiald. In principle, the assembly of nanoparticles cdietb by
structure-directing agents can enable the preparati highly crystalline porous structures
with defined morphology already at low temperatifré&The scope of possible systems can
be extended even further when the nanocrystaldispersed in different non-crystalline
matrices, thus opening the way towards novel nampesite system>> However, the use of
nanocrystals as building blocks imposes certaimirements on their properties. Besides a
well-defined size distribution, the nanocrystal®wld be easily dispersible and form non-
agglomerated colloidal solution® Moreover, these solutions should be compatiblé wie
structure-directing agent and the precursor fomibve-crystalline component of the matrix.
Here we report the preparation of mesoporous &taiica composites from crystalline titania
nanoparticles and mesoporous amorphous silica. Systems have been the subject of
intensive research activity, as they may combiree ghoperties of both components, thus
extending their functionality beyond that of ther@unaterials’?®> Such a composite can

benefit, for example, from the antibacterial an-sleaning properties of crystalline titarfi&,
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and the mechanical and thermal stability and esoelloptical properties of periodic
mesoporous silica in combination with a well-defingore architectur€. Combining both
components, novel materials can be obtained extghié.g., exceptional self-cleaning ability
and high photocatalytic efficiency in gas phasetieas.

The preparation of mesoporous titania-silica cagtirs a challenging task as the efficient
performance of such films requires homogeneousgilligion of both components, high
loading and high crystallinity of the titania phas&d a controlled porosity exhibiting large
accessible surface area, suitable pore size andectwity. Moreover, the development of
effective procedures for the preparation of higllystalline titania-silica films at low
temperatures is of great interest due to the plessibe of thermally less stable substrates,
higher energy efficiency, and simplified processing

In view of these requirements, several routes tdsvéine preparation of mesoporous titania-
silica composites have been explored. The most aomynused techniques are based either
on a self-assembly of sol-gel processed molecutacyssors of TiQ and SiQ with a

structure-directing agent;*’20:28:29

or on grafting of titania precursors on the prefed
mesoporous silica layef$?®> However, the titania phase in these compositemiiilly
amorphous and has to be calcined at least af@0A order to induce its crystallization. To
overcome this problem, preformed titania nanoctystave been combined with periodically
organized mesoporous silit¥***However, the reported methods deal with relatitaige
titania particles, whose size significantly excetdds of the pore system. As a consequence,
the crystals do not participate in the mesostrectarmation and the potential advantage of
the high surface-to-bulk ratio at the nanoscalencame fully exploited. To be compatible
with the silica mesopore structure, the size oftitamia crystals should be in the range of a
few nanometers. Even if the preparation of collbstdutions of such small nanopatrticles has

proven to be difficult due to their tendency towsaideversible agglomeration, recently a

suitable synthetic technique has been develdféd*°=?
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In this work we have used the so-called “brick amortar” strategy%*3to prepare titania-
silica composite films suitable for gas phase ptatalysis. Pre-formed titania nanocrystals
were fused with surfactant-templated sol-gel silighich acts as a structure-directing matrix
and as a chemical glue (Scheme 7.1). Stable callsiolutions of titania crystals 4-5 nm in
size were obtained by a non-aqueous low-temperature®>*>**We found that the particles
disperse easily in high concentration of up to 1@min the presence of block-copolymers of
the Pluronic family (PEQPPQ-PEQ,) to form transparent colloidal solutions. The ldoc
copolymers of the polyether type are especiallyulses they stabilize the particles by weakly
bonding to the particle surface without covalenidtionalization®? which could deteriorate
their photocatalytic activity. At the same timeunic acts as a structure directing agent in
the film assembly. The sol-gel derived silica igpexsally suitable as a “mortar” as it
condenses already at low temperatures, thus leaditige formation of mechanically stable

continuous films of high optical quality.

Scheme 7.1Formation of hanocomposite titania-silica mesoperéilms using pre-formed

titania nanocrystals stabilized by the Pluronicypmér, and amorphous sol-gel silica precursor.

The different chemical composition of “bricks” antinortar” components in these
nanocomposites makes them easily distinguishahbkhlieg deeper insights into the role of
the individual synthesis parameters on the homageré particle distribution and the
morphology of the mesostructure. One of the impdrigarameters is the nature of the

structure-directing agent, because it influenceth ltloe solubilization of particles and their
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self-assembly properties. We examined two Plurgotymers with different lengths of
hydrophilic polyethyleneoxide chains, namely PlucoR123 (x, y = 20, 70) and Pluronic
F127 (x, y = 106, 70). In order to make full uselef developed procedure, we have focused
on the low-temperature processing of the films. thes purpose, two different strategies to
remove the template were applied, namely calcinadiothe lowest possible temperature and
template extraction. The calcination was delibdygperformed at the lowest temperature of
template combustion at 30%. Finally, the accessibility of the titania sudaand its
photocatalytic activity in the resulting compositess investigated in the photocatalytic
oxidation of NO.

The following experiments have been performed pénd project: The composite films were
synthesized and characterized using X-ray diffeagtielectron microscopy, and Raman
spectroscopy by Dr. Dina Fattakhova-Rohlfing, QiangYu, and Johann M. Szeifert.
Krypton sorption and photocatalytic experiments evgerformed and evaluated by Vit

Kalousek, and Dr. Jiri Rathousky at the J. Heyrgusistitute in Prague.

7.2 Results and Discussion

Completely crystalline titania nanoparticles segviss “bricks” were prepared by reacting
titanium tetrachloride with benzyl alcohol at 4001% 3! Reaction time and temperature are
the decisive parameters in the synthesis, resuiltirapatase particles of 4-5 nm in size after
treating the reaction mixture at 60°C for 24 hqigure 7.1b, Figure 7.2). A further increase

in reaction time and temperature leads to paréigigilomeration or particle growth.
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Figure 7.1. Colloidal solution (9 wt % in THF) of Pluronic tabilized titania nanoparticles
synthesized at 6@ (a), and TEM image of the Pluronic - stabilizedtjzles (b). The inset 5

nm x 5 nm in size shows the high resolution TEM {HEM) of a single nanopatrticle.

Figure 7.2. XRD pattern of titania nanoparticles synthesize®@ C corresponding to the
crystalline structure of Ti@anatase. Particle size estimated according torfchequation

from the peak width broadening is 4.5 nm.

While the obtained particles are insoluble bothvater and organic solvents, they redisperse
easily at concentrations of up to 10 wt % in tegdabfuran in the presence of a suitable
Pluronic block-copolymer (Figure 7.1a). The timeeded to completely redisperse the

particles depends on the type of Pluronic copolyroeing 2 and 12 hours for Pluronic P123
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and F127, respectively. The nature of the intevastiof the Pluronic polymers with the
surface of titania particles is still unclear, altigh experiments with other surfactants suggest
that the polyethylene oxide groups interact witle gurface titanium atoms via multiple
coordination bondd® Apparently, the difference in hydrophilicity arttetnumber of ethylene
oxide groups in the polymer blocks have a decisnfeience on their coordination and
solvation behavior.

The established procedure for the preparationestiica sol*°had to be modified to make it
compatible with the stability requirements of thartia colloids, especially the use of THF as
a solvent and the low pH range at which titanialocdé are stable. The optimized
composition of silica sols contains TEOS as sipoacursor, water as hydrolysis agent, HCI
as a hydrolysis catalyst, and THF as a solverth@nntolar ratio of 1.0 : 9.1 : 0.016 : 2.7. For
the coating solutions, the amount of Pluronic walsidated as a weight ratio with respect to
the total weight of metal oxides. The optimum antaegarding the complete redispersion of
titania nanoparticles and the periodicity of thenfed mesostructure was found to be 150
wt % and 100 wt % for Pluronic P123 and Pluroni@ Flrespectively.

For the preparation of the “brick and mortar” tisilica hanocomposites, a certain amount
of silica “mortar” was added to the copolymer-stiabd colloidal solution of nanocrystalline
titania “bricks”. To investigate the influence diet particles on the development of the
mesostructure, the ratio of "bricks" and "mortastponents was varied. The solutions were
prepared in such a way that the relative amourthefcopolymer with respect to the total

amount of metal oxides was kept constant.

7.2.1 Films templated with Pluronic P123

X-ray diffractograms show that the addition of npaudicles to the silica sol has a strong

influence on the mesostructure of the formed filfke reference films prepared without
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titania particles exhibit small angle XRD pattecwresponding to mesostructured domains
with a periodicity d of 7 nm (Figure 7.3). When rieasing the particle concentration, the
mesostructure becomes less organized. Additionatrthan 10 % of particles leads to the

complete disappearance of the mesostructure ogderin

Figure 7.3. Diffraction patterns of the “brick and mortar” tii@a-silica films with different

titania content prepared using Pluronic P123 afeatment at 100 °C (a) and 300 °C (b).

The morphology of the composite films and the dhstion of both oxides were investigated
with electron microscopy. The TEM images of thenSl containing 10 wt % nanoparticles
reveal a porous mesostructure with inclusionstahia nanocrystals, which are identified as
darker spots and whose lattice fringes are obsarvétR-TEM (Figure 7.4a). According to
Scanning Transmission Electron Microscopy in Higngke Annular Dark Field mode
(STEM-HAADF) coupled with EDX analysis (Figure 7,4b), the film’s morphology is
inhomogeneous. Addition of even small amounts afoparticles leads to a microphase
separation and coexistence of mesoporous domaththamon-porous agglomerates (Figure
2c). EDX analysis of the corresponding areas (KEigudb) demonstrates that the domains
with periodic mesoporosity (inset 1) are composkdoat solely of silica, while the non-

organized agglomerates of particles (inset 2) ¢oratdnigh concentration of titania.
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Figure 7.4. Electron microscopy of the titania-silica film tphated with Pluronic P123 and
containing 10 % particles after calcination at 80a) TEM image demonstrating the
mesoporous film structure with embedded titaniaocaystals, which are shown in the inset,

c) STEM-HAADF image and b) EDX analysis of the s&del areas marked in (c).

To sum up, the addition of the colloidal titanianoparticles to the silica sol-gel precursor
templated with Pluronic P123 as a structure-dingciigent has a strong influence on the self-
assembly and the meso-organization of the filmslyGu very low concentrations, the
particles can be incorporated into the mesopordlisa smatrix with a homogeneous
distribution in the bulk of the film (Figure 7.4&Jigher particle concentrations beyond 20 %
lead to strong distortion or complete disorder loé tmesoporous structure (Figure 7.5).
Therefore, Pluronic P123 is not a suitable stabifjzagent for achieving a homogeneous
distribution of nanoparticles within the silica glea As high particle concentrations can be
important for certain applications, the influendeaalifferent template on the dispersibility of

the particles and their final distribution in thienls was investigated.
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Figure 7.5. TEM images of the sample containing 30 % partieliéer calcination at 300 °C.
The major part of the films does not show periagichowever, small domains of silica

featuring a filament-like morphology can be obsdrve

7.2.2 Films templated with Pluronic F127

Mesostructure characterization

In contrast to Pluronic P123, the use of the laaget more hydrophilic Pluronic F127 block
copolymer permits the preparation of compositenidtssilica mesoporous architectures that
can accommodate a larger amount of nanocrystaloutitany significant perturbation of the

mesostructure periodicity. Even for films with arfpde content of up to 30 wt %, the

diffraction signals at small angles are still obeek, indicating the presence of a periodic

mesostructure (Figure 7.6).
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Figure 7.6. Small-angleXRD patterns of titania-silica “brick and mortaitnis with various
particle contents templated with Pluronic F127 rafiteatment at 100 °C (a) and 300 °C (b).
The presence of the diffraction peak at low andtesthe composite films with different
particles content demonstrates the preservaticimeofpore ordering after particles addition,
although the continuous decrease in the diffragieak demonstrates the decrease in the pore

structure periodicity with the increasing partictemtent.

TEM images of the films with different particle amntrations calcined at 300°C are shown
in Figure 7.7. The pure silica films feature a pdit mesoporous structure with ellipsoidal
pores 8.5 x 5.5 nm in size and periodic distanées3dy 10 nm as derived from the Fourier
transform of the images (inset). The addition oftipkes leads only to some slight
deterioration of the mesostructure periodicity amdncrease in the pore size ranging from 9
to 11 nm. The titania crystals form small agglonesaof 5 to 14 nm in diameter, which are
homogeneously embedded within the pore walls througthe complete volume of the films.
The pores have a spherical rather than ellipsatiabe, probably due to the presence of

nanocrystals in the walls that might reduce thee @trrinkage during calcination.
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Figure 7.7. TEM images of titania-silica “brick and mortariris templated with Pluronic
F127 containing 0 wt % particles (first row), 15 %t particles (second row) and 30 wt %
particles (last row) after calcination at 300 °QieTinsets show the Fourier transform of the

same picture revealing the periodic mesopore strect
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Obviously, Pluronic F127 is much more suitabletfer self-assembly of titania nanoparticles
with silica precursor compared to the smaller amatarhydrophobic Pluronic P123. The

mesostructure is able to include up to 30 wt %astiples without significant changes.

Crystallinity and porosity of low-temperature presed films

The crystalline anatase phase in the films canasédyedetected by its Raman modes at 144
cm® (Ey), 398 cn* (Byg), 518 cni (A1) and 639 crif (Ey).***” As seen in the Raman spectra,
the intensity of titania vibrational modes increasi@early with the particle content in the

precursor solution (Figure 7.8A).

Figure 7.8. A) Raman spectra of titania-silica “brick and nawoit films templated with

Pluronic F127 and containing various amount ofiplag. The spectra were normalized to the
intensity of the C-H stretching vibrations of Plnim® B) Raman spectra of composite
titania-silica films with 30 wt % of nanoparticlesmplated with Pluronic F127 and subjected
to different post-synthesis treatments: non-tredggdtreated at 100 °C and extracted with

EtOH under reflux (b) and calcined at 300 °C (c).

The Pluronic F127 template was removed either Wgiregtion at 300 °C or by extraction

with EtOH at 80 °C. The efficiency of the templagenoval in both cases was also followed
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by Raman spectroscopy. The Raman spectra of diffgréreated films with identical
composition were normalized using the anatase baridl4 crit, assuming that the amount
and size of titania crystals are maintained aftdcination. Figure 7.8B shows that the C-H
stretching vibrations of Pluronic polyalkyleneoxid®ieties in the range of 2700-3100 tm
observed in the freshly deposited film vanish after calcination at 300°C due to the
combustion of the template. The intensity of thesaks also drastically decreases after
extraction of films with EtOH under reflux for 4 s, and further decreases after prolonged
extraction for 16 hours, demonstrating the effickenf this procedure for the removal of the

template.

Figure 7.9. Adsorption isotherms of Kr at 77 K on titania-sdi “brick and mortar” films
templated with Pluronic F127 and containing variaosunts of particles: calcined at 300 °C
(left) and treated at 150 °C followed by extractisith EtOH under reflux (right). The inset

shows an adsorption isotherm for a film contair@ry of titania nanocrystals.

The textural properties of the films containingfeliént amounts of titania particles, de-
templated either by calcination or extraction, wguantitatively studied by Kr adsorption at
77 K (Figure 7.9, Table 7.1). The concentrationnahoparticles in the films calcined at
300 °C has a decisive effect on the porosity. Thesf prepared without any TiO

151



7. Synthesis of Mesoporous Titania-Silica Films

nanoparticles exhibit very small surface area am@ polume (Figure 7.9, inset), which we
attribute to pore blocking preventing the accessad$orbate molecules at the very low
temperature of the adsorption experiment. Appayetie voids in the film (see the TEM
image in Figure 7.7) are linked only via narrow ggfmicroporous defects or cracks), thus
replicating the space occupied by the sphericaklais embedded within the unperturbed
siliceous framework. The samples containing 10-1®f410, nanoparticles have a much
larger specific surface area and pore volume, w&itemaller degree of pore blocking as
follows from the shape of the hysteresis loop. presence of the TiOnanoparticles appears
to open the continuous siliceous framework andifat2 the access of krypton. Furthermore,
TiO, nanoparticles may act as oxidation catalyst, acaghg the complete removal of the
template. The porosity of the films containing 30 &% nanoparticles is well-developed,
featuring very narrow pore size distribution, véayge pore volume and the absence of pore
blocking. The narrowness of the pore size distitsuffollows from the steepness of the
adsorption and desorption branches, however, atgbint it is difficult to determine the
actual pore size distribution due to the propentieisr far below its triple point.

The increase in particle content to 50 % leads tietarioration of the mesoporous system,
which is characterized by a wider pore-size distidn and smaller pore volume, the large
specific surface area being, however, preservettaéied films prepared without particles do
not show mesoporous sorption characteristics, [gladue to the fact that the pores are still
partially filled with the template, which cannot bempletely removed by extraction. This
was confirmed by the observation that calcinatiom@0 C leads to a substantial gain in
surface area and pore volume (Table 7.1, Figurg F#ms containing 10-15 wt % of
nanoparticles are characterized by two steps dndbeorption branch, which corresponds to
a bimodal pore system. Characteristically, theinalt and extracted samples containing 30
wt % of nanoparticles are practically identicallwiespect to their porosity. This supports the

hypothesis that the structure of the solid phasstisngly affected by the presence of
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nanocrystals such that extraction is sufficienttfoe removal of the polymer. The extracted
films containing 50 wt % of nanoparticles exhibpare volume 70 % larger than the calcined
ones, which could be attributed to a substantiahkage of the silica matrix upon treatment

at higher temperatures.

TiO,, | Treatment Sec, Vspec, Character of porosity,
wt % cnéen? | mmien? | D, nm
0% | calc 17.4 0.0020 pore blocking
extr ~0
extr+calc 408C 264.9 0.0197 voids + micropores
20 % | calc 213.5 0.0202 pore blocking
extr 59.3 0.0059 bimodal
30 % | calc 167.0 0.0229 less pore blocking
extr 166.8 0.0232 bimodal
50 % | calc 230.0 0.0425 7.4
extr 236.3 0.0465 7.9
70 % | calc 240.4 0.0246 wide pore size distribution
extr 258.0 0.0413 6.4

Table 7.1. Textural parameters and porosity of films calcim@®B0CGC or treated at 15C
with subsequent extraction with EtOH, respectivélye; Vspes BET surface area and pore
volume are related to the geometric size of thesuprespectively; D=4V/S, effective pore

size calculated from the pore volume and surfaea.ar

Titania accessibility and photocatalytic activity

In order to assess the functionality of titaniastays in the composite films, the activity of

composite films was tested in the photocatalyticatton of NO. This reaction was selected
for two reasons. First it is of environmental imaoice as one of the technologies for the
removal of NO, which is present in the range ofesalvhundred ppb in the atmosphere of
large cities. Second, it has been suggested aS@rstandard for testing the photocatalytic
activity of materials in the gaseous phase. Therd#sl NO molecules react first with Obr
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HO, radicals to form adsorbed HNQwhich is further photooxidized to NONGQ; is either
desorbed or converted to HNO'he degree of conversion to Hi@epends on the residence
time of NG in the adsorbed state and is substantially enldabgethe porosity of the
employed photocatalyst. Large-surface mesoporduss ficontaining crystalline TiDare
especially effective when the photodecompositiorcimaaism requires adsorption of species
prior to reaction on the surface. The amount obdu=d substances is increased due to the

large surface area, which enhances their deconqasit

Figure 7.10.Photocatalytic activity of extracted (black) aradained (red) titania-silica films
with different particle content in the photocatadydxidation of NO measured after switching
on the light (time = 5 min) (a) and the correspogdphotocatalysis measurement curves of

extracted (solid lines) and calcined (dashed lisas)ples (b).

For the photooxidation of NO, both extracted antdtinad films were tested. Here we
selected the films with the organized periodic nsésmture, that is, those with a titania
particle content up to 30 %. While films of purdicsi are inactive, the activity of those
containing TiQ nanocrystals increases almost linearly with th@,Téontent (Figure 7.10),

approaching the conversion efficiency of 3.9-4 % tfee flms composed solely of titania

particles taken as a reference. This linearity icorsf the homogeneous distribution of the
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particles and their good accessibility for molesui®m the gas phase. We also note that the
activities of low-temperature extracted films asehggh as those of calcined films. This opens
up new perspectives for the preparation of crysllphotocatalytic coatings at low
temperatures, which would make even plastic sulestracceptable for this application.
Further increases of the photocatalytic activityttudse films are expected for thicker films

and for films with particle contents over 50 wt %.

Conversion

Calcined Extracted
(%)
Particle

0% | 10% | 15% | 30%| 0% 10945 %| 30 %
content
light on 0.00| 0.69 1.48 1.92 0.0 0.9 1.13 279
after 2h 0.00( 0.89 0.99 0.99 0.0 0.69 0J/9 1{29

Table 7.2. Efficiency of NO conversion in photocatalytic megsuents for calcined and
extracted films with various particle content meadudirectly after switching on the light

(time =5 min) and after 2 hours of illumination.

Possible self-assembly mechanism of the compdaitétsilica mesostructures

The obtained experimental data demonstrate thatctimeposite titania-silica films with
organized mesoporous architecture can be assembilmd the Pluronic-stabilized
nanoparticles and hydrolyzed silica precursor. Vé& raddress the question of how this
meso-organization takes place. In a classical eatipo-induced self-assembly (EISA)
process, the mesostructure formation is directethbymicelles of a surfactant, which self-
assemble in the presence of inorganic precursor Sapramolecular periodic structures. In
contrast, in the “brick and mortar” procedure ukede, the surfactant molecules are at least

partially bound to the nanocrystals’ surface, tlmrgering the concentration of free surfactant
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in solution and altering the conditions for the etlie formation. Therefore, several different
ways of interaction between patrticles, silica preouand template have to be considered for
the final EISA step.

We can hypothesize two extreme cases for the ssmbly process. In the first case, the
surfactant-stabilized particles act themselvesasstructure-building blocks and arrange in a
liquid-crystalline periodic structure, which is imggnated by the silica oligomers. In the
second case, addition of silica precursor leagsttal or complete desorption of the surface-
bound template due to replacement by hydrolyzedasiand a self-assembly of liberated
surfactant molecules with inorganic components dafkace in a classical EISA process.
Although experimental proof on the different routek self-assembly could not yet be
obtained, the structural resemblance of the puiasample with the composite films gives
evidence that their formation mechanism does rtdrdsignificantly. Another point is that no
formation of periodic structure is observed for gwymer-stabilized particles without silica
component. We therefore propose that the mesosteutdrmation follows rather the second
case and that it involves several dynamic equilibristeps such as adsorption/desorption of
surfactant on/from titania or silica surface, reifgle interactions between titania and silica
components, or participation of partly particle-bdutemplate in micelle formation. These
equilibrium steps should be influenced by the stgfahemistry of titania particles and the

nature of the surfactant, as was demonstrateavimdifferent types of Pluronic molecules.

7.3 Conclusion

The “brick and mortar” approach utilizing Plurorstabilized crystalline titania nanoparticles

and amorphous sol-gel derived silica precursorblesahe fabrication of composite titania-
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silica films with periodic mesoporous architectufée nature of the Pluronic surfactant plays
the decisive role in the mesostructure formatiome $tructure formation is greatly disturbed
due to the presence of particles when Pluronic P4 28lized as the structure-directing agent.
In contrast, the use of larger and more hydropMilicronic F127 enables the preparation of
composite titania-silica mesoporous architecturbglvcan accommodate up to 50 wt % of
nanocrystals without significant deformation of timesostructure periodicity. Films with a
high degree of crystallinity can be obtained atgemtures as low as 100-150 °C, and the
surface of the titania particles is not deactivatgti respect to their photocatalytic activity by
the surrounding silica matrix or by covalently attad ligands. This makes the “brick and
mortar” approach very promising for the preparatdrerystalline functional coatings under
very mild conditions that are even acceptable ftastr substrates, and opens new

perspectives for the fabrication of novel mesopsronystalline composite materials.

7.4 Experimental Section

Preparation of titania nanopatrticles and titania-slica films

Titanium dioxide nanoparticles were synthesizedlofmhg a modified procedure by
Niederberger et &f: Titanium tetrachloride (1.5 mL, 13.7 mmol) wasstived in toluene (10
mL) and added to benzyl alcohol (30 mL, 290.8 mmatder continuous stirring. The
solution was kept at 60 °C for 20 h, then coolewvmdo room temperature. The particles
were separated by centrifugation at 50000 rcf fOr8inutes and used without further
treatment. As such, the particles contain aboutw53% of benzyl alcohol according to
thermogravimetric analysis; this was taken intocact for the adjustment of the TiO
content. In a typical synthesis, a solution of Bhic P123 (PE@QPPQIPEGy,, 0.6 g) or

Pluronic F127 (PEQ&PPQGIPEOQW 0.55 g) in THF (5 ml) was added to non-washed
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particles previously separated by centrifugatiod atirred overnight until the particles were
homogeneously redispersed. Subsequently, the deameunt of silica sol-gel (SG, see
below) solution was added followed by stirring g@mveral minutes. The final solutions were
transparent or translucent, being of yellow to gearolor. If the final solution was not
transparent, then some amount of concentrated blylinac acid was added dropwise until
the solution turned transparent. The SG solutios prepared by adding hydrochloric acid
(0.1 M, 11 mL, 1.1 mmol) to tetraethyl orthosilieal5 mL, 67.25 mmol) in 15 ml THF
under continuous stirring and was stirred for 16reaat room temperature. The composition
of the solutions with different Ti&SIiO, ratios is listed in Table 7.3 (the values in betsk

correspond to the amount of pure oxide).

TiO2/IMO2, wt % | Amount of nanoparticles/T§O | Amount of SG (ml) /SiIQ(g)
0 0 5.6 ml (0.55 g)

10 0.11 g (0.05 g) 4.5 ml (0.44 g)

15 0.16 g (0.07 g) 3.9ml (0.38 g)

30 0.27 g (0.12 g) 2.8 ml (0.28 g)

50 0.38 g (0.17 g) 1.7 ml (0.17 g)

Table 7.3.Composition of the solutions used for the dip-oaaof thin films

The films were deposited by dip-coating at 23 #2ahd a relative humidity of 45 + 10 % at
a withdrawal rate of 1.8 mm/s, and either calciae800 °C (with a ramp of 0.6 °C niipfor

30 minutes or treated at 100-150°C for 15 hourgHeir subsequent extraction with ethanol.
The extraction was performed at 80°C under reflux4 to 18 hours. The thickness of the

obtained films was ca. 300 nm as was measureddiygonetry (Dektak 150, Veeco Instr.).
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Characterization of the films

High Resolution Transmission Electron MicroscopyRHEM) and Scanning Transmission
Electron Microscopy in High Angle Annular Dark FRelmode (STEM-HAADF) was
performed using a FEI Titan 80-300 equipped wiffel emission gun operated at 300 kV.
The particulate samples were prepared by evapgratoirop of a diluted solution of particles
with small amounts of Pluronic P123 in THF on anBldoley carbon coated copper grid.
HRTEM of films was carried out by scraping the thim samples off the substrate onto a
holey carbon coated copper grid. The film thickneas measured by profilometry (Dektak).
The porosity of the films was determined by thelysia of adsorption isotherms of Kr at the
boiling point of liquid nitrogen (approx. 77 K) wmg an ASAP 2010 apparatus
(Micromeritics). Krypton sorption experiments weperformed and evaluated by Dr. J.
Rathousky and V. Kalousek at the J. Heyrovsky timsti Prague. Raman spectra were
recorded with a LabRAM HR UV-VIS (Horiba Jobin YVoRaman microscope (Olympus
BX41) with a Symphony CCD detection system usiridedle laser at 632.8 nm. The spectra
were taken from material removed from the substrdteay diffraction was carried out in
reflection mode using a Scintag XDS 2000 (Scintag)lwith Ni-filteredCuK -radiation.

The experimental set-up for the photocatalyticstesinsisted of a gas supply part, the
photoreactor, and a chemiluminiscent NO-NOx gaslyara (Horiba ambient monitor
APNA-360). The gaseous reaction mixture was prephgemixing streams of dry air (1500
mL/min), wet air (1500 mL/min, relative humidity @00 %) and 50 ppm NOANapprox. 60
mL/min), in order to obtain a final concentratiohMO of 1 ppm at a relative humidity of
50 %. The photoreactor was illuminated by four &lAck lights, thus achieving a UV light
intensity of 1 mW/crh Prior to the photocatalytic tests, the photoraaatas purged with the
NO/water vapor/air mixture without illumination uinta steady NO concentration was
achieved at the outlet. 100 % NO conversion is \&dent to a photonic efficiency of

=0.14 % assuming a mean irradiation wavelengthb0frdn. All photocatalytic experiments
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were performed and evaluated by Dr. J. Rathouskly\AnKalousek at the J. Heyrovsky

Institue, Prague.
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8.  All-Inorganic Core-Shell Silica-Titania Mesoporais

Colloidal Nanoparticles Showing Orthogonal Functiomlity

This chapter is based on the following publication:

Valentina Cauda, Johann M. Szeifert, Karin Merkn®Fattakhova-Rohlfing, Thomas Bein,

Journal of Materials Chemistryaccepted.

8.1 Introduction

Colloidal mesoporous silica (CMS) nanoparticles @rgreat interest as potential candidates
for applications in gas-sensindjost-guest chemistry and drug delivéfyThe functionality

of the CMS is caused by their large surface aréaaamesoporous structure with tunable pore
size, which makes them ideal hosts for the acconatmmd of various guest species. Most of
the intended applications require silica nanopladiowith specific organic or inorganic
functionalization, thus providing properties nottaibable from pure silica materidlsA
special advantage of mesoporous silica nanopastisltheir chemical versatility and solution
processability, making it possible to selectivelyndtionalize different locations on the
nanoparticle, for example inner pore volume andoparticle surfacg® By using different
functional groups, even nanoparticles with siteedfpe orthogonal functionality can be
obtained” In most cases, however, this extended functionaliimes at the cost of limited
thermal or chemical stability.

We propose the combination of two metal oxides saglsilica and titania as an alternative
approach toward the generation of core-shell namiofes with orthogonal chemical

functionality. Titanium dioxide is commonly used ams inexpensive, non-toxic pigment.
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Additionally, its semiconducting properties are dise applications including non-silicon
solar cells, photocatalysis and energy storag@erively® Although both silica and titania
are chemically related and form solid solutiongniia exhibits different functionality and
chemical reactivity. In contrast to silica, theatita surface shows a higher stability in basic
media and has a strong affinity to acidic groupshsas carboxylic or phosphonic acids,
which is often used for the grafting of acid-contag moieties. Previous examples of the
spatially resolved combination of both materiaks glated to the deposition of a thin titania-
shell on non-porous silica hanoparti¢fes, thus obtaining a good spatial definition of titan
in highly dispersed colloids. Recently, silicatii@ hollow nanoparticles were fabricated to
study the cellular uptake and cytotoxicity in ligincancer cells for drug delivery
applications-* Other combinations of silica and titania in thenfoof thin films or bulk
materials have been investigated with a view onfedght applications, including
photocatalysi$®** catalysis'> and optical devicé&*®for chemical sensing.

Mesoporous titania-silica composites are primaslnthesized following two synthetic
strategies. The first approach is the mixing ofttlie sol-gel precursors, or silica sol-gel and
titania nanoparticles and subsequent surfactamtads assembly into a mesoporous
structure™**>*° This procedure is useful for obtaining well-ordkructures, especially in
thin films, however, no spatially selective functabization can be achieved. The second
pathway involves the templated self-assembly ok baesoporous silica followed by post-
modification using a titania precursor, resultingai mostly amorphous TiGhell?>?! These
composite materials feature the chemical reactwftitania coupled with a high surface area
and good thermal stability. However, the post-sgtithcoating of the bulk mesoporous silica
often covers the pore openings, resulting in lichiseccessible pore volume. Furthermore,

control over the spatial distribution of the twoides is not possible in this case. The above-

mentioned synthetic methods commonly rely on alfinalcination step to achieve

164



8. Core-Shell Silica-Titania Mesoporous Nanopaggcdhowing Orthogonal Functionality

crystallization of titania. Such a calcination stepuld preclude the synthesis of colloidal
systems due to irreversible agglomeration andadbstsspersibility.

Here we report the low-temperature preparationadoiwal mesoporous silica-core/titania-
enriched shell nanoparticles with spatially resdlfenctionality. Instead of incorporating Ti

atoms throughout the whole CMS nanopatrticle, t#tasiselectively introduced at the outer
shell of the mesoporous silica nanoparticles byetaykd co-condensation approach, in

analogy to the site-selective functionalizationviwesly reported by 1% (Scheme 8.1).

Scheme 8.1.Synthetic pathway for the titania-shell colloidaesoporous silica (CMS)
nanoparticles. A delayed co-condensation appraacised to first synthesize the mesoporous
silica core (in green) and then enrich the outefase (in red) with the titania-phase, followed
by template extraction. (a) Depending on the mafapunt of TEOT added (with respect to
the initial amount of silica) different xTI@CMS sptas are obtained. (b) The sample with
the highest amount of Ti, 100TI@CMS (see Table ,8vlas used to nucleate anatase
nanocrystallites (TiNPs) on the outer shell, insheg the orthogonality of the system

(abbreviations: see Experimental Section).

Different Si/Ti ratios in the nanoparticle shellsene obtained by changing the titania

precursor stoichiometry. Furthermore, crystallinenia shells were also obtained via
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nucleation of anatase on the amorphous titanid Sbet a benzyl alcohol reaction systéfn.

3 This non-aqueous approach avoids the use of leigipérature treatments, which would
lead to irreversible particle aggregation. As aoprof principle addressing the spatially
selective reactivity we present the selective guswr of the carboxylate-containing
ruthenium dye N¥% and its fluorescence quenching upon specific guisor to the titania-
sites.

Key features of these titania-enriched shell mesmp® silica nanopatrticles include their
spatially-resolved, thus “chemically orthogonalh@tionality, the biocompatiblity of the two
inorganic oxides, and their high porosity and nanpg size. These features can be attractive
for drug delivery applications, bio-imaging andghastics. In addition, the titania—containing
shell is expected to protect the mesoporous silica against degradation by biological fluids
due to its higher chemical stability.

The following experiments have been performed gsira project between Dr. Valentina
Cauda, Karin Merk, and Johann M. Szeifert in theugrof Prof. Dr. Thomas Bein. The
responsibilities were shared as follows: Dr. ValentCauda and Karin Merk contributed by
synthesizing the mesoporous silica particles ardaziterization using sorption, zeta potential
measurements, UV-Vis, and fluorescence spectroscépmctionalization of the silica
particles with titanium dioxide, and X-ray difframt analysis was done by Johann M. Szeifert.
Dr. Valentina Cauda and Johann M. Szeifert weré& besponsible for the conceptual design

of the experiments and the final interpetratiothef data.
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8.2 Results and Discussion

Mesoporous nanoparticle characterization

A solution of TEOS and triethanolamine (TEA) in wat with the template,
cetyltrimethylammonium chloride (CTAC), leads t@throwth of a CMS nanopatrticle. After
20 min the titania source (TEOT) is added to theoampleted CMS synthetic mixture,
leading to a co-condensation of silica and titgecursors. We anticipate that the resulting
colloidal nanoparticles consist of a mesoporousasitore and a titania-enriched mesoporous
silica shell. By varying the added amount of TE@ilifferent Si/Ti ratios in the resulting
nanoparticle shells were obtained. Furthermorerexyssor solution for the synthesis of
crystalline titania nanoparticles (TiNPs) of abaunm in diameter in benzyl alcofblis
added to the titania-shell CMS nanoparticles hatireghighest content of titania.

The UV-Vis spectra of the titania-enriched shell £Mamples in Figure 8.1a show an
absorption band in the region of 220-240 nm. Tihisogption results from a ligand-to-metal
charge transfer from oxygen to Ti(IV) as reportext fitania incorporated in a silica
network™*’ In particular, greater amounts of TEOT added &ortraction mixture result in a
higher Ti-content of the samples and higher absma In contrast, the pure silica
nanoparticles (sample CMS, curve A) show negligddbsorption in the measured UV-Vis
range. These results suggest the incorporationioatdms into the silica nanoparticles

according to the Ti/Si ratio of the reactants.
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Total BET
sample | Molarratio® | ST | U7 | DT | wome
[mmol] | [m?qg] [nm] | [cm?%q]
CMS 0 0 1056 3.8 0.89
10TiI@CMS 0.1 0.92 1009 3.8 0.77
50TiI@CMS 0.5 4.61 1187 3.7 0.88
80TI@CMS 0.8 7.38 963 3.8 0.72
100Ti@CMS 1 9.22 1115 3.7 0.87
. 9.22
1022%@/'5 1 TliNP b (;i gif)z 1279 42 1.15

Table 8.1.List of samples with molar ratio and molar amoohTEOT added in the synthetic

mixture and their structural parameters.
& Total molar ratio of TEOT added vs. initial amooffTEOS in the synthesis solution.

® The quantity 1 TiNPs refers to a molar ratio f between TiGland the initial amount of

TEOS.
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Figure 8.1.(a) UV-Vis spectra and (b) dynamic light scattgrdata of the samples: A: CMS;
B: 10TI@CMS; C: 50TI@CMS; D: 80TI@CMS; E: 100Ti@CMB. 100Ti@CMS+TiNPs.

For clarity, the DLS curves are shifted along thexis by 10 units each.

Dynamic light scattering (DLS) curves (Figure 8.5hpw that the dispersed patrticles have a
nanoscopic size in all samples. We note that witlieiasing titania content in the external
shell the CMS patrticle size is reduced. We attglihis behaviour to a more negative surface
charge as the Ti-content in the shell increasess G¢buld be determined by zeta-potential
measurements, which show a constant slight decrefiske zeta-potential values as the

content of Ti in the CMS-shell increases (Figur@) 8.
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Figure 8.2. Z-potential measurements of the xTi-shell contgn@MS nanoparticles (red
filled squares: 10TI@CMS; orange empty triangleBTi®@CMS; magenta filled triangles:
80TI@CMS; black empty circles: 100Ti@CMS; blue ddl circles: 100Ti@CMS+NPSs)

compared with the pure silica CMS nanoparticlesy{gmpty squares).

The pure silica sample exhibits zeta-potential @alslightly closer to neutrality than the other
Ti-containing samples. Their negatively chargedas# results in a high repulsion between
the nanoparticles in solution, and as a consequentdee small effective particle size and
high colloidal stability of the Ti-shell CMS nanapales, as shown with Dynamic Light
Scattering (DLS) measurements (see Figure 8.1a$. [€hds, on the one hand, to a higher
repulsion and thus a lower tendency to agglomeratimd, on the other hand, to different
sizes of the solvation shells and the correspondihgnges in hydrodynamic radius.
Interestingly, the sample 100TI@CMS+TINPs showsam@dr mean particle size than the
sample 100TiI@CMS, which we attribute to the presemicthe anatase nanocrystals on the

titania-shell surface. It is likely that this sidéference is caused not only by the dimensions
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of the titania nanocrystals, but also by the ddfgrsurface charge and thus a different

hydrodynamic radius in solution.

Figure 8.3. (a) Nitrogen sorption measurements and (b) DFT gare distributions of the
titania-shell CMS nanoparticles in comparison te timmodified silica-CMS. A: CMS; B:
10TI@CMS; C: 50Ti@CMS; D: 80TI@CMS; E: 100Ti@CMS; FOOTi@CMS+TINPs. For
clarity reasons, the isotherms are shifted aloegythxis by 150 units each and the DFT pore

size distributions are offset by 0.075 units.

Nitrogen sorption measurements of all samples (Eigu3a) exhibit type 1V isotherms typical
for mesoporous materials, with pore filling stepsi@und p/p= 0.3 - 0.4. The isotherms of
the titania-enriched shell samples show no sigmificchanges with respect to the pure
mesoporous silica nanoparticles (BET surface aaa$s pore volumes, see Table 8.1),
concluding that the titania inclusion in the silgl@ell does not affect the mesoporous features
of the nanoparticles. All the particles show a psize of around 3.7-3.8 nm obtained by a
DFT method and uniform pore size distributions (fFeg 8.3b) except for

100TiI@CMS+TINPs, having a slightly larger pore sideabout 4.2 nm. Since the pore sizes
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of the xTI@CMS samples do not decrease with resjgetite pure CMS nanopatrticles, we
conclude that the addition of titania precursorde#o an enrichment of titanium dioxide
species only at the outer shell of the mesoporansparticles.

Small-angle X-ray scattering shows the first or(lg0)-like reflection at 2= 1.98° for all
titania-shell nanoparticles and the pure silica @anfFigure 8.4a). The absence of higher
order reflections indicates a worm-like mesoporatsicture of the titania-shell CMS

particles.

Figure 8.4.(a) Small angle and (b) wide angle X-ray diffraatipattern of the titania-shell
CMS nanoparticles; (c, inset) WAXS pattern of themple 100TI@CMS+TINPs after
subtraction of the 100TI@CMS pattern. A: CMS; B:TI@CMS; C: 50Ti@CMS; D:
80TI@CMS; E: 100TiI@CMS; F: 100TI@CMS+TiNPs; G: 10@ICMS+TINPs after
calcination at 450 °C. For clarity reasons, thelsaragle XRD patterns are shifted along the
y-axis by 100 units each (the pattern B by 4009)rand the wide angle XRD data are offset

by 2500 units.

Wide-angle X-ray scattering (WAXS) for the CMS sdenffFigure 8.4b, trace A) shows the
broad feature centered at 22° attributed to amarpisdica. This reflection shifts gradually to

a higher angle (24°) as the titania content atater shell of the samples increases (traces
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from B to E). This behavior is attributed to theoghr Ti-O-Ti and Ti-O-Si bonds with
respect to the Si-O-Si bon&%?’ The sample 100Ti@CMS+TiNPs (trace F) shows an
additional shoulder in the WAXS pattern at about @t is attributed to the (101) reflection
of anatase (see also Figure 3c, in which the dmrtion of the amorphous part is subtracted).
This becomes more evident upon additional calanmatf sample 100TI@CMS+TINPs at
450 °C (Figure 3b, trace G), showing the (101) @td) reflections of the crystalline anatase
phase. The retention of the worm-like mesoporowactire upon calcination was also
assessed by SAXS (Figure 8.4a, trace G). However, such thermal treatment the dried
particles are no longer colloidally dispersable.

The presence of anatase nanocrystalline clustesaniple 100TiI@CMS+TINPs even without
calcination is observed with transmission electroaroscopy (HRTEM, Figure 8.59). In this
micrograph dark spots, resulting from the highertast due to Ti compared to Si, are clearly
observed at the edge of the CMS nanoparticles (&y)g Correspondingly, scanning
transmission electron microscopy (STEM, Figure)8sbiows a brighter region attributed to
Ti oxide at the CMS surface. Electron diffractioattprns (Figure 8.51) and a high-resolution
TEM image (HRTEM, Figure 8.5h) clearly show nanatajline clusters, assigned to the
anatase phase, at the outer surface of the CM$adictes.

TEM images of the other colloidal 10TI@CMS and L@TMS nanoparticles (Figures 8.5a
and 8.5d, respectively) show monodispersed, highdyous particles with worm-like
mesoporous structure. The presence of the titamiaked shell is almost negligible for the
10TiI@CMS sample (Figures 8.5a and b), whereasdmpte 100TI@CMS it is indicated by
dark spots in the TEM image (Figure 8.5d) and lirghsters in STEM mode (Figures 8.5e).
We conclude that the incidence of such contrastattans due to titanium enrichment
increases as the amount of titania-precursorsdrsyinthesis increases. Moreover, as already
observed in the WAXS measurements, the electrofradifon patterns of samples

10TI@CMS and 100Ti@CMS (Figures 8.5¢c and f, respelgd) show only amorphous phases.
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The results of Energy Dispersive Spectroscopy (E&fs) elemental analysis (ICP) shown in
Table 8.2 demonstrate that the Ti/Si ratio in theaparticles is significantly lower than the

molar ratios of TEOT/TEOS precursors in the pagtgynthesis.

Figure 8.5. Transmission electron micrographs (TEM, left caf)mscanning transmission
electron micrographs (STEM, central column), andckebn diffraction patterns (right
column) of the samples (a-c) 10TiI@CMS; (d-f) 1000@S; (g-I) 100TI@QCMS+TiNPs.
Figure (h) represents the lattice fringes showhgydrystallinity of the Ti@ nanoparticles at

the edge of the CMS nanoparticles depicted in ngreqeh g.
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This indicates that the incorporation of titani#oithe shell of the mesoporous nanoparticles
is kinetically limited and that some of the TEOThigdrolyzed and polymerized not only on
the particle surface but also in solution, formswoduble species which are removed during the
washing step. The formation of anatase nanocrystatsgly increases the fraction of Ti
obtained on the sample 100TI@CMS+TiNPs. This trsndlso confirmed by the elemental

analysis (ICP) results (see the comparison betwleei/Si ratios calculated from EDS and

ICP results).
Samole Ti/Si Ti/Si

b (from EDS) |(from ICP)
CMS - -
10Ti@CMS 0.020 0.009
100Ti@CMS 0.031 0.016
100Ti@CMS + TiNp®.199 0.134

Table 8.2.Relative ratio of titanium to silicon obtained b{p& and elemental analysis (ICP)

on different x-titania-shell CMS nanoparticles dhd reference pure silica nanoparticles.

N3-dye measurements

The results discussed above clearly indicate tmatmorphous titania phase is formed
through the delayed co-condensation approach om#soporous silica core. Moreover, the
titania-enriched shell is able to serve as pret@aknucleation site for the nanocrystalline
anatase clusters. In this way, the sol-gel apprdaells to fully inorganic silica-core
titania/silica-shell mesoporous nanoparticles, Whman exhibit an orthogonal chemical

functionality, i.e., a spatially-resolved affinity different chemical species.
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As a proof of principle we have examined the orthva functionality of such titania-
enriched shell CMS nanoparticles by adsorption ftenium-centered polypyridyl dye, N3.
This complex possesses four carboxyl groups arekpected to preferentially bind to the
titania-phase of the nanoparticf@sSpecifically, we have examined both 100Ti@CMS
samples, with and without the anatase nanocrysislland compared the results to the pure
silica CMS nanoparticles. The N3-dye solutions wereasured by UV-Vis spectroscopy

before and after the uptake into the xTI@QCMS andSdmples (Figure 8.5a).

Figure 8.6. N3-dye adsorption experiments on the samples: Cd8shed line),
100%Ti@CMS (dotted line) and 100%Ti@CMS+TINPs @dine). (a) UV-Vis absorption
spectra of the N3 solutions before (solid line myj and after uptake in different sample

solutions; (b) photograph of the reference samp#SGnd of the 100%Ti@CMS after N3
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uptake with the supernatant solution analyzed gufé 8.6a. (c) UV-Vis absorption spectra of
the nanoparticles as colloidal solution in wateealN3-dye adsorption; (d) Fluorescence
spectra of the same colloidal nanopatrticle solytibearly showing the emission quenching of

the N3 adsorbed on the sample 100%Ti@CMS+TIiNPs.

After the adsorption step, the UV-Vis spectra & solutions show the remaining amount of
the dye that is not adsorbed into the samples. NBesolution after the uptake into the
100TiI@CMS+TiNps shows the lowest absorbance (dolg), whereas the dye solution of
the reference CMS nanoparticles shows the highesirbance (dash line) in comparison to
the initial N3-solution before the uptake (grayelinThe colloidal suspensions of the N3-
loaded nanoparticles were washed and centrifugedraletimes in order to desorb any
physisorbed N3-dye and were then measured agaid\bYis spectroscopy (Figure 8.6c).
The highest adsorption levels are obtained forl®@Ti-containing shell CMS nanopatrticles
with the anatase nanocrystallites (100TI@CMS+TiNgdid line), whereas the lowest dye
loadings were recorded for the reference CMS natiofes (dashed line). These results are
also clearly visible in the photograph in Figur&l8. showing the nanoparticles after the
centrifugation at the end of the dye-adsorptiop.stdhe sample 100Ti@CMS has assumed a
darker color than the CMS sample, leaving the swgiant solution less colored with respect
to that of the reference CMS sample. In conclusidwi;Vis spectroscopy indicates a strong
interaction of the N3-dye with the surface titaptaase of the CMS nanoparticles. Despite the
high porosity of the mesoporous silica core, theepOMS patrticles do not reach the same
adsorption values as the samples with the titamedl-s This affinity between the N3-
molecules and the titania-phase is increased whatase nanocrystallites are attached to the

titania-shell on the particles’ surface.
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To further elucidate the localization of the N3-emliles on the titania part of the core-shell
nanoparticles, the fluorescence emission of thédd@ed nanoparticles was recorded (Figure
8.6d). It is known that the strong bond betweentitaia surface and the ruthenium complex
enables the titania to quantitatively quench therscence emission of the dyeStrikingly,

no fluorescence was detected for the N3-loaded I®CMS+TINPs sample, and only a
weak emission at 463 nm was recorded for the 10CNM®, without the anatase
nanocrystallites. In contrast, the reference CMB8a, showing very low levels of dye
adsorption, exhibits a very intense fluorescencess&on. These results show that the N3-dye
molecules are selectively adsorbed at the titamédl ®n the CMS nanoparticles and not into
the highly porous silica mesostructure of the cdneparticular, the presence of anatase
nanocrystallites at the titania-enriched shell &M% nanoparticles leads to the highest dye
adsorption values and the best selectivity for @ysorption, as demonstrated by the complete

guenching of its fluorescence emission.

8.3 Conclusion

We report on the synthesis of fully inorganic cwlld mesoporous nanoparticles with a silica-
core and a titania/silica-shell. In order to obttia selective inclusion of titania into the outer
shell of mesoporous silica nanoparticles, a delaygdondensation method using TEOT as
titania precursor was applied. By varying the ami@iMEOT added in the synthetic step, we
show enrichment of an amorphous titania phase enotiiter-shell at the particles’ surface.
After template extraction, the CMS nanopatrticleataming the highest amount of Ti in the
shell (100TI@CMS sample) were used to nucleataisitananocrystallites from a Tigl

solution in benzyl alcohol at 60 °C. The preseniceamocrystalline anatase clusters could be
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observed on the surface of the colloidal 100Ti@CHNiSHPs nanoparticles by HRTEM and

STEM.

All titania-enriched shell CMS nanoparticles showvarmlike mesoporous structure, high
surface area and pore volume, and a nanoscopiclpasize similar to pure silica CMS

nanoparticles.

To examine the orthogonal functionality of thesdlyfunorganic silica-core titania-shell
mesoporous nanoparticles, the adsorption and reteaf a ruthenium-centered polypyridyl
dye (N3) was investigated. UV-Vis and fluorescersgectroscopy indicate a strong
interaction of the N3-dye only with the titania-gkaat the outer shell of the CMS
nanoparticles, thus demonstrating the selectiverptien of N3-molecules on the titania-
phase and not into the highly porous silica core. &kvision the use of such multiple core-
shell inorganic nanoparticles in applications sashtargeted drug delivery where colloidal
stability and orthogonal functionality of both og&lare desired. Generalizing, this could also
include access to different all-inorganic core-shelesoporous nanoparticles offering
orthogonal functionalities with the benefit of mulsiyher thermal and chemical stability, as
well as novel functionalities (catalytic, opticahagnetic...) not accessible with organic

moieties.

8.4 Experimental Section

Synthesis of the mesoporous nanoparticles

The pure silica CMS nanoparticles (sample CMS) vegrghesized by Dr. Valentina Cauda
and Karin Merk according to a procedure describddevehere’ Briefly, 1.92 g

tetraethylorthosilicate (TEOS; 9.22 mmol; Fluka8¥8) and 14.3 g triethanolamine (TEA,
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95.6 mmol; Aldrich, 98 %) were heated at 90 °C 20 min without stirring in a
polypropylene reactor (sol. 1). Thereafter, a sdcaolution (sol. 2) of 2.41mL
cetyltrimethylammonium chloride (CTAC; 1.93 mmoljuka, 25 % in HO) and 21.7 g
(2.21 mol) bi-distilled water from a Millipore sysh (Milli-Q Academic A10) was prepared.
It was heated at 60 °C for 20 min and then addetidcsol. 1. The resulting mixture with a
molar ratio of 1.0 TEOS: 0.2 CTAC: 10.37 TEA: 13®.H,0 was stirred at 500 rom RT
overnight. The nanoparticles were then isolateatdytrifugation (19.000 rpm, 43.146 RCF,

20 min) and re-suspended in absolute ethanol.

The titania-enriched shell nanoparticles were sgited by a procedure similar to our
previously developed delayed co-condensation aphrbaAfter combining sol. 1 and and

sol. 2, the mixture was stirred at 500 rpm for 2hutes. Then a certain amount x of
tetraethylorthotitanate (TEOT, Aldrich, > 98%), wadisided into 20 portions and added at 30
second intervals giving a total molar ratio TEOTO% of 0.1; 0.5; 0.8; 1.0, respectively
(sample codes xTI@CMS, see Table 8.1). The mixtvas then stirred at 500 rpm at room
temperature overnight. The template was extractetdating the samples in a solution of
2.0 g (25.0 mmol) ammonium nitrate in 100 mL absolathanol for 45 min under reflux.

After centrifugation (19.000 rpm, 43.146 RCF, 3Gjrand re-suspending in absolute ethanol,
a second extraction step with 10 mL of concentratgttochloric acid and 90 mL of absolute
ethanol was carried out under reflux for 45 minteAlvards, the colloidal mesoporous

nanoparticles were again separated by centrifugainal redispersed in absolute EtOH.

The template was extracted by heating the samplea solution of 2.0 g (25.0 mmol)
ammonium nitrate in 100 mL absolute ethanol forrdi under reflux. After centrifugation
(19.000 rpm, 43.146 RCF, 30 min) and re-suspenidirapsolute ethanol, a second extraction
step with 10 mL of concentrated hydrochloric aaxd &0 mL of absolute ethanol was carried

out under reflux for 45 min. Afterwards, the cotlal mesoporous nanoparticles were again
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separated by centrifugation and redispersed in 5afinbkbsolute EtOH. To determine the
concentration of nanoparticles, a known volumeadfoedal solution was dried at 60 °C and

the residue weighed.

The sample 100Ti@CMS was further used as a stamiatgrial for the growth of titania
nanocrystallites at the outer surface of the mesmsonanoparticle¥. For this purpose, a
solution of titanium tetrachloride (Aldrich, 1.0 m8.22 mmol) in toluene (6.7 mL, in a ratio
TiCl,: toluene = 1 : 0.15) was added to water-free bealcphol (Aldrich, 13.3 mL, 139.4
mmol, at a ratio BnOH : toluene = 3 : 2) under ammius stirring and then poured into the
template-extracted 100TiI@CMS colloidal suspensi@®24 mmol of the silica content) in
absolute EtOH under continuous stirring. The migtwas kept at 60 °C overnight to induce
the formation of crystalline TiPnanoparticles (thus the sample name 100TI@CMS+3)NP
and afterwards washed twice with abs. EtOH by deggtion (19.000 rpm, 43.146 RCF, 20
min). All the samples were washed with bi-distilledter for 2 h and redispersed in absolute
EtOH before characterization. In order to deternthne concentration of the particles in the
colloidal suspension, the solvent of a known susjpenvolume was evaporated at 60 °C and
the remaining sample was weighed.The dried san(i@ i@ CMS+TiNPs was also calcined

at 450 °C for 4 h (at a ramp of 1 °C/min) in air.

Characterization techniques

Dynamic light scattering (DLS) and zeta-potentiatasurements were carried out with a
Malvern Zetasizer-Nano instrument with a 4 mW Heladker ( = 633 nm) and an avalanche
photodetector. DLS measurements were performedilated ethanolic suspensions (at a
conc. of 1 mg/mL), whereas for the determinatioringf zeta potential profiles, one drop of
the ethanolic suspension (~3 %wt.) was mixed gonomeasurement with 2 mL commercial

Hydrion Buffer solutions, having pH values of 2, 8, 5 and 6, respectively. UV-Vis
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measurements were performed on a UV-Vis spectropheter (Hitachi U-3501) with
ethanolic suspensions of the nanoparticles (cadé rhg/mL) in a 1 mm path length cuvette.
X-ray diffraction was carried out in reflection nedising a Bruker D8 Discover with Ni-
fillered CuK-radiation and a position-sensitive detector (VenteNitrogen sorption
measurements were performed on all samples withuant@chrome Instruments NOVA
4000e at 77 K. Pore size distribution and volumeevaalculated with a NLDFT equilibrium
model of N on silica. The pore volume was determined up por@ size of 8 nm in order to
eliminate the contribution of interparticle textunaesoporosity. The specific surface area was
estimated using a BET model. For Transmission ElacMicroscopy (TEM) and Scanning
Transmission Electron Microscopy (STEM) a Titan &M microscope operating at 300 kV
equipped with a high-angle annular dark field (HARDletector was used and a drop of the
diluted colloidal suspension was dried on a carbomated copper grid. Fluorescence
measurements were performed on a PTI spectrofluetemwith a photomultiplier detection
system (model 810/814) and a xenon arc lamp. F@aatples a 1 cm quartz cuvette with a

volume of 3 mL was used.

N3-dye adsorption

The amount of 5 mg of samples CMS, 100TI@CMS amaTk@ CMS+TINPs respectively
was added to 500 pL of cis-Bis(isothiocyanato)hB{Bipyridyl-4,4-dicarboxylato)
ruthenium(ll) (99% Aldrich, N3 hereafter) in wat@.6 mM) and stirred in the dark for 1
hour. Then the particles were separated by cegaifon (20.000 rpm, 15 min) and washed 3
times with bi-distilled water for 1 h each. Finalthe N3-loaded samples were dispersed in
water at a conc. of 1.15 mg/mL. The UV-Vis spedaifahe N3-solution before and after

adsorption, and of the colloidal suspensions ofldd@led samples were recorded. For the
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fluorescence measurements, 100 pL of N3-loadedpaticdle suspension was diluted in 3

mL water (0.038 mg/mL).
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0. Conclusion and Outlook

This thesis focused on developing surfactant-tetegla mesoporous titania-based
morphologies for applications in the fields of egerconversion and storage, and
photocatalysis. The main objective was to imprdwehysical characteristics of the walls of
the mesoporous materials by controlling their aWsiity and chemical composition, which

is crucial for their performance.

The synthetic approach towards crystalline mesamomatings of Ti@is based on using
preformed, crystalline nanopatrticle precursorshufud 4 to 5 nm in size in a novel “brick and
mortar” strategy. The pre-formed titania nanoctisi “bricks” are fused with surfactant-
templated sol-gel titania “mortar”, which acts asstucture-directing matrix and as a
chemical glue, leading to a striking synergy in thieraction of crystalline and amorphous
components, and to a significant increase in chiystg upon thermal treatment. By tuning
the fraction of “bricks”, a variety of mesostruasrwith different physical characteristics can
be obtained, which are efficient in dye-sensitizadar cells and photocatalysis due to a
favorable combination of crystallinity and poros(tooperation with the groups of Prof. M.
Gratzel, EPF Lausanne, dye-sensitized solar cahs, Dr. J. Rathousky, J. Heyrovsky
Institute, Prague, photocatalysis). Furthermoreais shown that the general limitation of low
film thicknesses that are typical for surfactamytdated titania films can be overcome using
the “brick and mortar” approach. Films made by sedgal deposition of multiple layers
exhibit very high surface area, which scales lilyeaith the thickness, and roughness factors
of up to 1600 cm?/cm? can be reached. Applied e-signsitized solar cells, the films feature
a remarkably high performance level of over 7 %cefhcy already at thicknesses below 4
pm due to their high surface area and dye adsorpapacity.
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9. Conclusion and Outlook

Applied in more stable DSCs using ionic liquid ételytes (cooperation with the group of
Prof. M. Grétzel, EPF Lausanne), the high surfaea aroved to be especially beneficial, and
films of only 2 um thickness reached conversiomcefhcies of over 6 %, which is close to
the maximum performance for these devices. Howewer,existence of charge transport-
limitations in thicker films of this type indicatéhat further experiments regarding the
optimization of pore size and film thickness areedwd in order to reach even higher
maximum conversion efficiencies.

The scope of our general strategies employing allyst titania nanoparticles could be
further extended by down-sizing the dimensionsefrianocrystalline building blocks. A new
non-aqueous sol-gel protocol usitgrt-butyl alcohol and TiGl widens the available size
range of TiQ nanoparticles at its lower end by producing uitrab and highly soluble
anatase nanoparticles of around 3 nm. The extresmebll size of the nanoparticles allows
the direct surfactant-templated self-assembly efopé&e mesoporous structures without the
need for additional amorphous sol-gel precursongs& mesoporous titania films exhibit high
surface areas of up to 300 m?/g, and the advantafethis large interface and the
nanocrystalline walls were demonstrated by the tdrascceleration of electrochemical
lithium insertion kinetics.

The benefits of using pre-formed nanocrystallinania precursors (“bricks”) for surfactant-
templated mesoporous materials can also be exgldite synthesizing titania-silica
composite materials. In combination with silica-gel precursors as “mortar”, periodically
porous films containing a high degree of crystallititania homogeneously distributed in
silica mesostructures were obtained. The mesopor@arsocomposite coatings can be
processed at low temperatures on a wide range bsftrsties and feature photocatalytically
active sites for the photooxidation of NO (cooperatwith Dr. J. Rathousky, J. Heyrovsky

Institute, Prague).
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A different porous morphology of a titania-silicansposite was achieved by synthesizing
colloidal mesoporous silica (CMS) nanopatrticleswatthin titania-enriched outer shell using
a delayed co-condensation approach (cooperatidnvit Valentina Cauda). These colloidal
all-inorganic nanoparticles exhibit a spatiallyaked functionality, which can be exploited
for example for selective adsorption and fluoreseeof dye molecules. The introduction of
crystallinity by growing nanocrystalline anatasastérs on the titania shell leads to a further
enhancement of the selectivity of this orthogonalctionality.

To summarize, the strategy described in this thesimprove the physical properties of the
walls of surfactant-based mesoporous materials rmprporating preformed crystalline
nanoparticles leads to a significantly enhancedrobrover their crystalline and chemical
characteristics. As a result, the materials’ agliity and performance in solar cells, energy

storage, and photocatalytic devices was found tgréatly improved.
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