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Abstract

Nanostructured electrodes based on transparent conducting oxides (TCOs) have attracted
significant interest during recent yeaguich 3D electrode architectures with a high surface
area are suitable as conductive hosts for the incorporation of electroactive functional species.
The huge surface area offers the possibility to increase the amount of immobilized species
which resultsn higher electron efficiency leading to the increased efficiency of these hybrid
devices.

One of the transparent conducting oxides that recently drew significant attention is antimony
doped tin oxide (ATO). The combination of the good transparency and ehegftrical
conductivity of ATO and a thredimensional mesoporous network offers the possibility to
use this material as an electrode system which involves immobilized functional species.
However, the preparation of thrdemensional mesoporous transparetectrodes of ATO
remains a notrivial task.

In order to achieve the main property, i.e. the high conductivity, the ATO mesoporous
network has to be crystalline. All reported methods for the preparation of these transparent
and conductive ATO electrodese based on sedissembly of sdelderived metal oxide
precursors assisted by amphiphilic structdirected agents. As the inorganic framework
formed by this method is amorphous, it must be transformed into a crystalline state, which is
essential fothe electrical conductivity. This transfer from an amorphous into the crystalline
phase is achieved by treating the sample at elevated temperatures. However, without
concomitant mesostructural collapse this phase transformation was only achieved foDthe AT
films where special amphiphilic block gmlymers of the type poly(ethylero®-butylene)
block-poly(ethylene oxide) (KLE) were used. However these types of polymers, used as a
template for the mesostructure, are not commercially available. In case antimeercially

available polymers from the Pluronic family, the formation of a crystalline mesoporous



structure requires a special pgghthetic treatment which is rather elaborate and time
consuming.

Within this thesis a novel strategy for the preparatodntransparent conducting ATO
electrodes was developed. The amorphous metal oxide precursor was replaced by crystalline
ATO nanoparticles, serving as building blocks for these three dimensional mesostructures.
The nanoparticles that can be used for theembly into such structures must be
monodispersed with a wethown composition.

The method which was used for the preparation of the ATO nanoparticles is known as non
agueous segel sythesis where the benzyl alcohol serves both as a solvent and adean oxi
source. The ATO nanoparticles synthesized by this method were investigated in detail with
respect to their size, composition and doping level in relation to their electrical conductivity.
The structural and microstructural characterization of thesepastindes was performed in
coll aboration with Prof. Dr . Christina Sche
(LMU, Muni c h) and Dr . Goran Gtefanil (RulLer
conductivities were obtained for those compositions t@ttained small amounts of
antimony. None of the methods used for the characterization of these nanoparticles was able
to detect any phase separation induced by the incorporation of antimony into the tin oxide
matrix. Moreover, it was shown that the ctssie SnQ lattice can accommodate up to 38

mol % of Sb. The first phase separation appears at an antimony fraction of about 40 mol%.
The nanoparticles which contained up to 30 mol % of antimony were used for the assembly of
mesostructured films. The paity of the films was investigated in collaboration with Dr. Jiri
Rathousky (J. Heyrovsky Institute of Physical Chemistry, Prague). All flms possess a high
optical transparency (above 90 %) and a large surface area. The conductivity of the films is

depenént on the composition of the used nanoparticles and the annealing temperature used



for the removal of the template and the sintering of the nanoparticles into an inorganic
mesoporous framework.

The potential applications of these electrodes were invéstighy cyclic voltammetry
measurements where a significant increase in current collection was obtained in comparison
to the flat ITO electrodes. The various small redox species, such as hexaaminoruthenium(ll),
hexacyanoferrate(ll), ferrocenecarboxylic aattye ruthenier 470, proteins cytochrome c

that wereinvestigated for the incorporatian this porous network by adsorption indicated a
strong negative charge of the ATO walls. However, the leaching of the adsorbed electroactive
species requires the intuction of a stabilizatioormethod which bonds the elecaaive
molecules to the surface of mesoporous ATO. Therefore a covalent attachment was
investigated.

For these purposes two types of surface functionalization were studied, where the introduced
functional groups can serve as potentiakérs to the functional electotive molecules. In

the first type the direct attachment of the organic species by Grignard reactions was
investigated. Secondly, the surface functionalization through the attachfmengianosilane
compounds was performed. Both methods provide a high surface coverage with organic
groups.

The covalent attachment of the electroactive molecules to the suomtaiéed ATO
electrode was studied on ferrocene serving as a model redox nidietjerrocene moieties

were bonded to the terminal group of an aminosilane via the formation of an amide bond with
the carboxylic groups of ferrocenecarboxylic acid. &ttached molecules were elecictive

and stable toward leaching indicating that sboimding could offer a fruitful basis for the
incorporation of other types of electagtive molecules, such as luminescence dyes and small
redox proteins. Téincorporation of such electctive species would provide a design of the

model of optoelectroni device in which the functionalized surface of the transparent



electrode would give an optical signal in interaction with selective species from the
surrounding.

For the investigation of the incorporation of small redox proteins cytochrome ¢ was chosen.
Considering that cytochrome ¢ has a strongly positive charge at pH 7, this offered the
possibility for the incorporation of the protein by adsorption due to electrostatic forces
between the negatively charged ATO electrode and the positively charged agtecbr
However, the disadvantage of this attachment was found in leaching of the protein in the
presence of strong electrolytes. A more stable incorporation of cytochrome ¢ was obtained by
covalent attachment of the protein.

The obtained results indicatbat the mesoporous ATO network can be used as a three
dimensional electrode architecture serving as a suitable matrix for the incorporation of various

electroactive species.
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1 Introduction

The main part of the research in thigesis is devoted to the development of mesoporous

antimony doped tin oxide (ATO) films and their use as nanostructured electrodes. The ATO
belongs to transparent conducting oxides (TCOs) which found their application as flat
electrodes in optoelectrondevices. Therefore, in the following chapter a literature overview

of the transparent conducting oxides is given. Various three dimensional electrode
architectures are presented together with their benefits for the applications which require
anchored spees. Furthermore, the most common methods for the surface functionalization

and anchorage of the electotive species are reviewed.

1.1  Transparent Conducting Oxides (TCOs)

Transparent conducting oxides (TCOs) are a class of oxides which combine highatlectric
conductivity and high optical transparerfcy.Compared to the other materials, metals are
conductive but not transparent for visible light. Whereas, other transparent materials like
glasses are often not conductive.

The main prerequisite for the TC@aterials is that the one property, the electrical
conductivity is strongly coupled with the second (optical) property, the refractive index or the
extinction coefficient. Generally they can have very low resistivities fql@m and a high
transparencyn the visible range of above 80 %. These two characteristics are correlated with
the presence of a high concentration of charge carriers of the orde®’aihidand a wide

band gap of above 3 eV. Although all known TCO materials possess high charge carr
concentrations, slight variations in the electrical conductivity between various TCO systems
were observed. This behavior was ascribed to the variation in the charge carrier mobility

which can be between about 20 and 108 @frs)*.> 3



Transparent aoducting oxides can be or p-type conductors and the conductivity can be a
result either of a nonstoichometry of the oxide or a presence of impurities. mhatype of
conductivity free electrons (free carriers obtained eithyeroxygen deficiency or &ém
impurity dopant) are associated to the metal defect erevgy This level is close in energy

to the bottom of the conduction band of oxides. These clmg@ensating electrons can be
thermally promoted from defect energy levels to the conductiod, thas contributing to the
conductivity. Thep-type of conductivity in TCO was observed in the systems where the
defect energy level is close to the valence band of the metal oxide. In this case, the electron
promotion to the defect energy level creatdsoke in the valence band which promotes the
conductivity. Generally good optical transparency for both types of conductivity can be
obtained. However, the obtained value of thgyge of conductivity is considerably lower
than the value of the-type, asa result of the restricted hole mobility in the valence band of
solids> *

Conductivity in TCO materials can be either native or induced by doping with an appropriate
dopant> >’

In the native transparent conducting oxides the high conductivatyasult of the presence of
oxygen vacancies and/or interstitial metal atoms incorporated into their crystalline structures.
Native oxides can show-type conductivity with very high charge carrier concentrations of
the order of 1& cm®. However, it wasshown that the substoichiometric oxygen content is
difficult to control. Therefore, the native oxide films are unstable when they are used at
elevated temperatures and they did not find practical applications as transparent conducting
electrodes.

In orde to obtain higher conductivities different types of the doped TCOs have been
developed. There are three main requirements in order to observe doping.

1. The dopant must be soluble in the matrix of the host.

2. The doping levels must be shallow.



3. The doping mushot be compensated by native defects of the opposite charge.

In the doping mechanism, the shallow dopant states are located either close to the host
conduction bandnftype) or close to the valence barmtype). In then-type systems the

donor electronsundergo promotion to the conduction band. Upon further doping a
degenerated gas of currasdrrying electrons is formed. This gives an increase in the infrared
absorption and high electrical conductivity. In théype systems the shallow donor band is
located close to the valence band of the host. Due to the thermal excitation the electrons from
the valence band of the host are promoted into the shallow dopant energy levels leaving the
holes in the valence band. In both cases, the band gap of the hostsremzhanged thus
ensuring that the electrically conducting material retains the optically transparency in the
visible range’’

Most of the research dermed on TCOs was made oftype semiconductors and these types

of materials found their commercial applications as flat electrodes in various touch panel
displays or dye sensitized solar célls. 1993 the ptype doping of TCO thin films was for

the first time reported.However, up to now there has been no report on the preparation of the
p-type TCOs with a direct commercial application. Detailed classification of the TCOs
according to the types of the oxide and the dopants is presented and discubsegart

1.1.3; classification of the TCOs Materials.

1.1.1 Correlation Between the Optical and Electrical Properties in TCOs

One of the accepted theories describing the electrical and optical properties of TCOs is based
on the description of the charge traodpin metals which is coupled with the optical
properties of these materidl§he concept combines all important parameters which are used
for the description of the performance of TCO such as: conductijitglieet resistanc&d),

carrier mobility ©), carrier density ), optical absorption coefficient)( and extinction



coefficient ). The optical absorption coefficient and extinction coefficient are correlated
according to equation:

Tt (eg. 1.1.2)
whereads the wavelength of light.

The equation which describes the performance of TCOs and gives the correlation of
conductivity to wavelength is written as a ratio of the electrical conductitlitynd the
optical absorption coefficient) as:

i pl Ya¥&y 'Y (eq. 1.1.2)
where T is the total transmittanceR the reflectance of the material afy the sheet
resistancé.

This equation gives a qualitative estimation of the performance of the different TCO materials
with a similar microstructure. The factors which are included in theatoon 1.1.2 are
dependent on the processing conditions. Therefore, the TCOs which are highly polycrystalline
will behave as optically scattering materials and will have a higher resistivity due to the
decreased charge carrier mobility at grain boundaries
The specular reflectivityR, of the TCO material is defined s:

Y i p -0 ) (eqg.1.1.3)
whereUis the dielectric constant.
This equation correlates the optical properties of TCOs to their dielectric (and electric)
properties. Both equatiorfeg. 1.1.2 and 1.1.3) can be used as a guidance to design a desired

transparent conducting oxide filfn.



1.1.2 Classification of the TCOs

The most known TCOs are based on indium oxide, tin oxide, zinc oxide and cadmium oxide;
by nature they are semiconductdrs.’® ™ As described above, a common way to increase
their conductivities and to retain a good parency is by doping them with appropriate
dopants. Therefore various binary TCO materials have been developed up to now. In Table

1.1.1. the most common TCOs and their respective dopants are enlisted.

Table 1.1.1.Classification of the TCO semiconduddprtransparenglectrodes.

TCO materials
host In,05 Sno, Zn0O CdoO
dopant Sn, Ge, Mo, F,| Sb, F, As, Nb, | Al, Ga, B, In, Y, In, Sn
Ti, Zr, Hf, Nb, Ta Sc, F, V, Si, Ge,
Ta, W, Te Ti, Zr, Hf

To obtain the TCO films for use in specialized applicatieageral new multicomponent
oxides such as ternary or quaternary oxide phases have been det€fopee.advantage of
these ternary and quaternary TCOs is the possibility of controlling the electrical, optical,
chemical and physical properties by alteéima their chemical composition. Some of these

ternary and quaternary oxides are presented in the schematic phase diagram in Figure 1.1.1.
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Figure 1.1.1.Phase diagram of the multicomponent TCOs. Adopted from reference [11].

The binary compounds show advantage in practical use over ternary or multicomponent
compounds. The reason for this is a relatively simple control of the stoichiometry which is

highly advantageous for their processing in the form of thin films.

1.1.3 Applications of TCOs

One of the mostown TCO materials is tin doped indium oxide (commonly called indium
tin-oxide or ITO) which already found its commercial application as a flat transparent
electrode in various optoelectronic devices in touch panel displagssilicon solar cells™

% or organic lightemitting diodes (OLEDSY’

Aluminium doped zinc oxide (AZO) is another promising TCO material. However, the main
drawback of AZO films is their relatively low conductivity in comparisonthe ITO or
fluorine doped tin oxide (FTO) compounds.

Cadmium containing TCO films exhibit a low resistivity. However, due to the high toxicity of
cadmium they did not find practical use up to now.

One of the more recently extensively studied T@&erials is tin oxidé®*° Fluorine doped

tin oxide (FTO) is already commercially available as flat film and it is widely used in non



silicon solar cells due to its much thermal stability compared to ITO. However, the drawback
of FTO films is a certainack of transparency in comparison to the films based on?{TO.
Antimony doped tin oxide (ATO) belongs to the group of oxides being a promising substitute

of ITO. In the light of this, in the last years significant research has been performed on this

systeny 2 224

1.2 TCOs Based on Tin Dioxides

Due to the rather high availability of tin, tin dioxide (Sh@ one of the most extensively
studied transparent conducting matertafs: > **Prepared in the form of dense films, it is
polycrystalline with autile (cassiterite) type of structure in the space gfdsnm = 2" 28

As all other TCOs, Snfis transparent for the visible part of the electromagnetic radiation.
However, it is highly reflective for infrared radiation. Due to this property,,Ss@owadays
dominantly used as an energy conserving material-8o&ted windows are used to transmit
the light (as a result of the transparency of gn&ahd to keep the heat out or inside of
buildings depending on the climate regithe?®

SnG exhibits a band gap of 3.6 éV* **Undoped Sn@is an ntype semiconductor, which is

a result of the nostoichiometry, or in particular due to the oxygen deficiency. Moreover, the
conductivity of Sn@ depends on the preparation procedure. For instance, the films prepared
from tin chlorides incorporate chlorine ions into the structure, thus contributing to the
conductivity. Similar to the other TCOs the Sni@s high a charge carrier concentration at
the oder of 13° up to 16° cm™ and a charge carrier mobility of the order e8&cnf V! s?,

as reported by various authdrs: ' ®various values for the electrical conductivity of the
SnG, were reported as well, but they are all in the range 6td@0? S cm* > 2 1116

In order to increase the conductivity of the Sn@arious doped SnOmaterials have been

prepared up to nO\}V 2, 10,11, 16, 20, 21, 23, 24



The highest conductivities obtained for the fluorine doped tin oxide (FTO) are andéeof
10* S cm’! As mentioned above, FTO is quite broadly used in-sibcon solar cells
however, it shows a slight drawback in comparison to the more expensive tin doped indium

oxide (ITO) and that is itolvertransparency.

1.2.1 Antimony Doped Tin Oxed(ATO)

In antimony doped tin oxide (ATO) the conductivity of Sri®increased by substituting the

tin (Sr") with antimony ions in a higher valence state than tin, namely'Strhe so formed
doped th oxide can be presented as“@r)()SbS*XOZ'zex, or a ¥ink Kottian eas

Y& Y8 Q. From the notation it can be seen that the dopant atoms, Sb, sit on the
Sn sites in the lattice and bring one electron more into thelditise being placed into the
conduction band. Thus the donation of this electron into the conduction band upon
replacement of tin with antimony induces an increase in conductivity.

This doping of tin oxe with antimony modifies the band structure giving rise ¢oraduction
bandof 35 meV! The modification of the conduction band leads to a shift in the optical
adsorption edges to higher energies with increasing charge carrier concentration. This type o
behavior is known as the Burstéufoss effect. This effect is a result of the increase of energy
required to promote an electron from the valence band into an empty state of the conduction
band*®

Typically the ATO films have a charge carrigsncentrations at the order of?d@m?, the
mobility of the charge carriers at the order ofaent V™ st and values of conductivity of

10° S cm*. Beside this, the films can possess high optical transparency of-80%b and

IR reflectivity of 75% - 85 %:

The influence of the amount of incorporated antimony on the structural and electrical

properties of the ATO was intensively studied by several authors.?* 2! The highest



conductivity was obtained for dense ATO films of the order iafGf S/cm and the films
contained 7 mol % of antimorlySmall ATO nanoparticlesypically show significantly lower
condwetivity values than dense films due the presence of the high amount of grain
boundaries which act as electron scatter centef&* 33 Nutz et af* obtained a
conductivity value of 5107 S/cm for the ATO particles-8 nm in size pressed in pellets
while, Goebbert et al. reportedl conductivity of the order of T0S/cm for the ATO
nanoparticles ca. 4 nm in size. Beside the conductivity, a maximal amount of the incorporated
antimony in Sn@ matrix remained an issue. Terrier efakhowed that a maximal doping
level reaches 20 mol % of antimony as a result of a difficulty in introduction of further
antimony atoms into cassiterite lattic&lthough such high amountof antimony can be
introduced into the SnOlattice, it was found that the conductivity does not increase by
doping higher than 10 %, but rather decreases. The highest corgiucivies were obtained

for the doping levels between 4 and 8 mot 6.3 32

The incorporation of antimony into the Sn@atrix causes a change in color from white
(SnQy) to brownishkgrayishblue (ATO)? #* 3 This bluish coloration is attributed tthe
coexistence of SHand SB*".* Although this intense absorption in the region of red light and
near IR has been assigned to the electronic transfer between two oxidatioff #this also

been argueded that it appears due to a free charge edasi@ption in the materiat: 2

Terrier et al. intensively studied the ATO system througtayXphotoetctron spectroscopy in
order to evaluate the amount of antimony in different oxidation stat&sTheir results
indicated that although the Shis an effective donor, the antimony exhibits always a mixture
of two oxidation states namely Sband SB** 3! *In contrast to SH, which acts as an
electron donor, the Sbproduces a hole which acts as an electron trap. Because of this
reason, only thexcess of SB provides the positive doping effect.

Even though ATO has been intensively studied over the last years it did not find yet an

industrial application as transparent electrode. One of the reasons for this is its low
9



conductivity in comparison to ITO. Moreover, its characteristics have not hégciently

explored up to now?

1.3 Nanostructured Electrodes

Although TCO films found their application as flat electrodes in various optoelectronic
devices, there are other types of devices that require rather three dimensional electrode
morphologies rathethan flat electrodes. These types of electrode architectures are beneficial
in devices which are based on monolayers of the elactioe species on the electrode
surface, particularly in bioptoelectronic devices. The porous morphology of such etigtro

with a large interface area acts as a conductive matrix for the incorporation of-algteo
moieties at high loadings. As a consequence, a great number of electrons can be collected
from a smaller geometric electrode area, leading directly to @edsed efficiency of such
optoelectronic devices.

In recent years significant research was carried out on the development of advanced
electrodes with improved architectures for various applicaffon€?® There are several
important areas which require an improved design -din&nsional electrode strures,
namely photeelectrochemical solar cells, photohydrolysis, photoelectrocatalytic devices, Li
ion batteries, supercapacitors, fuel cells or bioserfSors.

Up to now various nanostructures and materials were stadieatlvanced electrode layers

with 3-dimensional structur® 3%4% 4246 There are several possible ways of how these
electrode layersan be classified.

The first criterion can be described as the ability of the electrode material to conduct the
electric current. Therefore, such electrddgers can be divided into conducting electrodes,

semiconducting electrodes and insulating electrodes.

10



In the second criterion the nanostructured electrode layers can be classified from the point of
view of the periodicity of their morphologie3he electode architecturesvhich are not
periodically structuredhre usually prepared by deposition of various nanomaterials such as
nanoparticles, nanorods, nanosheets etc. on the substrates and used as high surface electrodes.
The second type of the nanostruetlielectrode architectures is classified as ordered porous
materials. In this respect different ordered porous materials can be classified into three
categories according to IUPAC nomenclature depending on their pore diardgtérs (

1 microporousd < 2 nm)

1 mesoporous (2 nm &< 50 nm)

1 macroporousd > 50 nm)
The suitable pore size of porous electrodes is dictated by the size of-algtteo guest
molecules. Therefore, a significant part of the research is devoted to the use of macroporous
and mesoporousystemsvhich can incorporate bulkier redox guests without restriction of the
electrolyte diffusion in the poré&>' Although microporous systems possess high surface
areas, the small pore size lisitheir application as a host matrix for large molesule the
following part a short overview on the most common porous electrode materials and their

periodic nanostructured morphologies will be presented.

1.3.1 Conducting Electrodes

Electrode materials that show good electrical conductivity are cdrédeed matgals (suchas

graphitic materials, grapheror carbon nanotubes), metals and transparent conducting oxides.
Metallic Electrodes

Porous metallic electrodeare mostly prepared bfpur main approaches: 1. nanoparticle

based approach, &2mplatebased appraoch, 3. dealloying and 4. decoration apptaoch.

11



In the nanopartickbased approacpre-synthesizedmetal nanoparticles ameposited on a
conducting electrod®.One of the most commomay of the synthesis of metal nanoparticles

is areduction of metal precursor in solution by reducing agent in the presence of stabilizing
agents(polymer or inorganic additig}. Someless commorapproaches for the synthesis of
metal nanoparticles are based on photochemistry, sonochemistry, sonoleésutstry or
thermal decomposition. Example of nanostructured electrode prepared in this way is porous
platinum electrode assembled from platinum nanoparticles which are depostited on carbon
support. However, the structural stability of nanoparticles dirttie longterm stability of

such electrode¥.

Thetemplatedbased approach is based on electrodeposition, electroless deposition, galvanic
replacement, thermal deposition or chemical vapor deposition of metal tarapkatewhich

is placed on the top dhe conductive surface of the electr8# In the second step the
templateis removed leaving a threbmensional network of deposited metal. Depending on
the template, which can be either hard or safiplate differentmetallic electrode structures

can be prepare varying from nanotubes up to mesostructured metallic electrodes or
hierarchically structred electrodes. For instancelbw platinum nanotubes can be prepared

by electrodeposition of platum over an anodized aluminium oxide membrane which is
subsequently removed? Other hard templates for the electrodeposition of metal are self
assembled colloidal microspheres of silica or polysterene which give macroporous

37°¢ while mesoporos silica as a template gives a mesoporous struttuteBy

structure
using a combination of templates such as colodal silica particles and mesoporous silica it is
possible to obtaining a hierarchical structuExample of such material is hierarchical

structure of platinum nanowiré Figure 1.3.1.
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Figure 1.3.1.lllustration ofthe geparation of a) macroporous metallic electrodes by using opal template, and b)
hierarchical structure by using combination ofcsilbeads and mesoporous silica material. Figure a) is adapted
from the reference [53] and figure b) is adapated from the reference [57].

The dealloying is based on tke&hingof less noble component of alloy which is selectively
dissolved leaving behind a nanoporous structure of noble component from the alloy.

The decoration approach is based on decoration of already porous electrode with metal. This
can be performed throughastous methods such as sputtering, electrodepostion, galvanic
replacement, etc.

Also, a combination of techniques for the preparation of metallic electrodes can be used if
there is a demand for the electrode of particular porous stra&fdrExample forthis is

porous gold electrode prepared by electrodeposition of gold and, silkiereas silver was

subsequently removed leaving the porous gold structure, Figure 1.3.2.
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Figure 1.32. a) The process of preparation of nanostructured gold electrodes andbthined electrode
morphology ifb) colloidal gold nanoparticles were usedodwarious gold nanoparticles were electrodeposited:
1-pyramidal gold nanoparticles;rad-like gold nanoparticles and-spherical gold nanoparticles. Images a) and
b are adamd from referenceg)] whereas image c is adapted from refere®& [

Carbon Electrodes
Due to their good conductivity, carbons are commonly used as the electrode materials.
Several types of carbon materials such as carbon nanotubes, graphene, cadbar past
structured mesoporous and macroporous carbons were investigated as nanostructured
electrode®” °*¢,
In the case of neperiodically structured carlmoelectrodes, carbon pastes, nanotubes or
nanosheets are the most investigated materials. The carbon paste electrodes are prepared by
mixing together different types of carbon powders with the eleattive components and
some binder. Carbon nanotubes arahosheets are usually cast on conductive substrates

resulting in non structured porous layeksiother approach to prepare carbon nanotubes is a

direct growth of carbon nanotubes (nanotube forest) on the conducting su8ffates.
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There is also a sigiicant amount of research on the fabrication of periodic porous carbon
electrodes, which can be made with various porous morphologies and pore sizes ranging from
microporous to macroporous materials. The ordered mesoporous carbons (OMC) are very
attractiveas nanostructured electrodes due their high surface aisaially these materials

are prepared through s@§sembly of organic precursors and template molecules followed by

a subsequent condensation of the carbon framework and the template removiaér Ano
common strategy for fabrication of mesoporous carbonaceous materials -terhatdting,

which typically involves pyrolysis of organic precursors (for example sucrose) filled into the
pores of a mesoporous silica template. A basic approach to pregareporous carbon
electrodes involves hard templating using silica baed opals as the tetApiatecarbon
precursor can be either mixed together with the template or impregnated over previously
deposited template and followed by subsequent carbonization of the carbon precursor and the
extraction of the silica template. Both mesoporous and macropoadosncmaterials proved

to be a good conducting hosts withe poreslarge enoughfor incorporation ofvarious

electroactive guests.

et T

50 nm a) ..:.:.:.:
‘.:0:030
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Figure 1.3.3. a)Morphology of OMC films and) macroporous carbon. Image a) is adapted from referfsi]
and b) from réerence [@].
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1.3.2 Metal Oxide Electrodes

One of the most investigated oxide scaffolds for nanostructured electrodes is silica. Silica can

&1 macroporou¥ and

be easily prepared with a large varietyneicroporous,mesoporou;
hierarchical®* " structurs and a broad range of pore sizes, which can be tuned by selection of
thetemplating agents (Figure 1.3.Morevoer, it can possesses a very high surface areas up

to 1000 nd/g,’”® so that very high loadings of the anchored species can baedi’”’

Figure 1.3.4 TEM images of the mesoporous silica materials with different pore siy88A-15,b) FDU-5, c)
FDU-12,d) MCF. Adopted from reference [1.6

Due to the above mentioned reasons, the mesoporous silica materials were stuttied for
incorporation of guest molecules by adsorption and covalent anch8r&g€" "°The first use

of mesoporous silica films as mastructured electrodes was reported in 2005 by Fattakhova

Rohlfing et al’* Further, he mesoporous silica was used as a support for the incorporation of

16



proteins such as cytochrome c¢, myoglobin or hemoglobin, whose activity was
electrochemically investigad>® " 8

However, although easily accessible pores and high surface areas for the silica materials can
be obtained, the most common disadvantage of the silica as host electrode is its low electrical
conductivity.Due to this a charge transport betwdle redox molecules is possible only via
hopping mechanism’*

Various semiconducting oxides are studied as nanostructured electrodes, including zinc oxide,
tin oxide, indium oxide, titanium dioxide, ef¢: "*®? Varietiesof methods are established fo

the preparation ofuch electrodes anithey mostly depend on the final application of the
electrode and the chemistry of the starting matétial.

The nonstructured porous oxide electrodes can be simply obtained by deposition of the
respective oxidenanoparticles, nanorods or nanosheets on the desired substrate. Structured
oxide electrodes have been in the focus of extensive research activities in the last decade, and
nowadays they can be prepared with a broad variety of morphologies such as naudubes
Mesoporous or macroporous materials.

Oxide nanotube arrays can be obtained by the anodization of Mef&ighrough this
procedure various nanotubes can be obtained. The size of the opening of the tubes is
controlled by the anodization potential and electrolyte composition whereas the length of the
tubes is controlled by the anodization time. Figure5liBustratesthe possible morphologies

of the nanostructured electrodes obtained by anodization.
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Figure 1.35. a) lllustration of the possible morphologies obtained by anodization, compared to the actual
morphologies of Ti@in b) andc). Figure is dapted from refemnce [81

Periodic macroporous electrodes can be obtained by using colloidal crystal templigtimg

1.3.6% The template is infiltrated or mixed with corresponding solutions of metal oxide
precursors. Subsequent condensation of sols of metal oxeteirpors and removal of
template is performed through calcination procedures. The obtained macroporous oxide has

an inverse opal like structure.
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Figure 1.36. a) Opal structure of thpolystyrenelemplate andb) morphology of theSiO, andc)
the TiO, macroporous oxide#\dapted from reference [B3

orphologyof

The macroporous layers and ordered nanotube arrays are very periodically organized, but the

surface areas of the obtained electrodes are usually not large enough to provide high loadings
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of electoactive guest molecules. Much higher surface areas can be obtained for mesoporous
electrodes. Such electrode morphologies possess sufficiently high surface area and still a large
51, 71

enough pore size enabling incorporation of electroactive guests up to 10 size,

which makes mesoporous electrodes promising host electrode materials.

1.3.3 Transparent Conducting Oxide Electrodes

In contrast to the other ake electrodes the TCOs electrodes possess high electrical
conductivity approaching that of metals, which makes them very popular electrodes in
optoelectronic devices. Recent research demonstrates that the microscopic architectures of
TCO electrodes can siificantly influence and improve the properties of such deites.
Patterning is one of the strategies to obtain a more complex morphology of the TCO
electrodes. Electrodes can be patterned in several ways including etching;,piootcend
electronbeam lithography and nafimprinting3® °* Kong et al. prepared patterned FTO
electrodes by lithography and inductively coupled plasma etching. Such types of electrodes
improved the efficiency of the dye sensitized solar cells by ca. 1 % compared to dye
sensitized solar cells without patterned electrotles.

In addition to the patterned electrodes, fabrication of tbmeensional TCO architectures

was a subject of intense research activity in the last years. In particular, significant efforts
were made towals the fabrication of mesoporous films due to their large conducting interface
area and due to their practical interest in a large variety of electrochemical, spectro
electrochemical and photgectrochemical applicatior{g. > 93 95 %

In 2006 FattakovaRohlfing et al. demonstrated the potential of mesoporous ITO films as an

efficient electrode system suitable for obtaining high loadings of the ekadir@ moieties

inside of the electrode matrix, Figure 1.87.
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Figure 1.3.7.0n the left: the mghology of mesoporously structured ITO film with illustration of incorporated
electroactive molecules in the pores of ITO. On the right is shown the comparison of cyclic voltammetry data for
flat ITO and mesoporous ITO. The significant increase in cufenmnesoporous ITO films is a result of high
loadings of electr@active molecules on the high surface aredagted from reference [R5

Later on Fraska and Aksu showed the potential of the mesoporous ITO network as a platform
for the incorporation of snfisbiomolecules™ %

In 2010 Hoertz et. Al. showed a simple preparation method of ITO films from ITO
nanoparticles. The obtained films combine high surface area, optical transparency and good
electrical conductivity,

Other TCO mesoporous systems wgtiod conductivity were investigated for the application

as nanostructured electrod®s’®Hou and Wang reported on mesoporous antimony doped tin
oxide films?* * The potential of mesoporous ATO electrodes was demonstrated regarding
their use as efficig electroluminescence biosensors.

Recently Yu et al. showed the influence of the three dimensional TCO electrode architecture
on the efficiency in organic solar cells. The three dimensional electrode network, made from

ITO branches, offers a large surfageea which provides a higher electron collection and

leads to an increased efficiency of the organic solar Eells.
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1.4  Mesoporous Films

Due to the favorable combination of sufficiently large pores together with a high surface area,
mesoporous films provida good host platform for the incorporation of a wide variety of
molecules for nanostructured electrode applicatf8iis.

The method for preparation of mesostructured materials by self assembly afgémaco
surfactant and the inorganic species was first introduced by the studies of Mobile for
mesoporous silic¥ Later on this concept was extended for the fabrication of mesoporous
films of various metal oxide systen?$%

By definition the self assembly process is a spontaneous organization of materials through
non covalent interactions such as electrostatic forces, hydrogen bonding or van der Waals
forces!®* 197 1%The self assembly usually employs asymmetric molecules, most commonly
amphiphilic surfactant molecules or block-golymers which contain hydrophobic and
hydrophilic parts. In polar solvents such as aqueous solutions, the surfassesble into
micelles, which form spherical or cylindrical structures in order to keep the hydrophilic parts
in contact with the polar solvent. At the same time the surfactant shields the hydrophobic part
inside of the micellar interior from the contactthwwater. By decreasing the amount of

solvent the concentration of the surfactant increases, leading to trergsaifzation of the

micelles into periodic hexagonal, cubic or lamellar mesophases, Figure 1.4.1
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Figure 1.4.1.Various mesophases of blocé-polymers. Adopted from referenf{E08].

The formed mesostructured material usually requires a condensation of the inorganic network
while the template removal creates a periodic mesoporous solid.

The size of pores is defined by the size of the micelies consequently by the size of the
surfactant, i.e. templat®* '’ The first applied templates were low molecular weight
surfactants in which the hydrophobic part consists of long chain alkanes éhitgdrophilic

head group can be either ionic or Aionic. Considering that the pore size is mainly defined

by the length of the hydrophobic chain, the pore size in the surfactant template materials is
usually restricted to-8 nm as a result of the lemgof their chains. Larger pore sizes are
obtainable with the use of block-polymers as template molecules. The hydrophilic part of
these amphiphilic polymers usually consists of poly(ethylene oxide) (PE), while the
hydrophobic part can be either poly(pytene oxide) (PP), poly(ethyleru®-butylene) (KL),
polystyrene (PS) or polybutadiene (PB).

The easiest way for the preparation of mesoporous films is through evaporation induced self

assembly (EISA) of sejel metal oxide precursors assisted with ampghdplstructure
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directing agents. Although this procedure was intensively studied and applied for various
systems, the preparation of 3D structured electrodes through the EISA process for some types
of oxides still remains a nontrivial taskln the following chapter the evaporation induced

self assembly process, as a method for the preparation of mesoporous thin films is presented.

1.4.1 Evaporation Induced Self Assembly

The preparation of the mesoporous films by evaporation induced self assef3#Y has its
origin in Mobil é&esnplated materiai¥n'®® $iDiffdremtctd thenptocess
described above, the concentration of the amphiphilic molecules in the EISA process is below
the critical micelle concentration so that no micelbe® initially present. The micelle
formation and their self organization into a periodic structure is triggered by evaporation of
the solvent which results in the increase of the concentration of the surfdtt@ihe
advantage of this process is thag Wiscosity of the initial solutions is low, which enables
solution deposition of thin homogeneous films usiaghniques for the solution deposition
swch as dip, spin and meniscusoating. The EISA combines the surfactant assisted self
assembly of either sael precursors or preynthesized well defined nanobuilding blocks

(NBBs), Figure 1.4210 111

23



Inorganic Nanobuilding
metal oxide blocks
precursor (NBBs)

@

Organic Templates
Structure directing agents

SELF ASSEMBLY
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The steps of the assembly process into periodically organized mesoporous materials
(POMMs) were intensively studied by Grosso and SantfiéZ.

For the formation of the micellstructure by organization of precursor/ NBBs together with

the surfactant two main processes have been proposed. In the first mechanism, so called liquid
crystal templating (LCT), the inorganic phase condenses around a stabilized surfactant phase.
In thesecond mechanism, the cooperative self assembly (CSA), the surfactant molecules and
the inorganic species first combine to form hybrid intermediate species which then behave as
independent surfactant species, i.e. the building blocks of the mesostritftiwever, in

reality it is most likely that both mechanisms happen simultaneously considering that they
depend on both chemical and processing parameters for a given &stehfs schematic
representation of the mesostructuring during the dip coatimgegdure is given in the Figure

1.4.3.
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The control on the final mesostructure is
possible here by allowing water to re-

enter or to depart the film
{swelling or contracting
the hydrophilic

network
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Figure 1.4.3.lllustration of the mesostructuring during the -dipating procedure in ethanol solution inorganic
precursor, surfactant (template) and some amount of water. The process of mesostructuring caadbiatdivid
four parts. The first part presents the initial solution where critical micelle concentration is not yet achieved due
to the high concentration of solvent. The second part presents evaporation of solvent during the deposition
procedure of the filmsin this step assembly of template is happening due to the reached critical micelle
concentration through evaporation of solvent. The third step occurs after the solvent is mostly evaporated and
involves further equilibration of the mesostructure in thespnce of some remaining water molecules. The
fourth step involves the condensation of the inorganic network. Adapteddference [10P
For the preparation of reproducible mesoporous organized thin films three main parameters
are important: 1) the nate and chemistry associated with the coating solution, 2) the process
of the layer deposition, 3) the final post synthetic treatment of the film with the purpose to
eliminate the organic phase and to sinter the oxide network. A more detailed considgration
those parameters is given bel&ty. 109 112

1 The Nature and Chemistry of the Coating Solution
The initial solution used for deposition must be homogeneous in concentration. It is essential
that the solution perfectly wets the substrate during thesitepo It is desirable that the

solution contains a solvent (typically ethanol) which is more volatile than water. Usually these
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are controlled seyel solutions in which hydrolysis and condensation steps of the inorganic
precursors are adjusted by selegtappropriate components and their relative quantities.
Typically those are solutions of metal oxide precursors, such as metal alkoxides or metal
halides, and templates which can be surfactants or blepklgmers in volatile solvents such
as ethanol otetrahydrofuran. Addition of a small amount of volatile acids, such as HCI can
catalyse the hydrolysis or control the dispersibility of the nanoparticles. In order to obtain the
periodic mesostructure, the amount of the organic template and the inogpgacucsor or
nano building blocks must be in the appropriate ratio. This applies also to the other
components such as water content, pH, dilution, etc. The template concentration in such
solutions is below the critical micelle concentration (CMC) ands#éieorganization does not
occur in this step.

2 The Deposition Process
This step is related to the processing conditions and the self assembly process. The driving
force in this step is the phase segregation, the self assembly and the condensationtaf the me
oxide precursor which is in total a result of the evaporation of the solvent. During the
deposition of the initial layer, for example through dip coating, the evaporation of the volatile
components takes place at thefdim interface. The evaporatideads to a rapid enrichment
of the films with metal oxide precursors and template molecules. At the point when the
surfactant reaches the critical micelle concentration of the system, the micelles start to form
by hydrophobic segregation of their alkylaghs. This state is critical for the formation of the
mesostructure and can be tuned by varying the relative humidity (e 20) inside the
dipping chamber. This specific humidity (water) at the air/film interface influences the final
organization whib can lead to the formation of different mesophases (frordonensional

up to threedimensional) for the same surfactant depending on the applied parameters.
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3 The PostDeposition Treatment
The aim of this step is to stabilize the inorganic frameworbkutin a post deposition
treatment, either by further condensation or by sintering of the inorganic network to eliminate
the template in order to form the porous sample. This is usually performed by thermal
treatment of the sample which leads to the decoitipof the organic phase accompanied
by contraction of the porous domains perpendicular to the surface plane of the film. In this
step it is possible to combine a mild temperature treatment with the other techniques for
template removal such as degraolatof organic material by plasma decomposition, solvent

extraction or treatment with base.

1.4.2 Nanobuilding Blocks (NBBs) for EISA Process

One of the limitations of the EISA process is the difficulty to control the crystallinity of the
obtained mesoporous frawork. In some cases where the crystallinity of the framework is
not the issue, especially in the case of silica, the EISA process using the standpsid sol
procedure is applicable. On the other hand, in the case of many oxides the crystallinity of the
three dimensional mesoporous framework is required. This transformation of the
mesostructured framework from amorphous into crystalline is usually performed at elevated
temperatures which can lead to the collapse of the mesostructure. Some modificatiens od t
EISA process are usually required to obtain crystalline mesoporous-fim€Some of the
strategies which use a direct assembly ofgyrthesized weltlefined nanobuilding blocks
(NBBs) that preserve their integrity during the assembly insteadotdcular or amorphous
precursors. The prerequisite for these NBBs is that they should be at least four times smaller
than the micelles in order to be able to adopt the curvatu®® (#n in size) of the organic
template interfac&’” ™! The variety of possible NBBs offers a wide range for the creation of

numerous different architectures. Small clusters (metallic oxoclusters, Zintl phase, etc.),
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inorganic nanoparticles (metal oxides, ngtachalcogenides, etc.) and cateells
nanoparticles can be used as NBBs. The advantages in using NBBs for building the
mesostructure are as follows:

1 Through this method is possible to define precisely the inorganic component and to
minimize the collaps@roblems which might occur with the removal of the template
and crystallization of the framework.

1 NBBs possess a lower hydrolytic reactivity than molecular precursors. Due to that, the

chemistry, self assembly and processing parameters can be decoupled.

1.5 Synthesis of Metal Oxide Nanoparticles as NBBs

The elaboration of metal oxide nanoparticles was studied very intensively due to their
practical and fundamental importance, and a vast number of approaches based on physical as
well as chemical methods doesealdy exisf: ** *3In this chapter, only the approaches
enabling the fabrication of nemgglomerated dispersible nanoparticles will be shortly
described.

The physical methods, such as pyrolysisball milling, are mostly not suitable for the
preparation of this kind of nanoparticles, as they do not offer the control over size and
morphology. On the other hand, the synthesis of monodispersed nanoparticles can be
challenging. From this point of v, soft chemistry routes are usually more suitable for the
preparation of the monodispersed colloidal solution of nanopatrticles. This is due to the better
control of the reaction course and offers the possibility for the better stabilization of the
nanopaticles in the solutiori***!’ Besides, they also offer products of high purity with a
good homogeneity at low processing temperatures. One of long known and traditionally
successful methods for the preparation of bulk metal oxides-gesahemistry*® 1*° which

was more recently adapted for the preparation of nanoscale metal oxides.
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1.5.1 SolGel Synthesis of Metal Oxide Particles

The solgel process can be described as the conversion of a molecular metal precursor into
metal oxide by chemical reactioh§?° Usually the metal oxide precursors are inorganic
metal salts such as acetates, chlorides, nitrates, sulphates, or organic species like metal
alkoxides. The latter are commonly used in aqueougealodynthesis. The processes which
occur during the fonation of metal oxide particles in sgél synthesis can be described as
follows. In the first step of the synthesis the metal alkoxide is transferred into a sol, which can
be presented as a dispersion of colloidal particles in a liquid. This sol ifetradsnto a gel
through condensation, forming an interconnected porous inorganic framework filled with the
liquid phase. This process consists of two reaction parts: hydrolysis and condergation.
Hydrolysis can be described as:
k0O 0°Y O009k0d 0O YULO (eqg. 1.5.1)

whereas the condensation can be presented as:

k0O 0000 0kOkod 0O 0k OO0 (eq. 1.5.2)

k0O OY 00 0kOkod 0 0Ok YOO (eq. 1.5.3)
In the hydrolysis reaction the metal alkoxide groups (Y change into hydroxil groups
(0 "®@through a nucleophilic attack of the hydroxide ions water with a simultaneous release
of alcohol. In condensation reactions the formation ofithe 0 0 bond is achieved either
by condensation of two hydroxylated metal species togethir the release of water or
through reaction of the metal alkoxide and the metal hydroxide under release of alcohol.
Considering that these two reactions happen simultaneously, they lead to a wide variety of
different species. Therefore this reaction is fdliy controllable. However, the advantage of
the aqueous sael process is the fact that the sol or gel can be transferred into desired forms,

such as fibers, films or powders or even ceramic materials by subsequent Héatilig.a
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better controbf the particle size, doping level, and particle dispersibility in different solvents

remains an issue.

1.5.2 Non Aqueous Sdbel Synthesis of Metal Oxide Nanoparticles

The major problem of the aqueous-gel synthesis lies in the hydrolysis and condensation
steps which are very fast for most of the metal oxide precursors and thus result in a loss of
morphological and structural control over the final oxide material. This problem can be
avoided through nonhydrolytic or nonaqueousgalchemistry. In such reaghs the oxygen

is provided from organic molecules such as ethers, alcohols or alkoxides. This leads as a
result to a completely changed chemistry due to the different reactivity of the esgd®m

bond!?® *?!|ntensive studies on non aqueous-gel s/nthesis of metal oxide nanoparticles

were performed in the group of Prof. Niederberdér?® 2% |n comparison to the aqueous
solgel synthesis, where even smallest changes in experimental conditions can result in a large
variety of products, theeaction in non aqueous solvents is Hlateting and is usually much

slower than that with water. This type of synthesis can be performed with various metal oxide
precursors and organic solvef&:? One of the most promising solvents in this type of
synthesis is benzyl alcohol due to its Aoxicity, high boiling point and special reactivity
caused by the stabilization of the intermediate states by the aromati¢’Benzyl alcohol

plays a special role in the nagueous sefel synthesis due todhfact that it can react with

many metal oxide precursors such as metal alkoxides, halides, acetylacetonates or acetates
providing a wide variety of metal oxide nanoparticles and oxide based nanostrifctdrés.

135 The benzyl alcohol serves both aslvent and as an oxide source and the reaction can be
performed at mild temperatures between 40 A
oxide nanoparticles can vary from 2 to 10 nm depending on the applied temperature. Due to

the low cost and broadvailability the first systematic investigation of the nonaqueous
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synthesis was performed on metal halides with benzyl alcohol. The steps of the reactions can

be presented &4°

0O OYIDO YO 0d 600 (eq. 1.5.4)
kKO & Y 0 ODkOkd O 0k YO (eq. 1.5.5)
KD & YO'OKkD 060 Y& (eq. 1.5.6)
kKO 00 ®OkOkD § Ok "O® (eq. 1.5.7)

The steps of the metal oxide synthesis involve the formation of metal alkoxides through
alcoholysis (eq. 1.4.4) and condensation betweenlmatkoxide and metal halide (eq. 1.4.5)
under release of an alkyl halide. The second type of reaction which is happening
simultaneously is the elimination of alkyl halides through the reaction of metal halides with
benzyl alcohol (eq. 1.4.6) accompanigg subsequent condensation of hydoxylated species
according to the equation 1.4.7.

This type of reaction provides highly crystalline and pure metal oxide nanopatrticles. It was
found that these nanoparticles are useful NBBs for the preparation of mesetiuftius

through the modified EISA proceduf&!?

1.6 Incorporation of Electro-Active Molecules into Mesoporous Oxide Frameworks

The 3D porous electrode architectures offer a good host platform for the incorporation of
electreactive molecules. One of theain advantages of such system is a large conductivity
interface, which provides a direct communication with the electrode and at the same time a
high loading of the electractive molecules. Additionally, the surface modification of the
pore interior endles one to tune the chemical surrounding of the incorporated molecules
changing their stability and reactivity, or to covalently bind the elemttive molecules to

prevent their leaching and desorption from the electrode surface.
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The pore size of the megorous framework puts certain limitations on the size of electro
active molecules. Typically, mesoporous materials are suitable for incorporation of simple
molecules up to smaller proteins with a size of ca. 5 nm.

The choice of the electractive speciesnd the way of their immobilization are determined

by final application of the electrodes. A variety of devices such as electroluminesognce
bio-sensors require a stable incorporation of either expensive or sensitive -aficteo
moieties. There arseveral ways to incorporate the eleeative molecules. One of the
simplest ways for the incorporation is adsorption of eleatitove guests on the surface of the
porous framework. This type of anchorage can be governed by the electrostatic interactions
between the electractive molecules and the oppositely charged mesoporous oxide surface.
Usually this type of interaction can be achieved if the elemttive molecules are either acid

or aminogrougbearing compounds carrying negative or positive ahangspectively,
depending on the pH.

When the affinity between the electrode surface and guest species is too weak or the
specifically substituted electi@ctive molecules are not available, the surface of the
mesoporous electrodes can be functionalized molecules which later on serve as covalent
linkers to the electroactive species. This type of attachment provides a good and a stable
connection of the guest molecules preventing their leaching. There are several types of such
grafting approaches whiatan be used for the covalent attachment of the molecules such as
click chemistry, maleimide reaction or the commonly used amide bonding. In the present
work two types of surface functionalization were investigated namely surface
functionalization with orgnotrialkoxysilanes and with Grignard reagents. The surface
functionalized with organotrialkoxysilanes was further used for the anchorage of the various
molecules viaamidebond formation. Therefore, in the following chapters these two types of
surface fuitionalization and possible ways of incorporation of electroactive molecules are

presented.
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1.6.1 Surface Functionalization with Organotrialkoxysilanes

For the covalent attachment of the elegiobive species the first step of the grafting i.e.
surface functioalization with the linker molecules is an important task for obtaining the high
surface coverag¥: 3¢

Organotrialkoxysilanes are one of the most common binding linkers for the guest species used
in the first step of the surface functionalization. Most of the surface functionalization
reactions with organotrialkoxysilanes were studied on mesoporous silica materials and later
implemented for the other types of oxid&d" % 13239

Reaction withthe organotrialkoxysilanes requires the presence of free hydroxylic groups on
the surface of the oxide. These groups interact with alkoxysilanes via condensation under
formation of an oxo bridge. The organotrialkoxysilanes usually bear some functionps grou
that can be used in the second step of the grafting of desired molecules. The most common
functional groups in organotrialkoxysilanes are chlorides, mercapto groups or athkms.
example, surface functionalization can be achieved with organotnaitames such as-
aminopropyltriethoxysilane (APTES). The reason for this is the free terminal amino group
which offers an anchoring site for the covalent attachment via peptide bond formation with
molecules baring carboxylic groupshe surface modificadn with APTES is based on a
three step reaction of the free hydroxylic groups from the surface with APTES molecules

according to the Figure 1.6.1.
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Figure 1.6.1. The proposed flip mechanism of the APTES reaction with surface hydroxylic groups in dry
conditions,a) physisorptionp) condensatiorg) obtained structure. Adapted frawference [13B

In the reaction mechanism proposed by Impéhshe amine group &m APTES forms a
hydrogen bond with a surface hydroxyl group. This hydrogen bonded molecubatsdyses

the condensation of the second APTES molecule with the surface, resulting in a covalent
siloxane bond. The terminal amino group can be further od faethe next step of the

attachment of various small molecules and prot€&ir{$.%

1.6.2 Surface Functionalization with Grignard Reagents

Another possible way which results in surface functionalization can be performed through the
direct attachment of canb atoms from an organic compound to the metal atom on the surface
of metal oxide via metal organic modification through Grignard reactions. Such type of
bonding is of special interest for applications involving charge transfer between the metal
atom and he attached groupAttachmentof various functional or conjugated grougasthe
surface of nanostructured electrode provitles possibility to use these groups both as
covalent linker(in the second step of the anchorageel&ctroactive moleculg¢sand as a
conductive chain between the oxide surface and functelaetractivemoieties. The use of
Grignard reactionscan provide an advantage over surface functionalization with

organotrialkoxysilanes because this type of reaction excludes the pore blocking by condensed
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oligomeric silane species. Additionally, various Grignard reagents can be either purchased or
easily prepared in the laboratory from the respective halogenic compounds. The surface
functionalization with Grignard reagents was studied separately by Yamamoto and our
group™*®** Surface functionalization via Grignard reactions was up to now performed on

various materials, such as mesoporous sfff€&? on Au and Ge nanoparticlés; 4

amorphous carbon substratésor semiconductor surfacé®: *4°
The reaction mechanism of the Grignard reaction with silica can be explained by the scheme
proposed byim,.”*° The formation of the SC bond is obtained by direct attachment of the

nucleophile to the silicon atom from the mesoporous silica according to the Figure 1.6.2.
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Figure 1.6.2.Proposed reaction mechanism of the Grinard reagent with silica.

During the reaction of the Grignard reagents, typically presented-MgBR (or R-MgX),

with the surface of silica, the magnesium atoms form a complex with the bridging oxygen
from the SiQ surface and increases the electrophilicity of the silicon atom osuitiace.
Simultaneously, the organic part of the Grignard reagent (R) acts as a nucleophile. An
addition of the nucleophile (organic part of the Grignard reagent) to the silicon atom builds a
starting product of the Grignard reaction. Hydrolysis of theond gives a final product,

i.e. hydroxyl group, while the organic part R is attached to the neighboring silicon atom.
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1.6.3 Attachment of Electixtive Moieties

Various electrochemical devices such as biosensors or redox protein based arrays require
incorportion of electreactive species into the electrode. The incorporation of elactioe
molecules into structured materials can be performed either by adsorption or by covalent
binding to the inner surface of the porous electrodes. Covalent attachmeiyt psuades
betterbinding stability of guest molecules and decreasewulreerability to the influence of

the environment

In the present work the incorporation of eleeative groups into the mesoporous network
was studied through both methods, aelsorption and covalent attachment through amide
bond formation with the APTES functionalized surface. For the later, the guest molecules
have to possess a carboxylic group. The carboxylic group reacts with the amino group from
APTES using N-(3-Dimethylamnoproyp}N éethylcarbodiimide (EDC) or N, N
dicyclohexylcarbodiimide (DCC) as activating agents for the formation of the amide bond,

Fig. 1.6.3.

Figure 1.6.3.lllustration of the attachment of ferrocene molecule onto the surface of the pore through amid
bond formation.

Based on the same principle, the other types of molecules, such as ruthenium dyes were

covalently attached into the mesoporous structure.
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1.6.4 Incorporation of the Metalloprotein Cytochrome C

In comparison to small molecules, the stable incorporation of proteins into a mesoporous
network does not necessarily need to be performed through covalent attachment, although it
was shown to be beneficial for the prevention of leaching. The incorpoddtsmnall proteins

into the mesoporous network can be performed through adsorption of proteins due to
electrostatic interaction.

One of the most studied metalloproteins for these purposes is cytochrome c. Cytochrome c is
a small, nearly spherical, hemeot®in with the size of 238.2 3.0 nnt and has a molecular
weight of 12,400 D&’ Cytochrome c consists of a single polypeptide chain containing 104

amino acids covalently attached to the heme group, Figure'1}6.%.

Figure 1.6.4.The structure ofhe cytochrome c. The picture is adopted from the Protein Data Bank according to
the solved crystallographic structure aating to reference [132

The active centre of cytochrome c is the heme which has a porphyrin ring, where four pyrrole
nitrogen atomsare coordinated to a central Fe atom forming a square planar complex. The
iron in the heme centre can switch between the ferritYBead the ferrous (B8 state and as

a consequence acts as an electron carrier. The heme centre is tightly packedf ittseede

hydrophobic side chains of the polypeptide chain framework, whereas hydrophilic side groups

37



are positioned on the outer surface of the protein. The axial ligands of the iron in the heme
centre are histidine 18 and methionine 80 from the polypeptidén>® One edge of the

central heme is exposed to the surface. The lysine residues which contain cationic side chains
are positioned at the surface of the molecule, whereas some of them surrourehthg op

the heme.

At neutral pH cytochrome c is positively charged as a result of the fact that its isoelectric
poi nt (I EP) I's settled at pH 10. Thi s means
which surround the redox centre and thus play arortapt role in the electron transfer, are
positively charged at neutral pH.

Cytochrome c is a very stable and robust protein and due to this fact it was chosen as a model
molecule for the numerous studies of the incorporation of proteins in various systems

It was shown that the incorporation of cytochrome c into porous networks can be performed
by adsorption and by covalent attachment, Figure 1.6.5. The adsorption of the cytochrome ¢
on the negatively charged oxide surfaces is governed by Coulomb imtesacliopoglidis

and Willit showed that the surface of various oxides is negatively charged and cytochrome ¢

can be adsorbed on’ft.1>41%6
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Figure 1.6.5.Possible ways of incorporation of cytochrome ¢ into mesoporous oxides. The pathway 1. presents
the incorporation through electrostatic interactions between the positively charged protein and negatively
charged oxide surface, whereas the pathway 2 presents covalent immobilization.

Although this type of immobilization was shown to be easy and effidiecannot prevent the
leaching of protein molecules in the presence of high ionic strength solutions. For example, it
was shown before that the adsorption and desorption of the cytochrome ¢ can be influenced

by the ionic strength of solutior$.'>’*>®

The electrochemistry of cytochrome ¢ was studied on various types of electrodes such as

9, 67 157, 159

zeolites 90, 156

carbon’ tin oxide® ***mesoporous silic& titatnium dioxidé>* **°or gold
electrodes® The obtained results show that the direct electron transfer between the electrode
and cytochrome c can be demonstrated. This offers the possibility to use this protein in the

bio-sensor applications %
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2 Characterization Methods

In this chapter the methods used for the characterization of the materials investigated in this
thesis, i.e. antimony doped tin oxide (ATO) nanoparticles and mesoporous ATO films are
discussed. The fundamental understanding and potential applications of these materials
require the ability and instrumentation to observe and measure the individual nanomaterials
and nanostructures. This chapter provides a description of the essentgllgsirof the
applied characterization techniques. A detailed description of experimental conditions used

for the characterization of the specific materials is given in the chapters 3.2, 4.2, 5.2, and 6.2.

2.1 X-Ray Diffraction

X-ray diffraction is a characteation technique which gathers information about structural
properties of crystalline solid materials from elastically scatterealyX’ 2

X-rays are a form of electromagnetic radiation having a wavelength between 0.01 and 10 nm.
In X-ray diffractometes, X-rays are generated when accelerated electrons collide with a
cooled target (anode). Due to the collision process, electrons are decelerating and losing
energy. This energy is converted into electromagnetic radiation which is knowrras X

6whi tag iroandi, Fig. 2.1.1.

white 2
radiation

intensity

cut
of f

\

wavelength (A)

Figure 2.1.1.X-ray emission spectrum of a metal. Adapted from reference [1].
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Additionally to this, narrow lines appear in the emitted spectrum, which are characteristic for
the material of the anode. These lines are formédllasvs: accelerated electrons eject a core
electron from the inner shell of the atoms of the anode. In the relaxation step electrons from
the upper shell fill the gap. During this process, a specific wavelengty Xjuantum is
emitted. This process gemagges these lines in the spectrum. These monochromatays
which are then used in-Ky diffraction, are assigned by the relaxation procegsKk etc).

By using filters, which isolate only one of these single narrow lines a monochromedic X
source is generated. For example, if the anode material consists of copper, the gdipger K

is used as monochromaticray source.

For obtaining information alu the structure of materials, samples are illuminated with these
monochromatic Xays. Considering that the wavelength of this radiation is similar to atomic
distances in solid materials, the structure information is obtained by interpretation of

construtive and destructive interferences of the scattere@dys. This scattering of -Xays on

a crystal |l attice Iis explained through Bragg
.‘_‘,57‘-,_‘
L 7\,9
-~ 2d sin ©
\\
J
)26
/)
Figure2.1.21l | l ustrati on eadydfBactoyggds | aw for X
Braggds | aw describes the conditions of <cohe
rays on a crystal lattice:
¢ _ ¢Qi Q¢ — (eq. 2.1.2)
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wheren is the order of interferencesis the wavelength of Xay radiation (normally 1.5418

U for Cu Kyradiation),d is the lattice spacing artiis the angle of incidence.

When constructive interference occurs, at a specific angle, the reflection peaks in XRD
patterns are obtained. The width of the reflection peaks is dependent on the size of the
crystaline domains which give the constructive interference whereas; the intensity of the
reflex is dependent on the amount of crystallites, among other factors. From the broadening of
the peaks in the XRD patterns, it is possible to calculate the size of langstimains using

Scherrerbs equation:

O

(eq. 2.1.2)

whereD is the calculated size of the crystalline domaiis, the wavelength of used-pays,b

is the full width at half maximum iA 2ahddj is the angle of incidence (reflex peak in XRD
pattern).

At small angles of incidence (ca. 018 A 2) if is possible to obtain constructive interference,

i.e. reflection of Xrays, which does not come from the ordered crystal structure, but rather
from ordering at the nanometer scale. This technique which is knovemaltangle Xxray
scattering (SAXS), delivers information about characteristic distances of ordered and partially

ordered porous materials where ordered mesopores define the lattice plspasirid).

2.2 Infrared Spectroscopy

Infrared spectroscopy’ is a spectroscopic technique that is used for the characterization of
chemical bonding in materials through excitation of vibrational modes with the infrared part
of the electromagnetic radiationhd& characteristic vibrational modes of functional groups are
used for the identification of chemical bonds in materials. The most common part of the
infrared spectrum used for this measurement is known as middle infraretR)n@dd covers

the spectrum ithe range of 200 to 4000 EmThe intensity of the infrared beam is measured
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after the interaction with the sample. The absorbed part of the spectrum is often characteristic
for the vibrations of functional groups in the material. The absorption ofiivican be a

result of induced transitions between molecular or collective vibrational energy levels. In
order to cause absorption, the molecules must show a change in dipole moment during the
vibration caused by the IR irradiation. This means that the mlelemes not need to have a

permanent dipole moment, but the dipole moment can be induced during vibration.

2.3 Raman Spectroscopy

Raman spectroscopy is a spectroscopic technique which is complementary to IR
spectroscopy. In this technique, the informationuttibe interaction of the electromagnetic
radiation with the material is obtained through the collection of the inelastically scattered
photons upon irradiation with monochromatic light The selection rules in Raman
spectroscopy are different from IRectroscopy. The selection rule in Raman spectroscopy is
that the polarizability of the bond during the vibration must change (and not the dipole
moment like in IR spectroscopy). The change in polarizability is a result of the deformation of
the electron loud. This occurs when a photon from the monochromatic light beam excites the
system from a given vibrational state into a virtual energy state. After this, the system relaxes

by reemitting (scattering) the photons in all directions (Fig. 2.3.1).
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Figure. 2.3.1. lllustration of the principle of Rayleigh Stokes and antiStokes scattering in Raman
spectroscopy.

However, these remitted photons can differ in energy from the incident light. Most of this
scattered light is scattered elastically, i.e. $histem relaxes into the same ground state, and
scattered light has the same frequency as an incident light beam. This type of scattering is
known as Rayleigh scattering. If the system does not relax back into the ground state but into
some higher vibratimal state, the energy (thus the frequency) of the scattered light is lower
than from the incident beam. This type of scattering is known as Stokes scattering and
generates weak side bands in the spectrum at lower frequencies. In the case that the system
relaxes into an energy level being lower than the ground state, the resulting scattered photons
possess a higher energy and therefore a higher frequency than the incident light beam. This
type of scattering is called af8itokes scattering. For Raman measwaets Stokes scattering

is mainly used due to a higher intensity and lower temperature sensitivity compared to anti

Stokes scattering.

2.4  UV-Vis Spectroscopy

Ultraviolet and visible light (UWis) spectroscopy is an absorption spectroscopy technique

which is widely used for the identification and determination of various inorganic and organic
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species. The absorption of visible or ultraviolet radiation is aute®f the excitation of
bonding electrons in the absorbing species. These transitions of electrons between outermost
energy levels are correlated with energy changes in the rangétof I cmi*, which covers

near infrared (NIR), visible light (Vis) anultraviolet (UV) electromagnetic radiation. Due to

this they are associated with the color of the examined species.

Organic compounds are able to absorb in theWiB/region because they all contain valence
electrons that can be excited to higher endeggls. Mostly, the absorption spectroscopy of
organic compounds is based on the transition of nonbomdarg bonding electrons to the

"~ *excited states. Both types of transition requireekistence of an unsaturated functional
group which can providehe ™ orbitals. Molecules which contain such functional groups, thus
absorbing in the UWVis region, are sometimes called chromophores.

The absorption of solid inorganic species (extended lattice) can be explained according to the

Figure 2.4.1.

4 band gap

LRI
=N\t

2.

o o
A B

Figure 2.4.1.lllustration of the possible electronic transitions in solid material duringMi$/absorption.
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In Figure 2.4.1 A and B present two neighboring atoms. The inner electron shells are

localized on each atom, whereas the outermost shell may overlépriemndelocalized bands.

The processes which can occur during absorption are presented in Figure 2.4.1 as:

1.

Promotion of an electron, on the same atom, from a localized orbital to a higher
energy localized orbital. The spectroscopic absorption band whichsponds to

this transition is known as excitation band. These types of absorption involve
transitions between filled and unfilled- and f-orbitals in some metal ions and
complexes.

Promotion of an electron from a localized orbital of one atom to aehighergy
localized orbital of the neighboring atom. The corresponding absorption bands are
known as charge transfer bands. This type of absorption can also be found in charge
transfer complexes which consist of an electron donor group bonded to annelectro
acceptor.

Promotion of an electron from a localized orbital to the delocalized energy band
which is characteristic for the entire solid, i.e. the conduction band. Materials which
show this type of absorption are photoconductive.

Promotion of an electrofifom one energy band to another higher energy band. This
type of transition can occur for instance between valence band and conduction band.
As a result, the magnitude of the band gap of some materials can be measured

spectroscopically.

The UV-Vis spectrosopy measurement can be used for quantification of the analyzed species

by measuring a transmittance or an absorbance of solutions or films in a transparent cell

having a defined path lengtiThe concentration of the absorbing species is linearly refated

t he

absorbance aceBeredidorsg lItaov:t he Lambert ds

O AEQAUESD - O (eq. 2.4.1)
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whereA is the absorbancd,is the transmittancé), is the intensity of the incident beafjs
the intensity of the transmitted bealdis the molar absorption coefficient of the analytés

the path length (in centimeters) anis the concentration of the analyte.

2.5 Thermogravimetric Analysis and Differential Scanning Calorimetry

Thermogravimetric analysis (TGA) is a method through tiiiee behavior and mass losses

of the sample during a thermal treatment are determined. The TGA is a quantitative and
powerful technique, but gives no direct chemical information. The essential component of the
TGA is the thermébalance, which consists afrecording balance, the furnace, a temperature
controller, a sample holder, a gdslivery system for establishing the required atmosphere,

and a data acquisition systém.

The analysis is performed by linearly increasing the temperature of the sample and
simultaneously monitoring its weight loss in the desired gas atmosphere. Several processes
can occur during the heat treatment of the sample and can lead to mass loss. The loss in the
weight might be the result of evaporation or pyrolysis. Other possbjlisuch as oxidation

or reduction of the sample can be monitored by controlling the atmosphere to which the
sample is exposed during heat treatment. The atmosphere can be either inert by using argon or
nitrogen or oxidizing by using a synthetic air mbeurespectively. The applied gas passes the
sample with laminar flow and removes the desorbed species from the heated sample.
Additionally, differential scanning calorimetry (DSC) measurements can be performed
together with TGA measurements, also knownT&ADSC. This technique measures the
amount of heat required to increase the temperature of the sample and an empty reference
crucible. By comparing the energy needed for the heating of the sample with the reference,

the enthalpy and consequently theunatof the weight loss can be studied by this method.
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Hence, information about the endothermic (evaporation) and exothermic (combustion)

processes during the heat treatment of the sample are obtained.

2.6  Electron Microscopy

In 1924 Louis de Broglie postulatéde waveparticle dualism. The direct implication of this
theory is that accelerated electrons are not only acting as particles but also as waves. This
characteristic peculiarity is used in electron microscopy where the source for illumination and
imagingof specimens is an electron beam. The first electron microscope was built in 1931 by
Ernst Ruska and Max Knoll. Because of this achievement and due to his fundamental work in
electron optics Ernst Ruska received the Nobel Prize in 4#86ctron microscpes use
electrons which have a wavelength 100,000 times shorter than visible light, and they can
achieve a resolution 1,00(higher than ordinary light microscopes. However, the interaction

of the electron beam with the specimen is different from theaictien of light with matter in

light microscopes.

When a sample is irradiated with an electron beam, the interaction of the electron beam with
the specimen induces several processes which can be used either for imaging of the sample or

for chemical analysi(Fig. 2.6.1).
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Figure. 2.6.1.Interaction of the electron beam with the specimen.

The most important interactions, which are used for imaging in scanning electron
microscopes, are badcattered and secondary electrons. Beside this, Aslgetrons ani-
rays can be produced. The latter are discussed in more detail below. In transmission electron

microscopes the electrons which are transmitted through the sample are used for imaging.

2.6.1 Transmission Electron Microscopy

The scheme of transmission electroieroscopes is shown in Fig. 2.6.2.
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Figure 2.6.2.Scheme of a transmission electron microscope

The electron beam is generated in an electron gun which consists of a cathode and an anode;
between them a voltage of typically-800 kV is applied. Themitter of electrons in the
electron gun is the cathode which can be made either from (a) a tungsten filament or
lanthanum hexaboride (LaBrystal) or (b), in the case of a field emission gun (FEG), a
special sharply pointed tip of tungsten crystal. Tleeteon beam is then produced either by
thermal emission (a) or field emission (b). In electron microscopes, a field emission gun is
used to produce an electron beam with a small diameter, being more coherent and having an
up to three orders of magnitudeegter current density or brightness than can be achieved
with thermal emitters. The electron beam is focused through a condenser system onto the
sample (Fig. 2.6.2). The beam can be either focused to a small probe (the smallest being down
to ca. 1j in diameter) or can be held parallel and illuminate a much larger area of the sample.
After the interaction with the sample (Fig. 2.6.1) only electrons which are transmitted and
elastically scattered through the sample are used for imaging in transmissiaonelect
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microscopes. After passing through the sample the electron beam carries the information
about the internal structure of the sample. The first image of the sample is further magnified
through the projective lenses to the imaging screen which can besphainous screen (ZnS)

or a CCD camera.

By changing the strength of the intermediate lenses it is possible to obtain either an image of
the sample or diffraction patterns. Moreover, different imaging procedures are possible in the
TEM which result in diffeent types of information about the sambfe.

In conventional TEM imaging, the image is formed by illuminating the sample with a parallel
electron beam and collecting forward scattered electrons. The contrast in the image is a result
of electron scatteng due to the masgkickness or diffraction effect. Such images are also
known as bright field images.

In dark field imaging instead of collecting the direct beam, one of the diffracted beams is
chosen for imaging. These electrons carry the informatiavutala specific crystalline
orientation of crystallites inside of the sample.

In case of lattice imaging the image is formed by the interference of the diffracted beams with
the direct beam. If the lattice resolution of the microscope is sufficientlydndha suitable
crystalline sample is oriented along a zone axis, thenregbiution TEM (HRTEM) images

can be obtained. In many cases, the atomic structure of a specimen can directly be
investigated by HRTEM.

In scanning transmission electron microscog8TEM) the image is formed by using a
focused (converged) beam instead of a parallel one and by scanning the sample with this
beam. For the image formation transmitted electrons are usually collected on an annular
detector. If only electrons are used whiare scattered at large angles, contrast arises due to
strong Coulomb interaction of the negatively charged electrons with the positive potential of
the atomic nuclei of the atoms in the sample. Because of this electrons are scattered at high

angles (dagnated as Rutherford scattering). This high angle scattering is employed in the
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STEM mode imaging also known asc@ntrast or high angle annular dark field (HAADF)

imaging method. Considering that heavier atoms possess more positively charged atomic
nucle they can scatter more strongly than light atoms. Therefore, heavier atoms are brighter
in the image since the contrast is approximately proportional to the square of the atomic

number (Z).°

2.6.2 Energy Dispersive -Ray Spectroscopy (EDX)

Energydispersive Xray spectroscopy (EDX) is an analytical technique used faelémeental
analysis of a sampfeThe technique is based on analyzingays emitted from the sample as

a respoge of its inelastic interaction with the electron beam. If the electron beam interacts
with the atom, it is possible that an electron from the inner shell, esgeK is excited above

the Fermi level and the atom becomes ionized (Fig. 2.6.3).

X ray
radiation

. inelastically
k'ICk‘tad'OUt scattered
clectron electron

Figure 2.6.3.Interaction of the atom with an electron beam

The formed unoccupied state can be filled by an electron from an outer shell. During this

transition the electron can emit radiation of a very short wave lengtays Due to the
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fundamental principl¢hat each element has a uniguemic structurethe formed Xrays are

a characteristic of an element and therefore the elements can be identified uniquely due to
their specific energy of Xays. This technique is used both for qualitative and quantitative
elemental analysis.

EDX spectra are collected with EDX detectors which can be installed both on TEM and SEM
instruments. The active part of an EDX detector is a Si(Li) semiconductor. The working
principle of EDX detectors is based on the interaction-0&y§ with a semiconductor, i.e. Si.

The incoming Xrays induce a transfer of electrons from the valence into the conduction band
thus creating an electrérle pair in the semiconductor. The numbéthe created electrons

or holes is directly proportional to the energy of the incomingays. These electremole

pairs are then separated through a voltage bias which is applied on the electrode contacts on
the opposite sides of the semiconductore Tdollected charges are further amplified and

electronically identified.

2.6.3 Electron Energy Loss Spectroscopy (EELS)

Electron energy loss spectroscopy is often known as a complementary method to the EDX.
EELS is in principle capable of measuring atomic contjposs and conduction band
electronic properties. The technique is usually combined with transmission electron
microscopy or more precisely STEM and it relies on the detection of inelastically transmitted
scattered electrons (Fig. 2.6%3).

In the basic priaiple of EELS, when the sample is illuminated with the electron beam, some
electrons undergo inelastic scattering, causing them to lose energy and have their paths
slightly deflected. This interaction, i.e. energy loss of the incident electron beam can be
caused by phonon excitations, inter and intra band transitions, plasmon excitations, inner shell

ionization, and Lerenkov radiation. The i nn
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result of the transition of electrons from the inner shells testabove the Fermi level (Fig.
2.6.3) is of particular interest for elemental analysis.

The amount of electron energy loss in the transmitted beam can be detected through an
electron spectrometer (Fig. 2.6.4), which is mounted below the viewing screen of

transmission electron microscopes.

Electron beam Detector
@ Entrance apertures LL

Alignment coils

Quadrupoles

Figure 2.6.4.Schematic presentation of the EELS detector and formation of the EELS spectra.

The transmitted beam is first selected by the entrance aperture. The beam passing the aperture
goes through the alignment coilsto the magnetic prism. In the prism the electron beam
becomes dispersed due to the Lorenz force as a result of the different energies (velocities) of
electrons. The dispersed beam, which goes out of the prism, is further magnified by
guadrupole and saxpole lenses and projected to a CCD camera and recorded. The obtained
spectrum can be divided into different energy loss regions. One sharp peak occurs at zero eV,
due to unscattered electrons. This peak is known as a zero loss peak. Next to it, ilothe reg

up to 30 eV, comes the-salled low loss region. This region is usually dominated by a broad
peak that results from plasmon excitations and is in intensity several times lower than the zero

loss peak. Core loss peaks, which are the result of theish&iation of atoms, come at a
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much higher energy and are approximately 10@@ver in intensity than the zero loss peak.

The obtained spectra are further interpreted in terms of the origin of the energy loss.

2.6.4 Scanning Electron Microscopy

The scanning etgron microscope is a type of electron microscope that images the sample by
scanning it with an electron beam which is focused into a small probe, Fig’ 2.6.5.

The beam is generated in an electron gun (same as in TEM) but bBasrggranging from

0.5keV to 40 keV and is focused by one or two condenser lenses to a spot about 0.1 nm to 5
nm in diameter. The beam passestigh pairs of scanning coils or pairs of deflector plates in

the electron column, typically located in the final lens, which deflects the beamxnahd

y-axes so that it scans in a raster fashion over a rectangular area of the sample surface. When
the primary electron beam interacts with the sample several processes can occur as shown in
Fig. 2.6.1. The beam that is focused on the surface of the sample interacts with a volume of
the sample which is called interaction volume. This volume has a teatulpp and its depth

has a size of 100 nm to &m into the sample. For SEM imaging only backward scattered

electrons or secondary electrons are used for image formation (Fig. 2.6.1).
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Figure 2.6.5.Scheme of SEM.

The energy of the backscattered electrons is similar to the energy of the incident electron
beam, while secondary electrons possess an enbfggV, typically 510 eV.

Backscattered electrons (BSE) are electrons of the incident beam that are reflextéuefro
sample byelastic scatteringThis happens when electrons from the beam approach the nuclei
of the atoms and due to the Coulomb forces nearby these electrons dgingkrection

without changing the energy. Because the intensity of the BSE signal is strongly related to the
atomic number (Z) of the specimen, BSE images can provide information about the
distribution of different heavy and light elements in the sampl

On the other hand, when the electron interacts with the sample, secondary electrons can
emerge from the atoms on the surface. Considering that the amount of secondary electrons
depends on the surface and topology, these electrons carry informationh&bmarphology

of the sample. SEM micrographs can yield a characteristic-thmeensional appearance
useful for understanding the surface structure of a sample.

Both types of electrons are collected with respective detectors where they are converted into

electrical signals and further through a computer system transferred into an image.
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2.7  X-ray Photoelectron Spectroscopy

X-ray photoelectron spectroscopy (XPS) is a quantitative (surface sensitive) spectroscopic
technique which enables one to obtain infororatabout the elemental composition, the
empirical formula, and the chemical and oxidation state of elements within the material of
investigation™ ® ° Because of this, the method is also called elecspectroscopy for
chemical analysis (ESCA) technique. The method is based on the photoelectric effect. If the
matter is irradiated with a light of sufficiently small wavelength (i.e. high energy) it will emit
electrons. The number of emitted electrons (péleictrons) depends on the intensity and the
energy of the photoelectrons corresponding to the wavelength of the apphgd.X

The basic principle of this technique is the measurement of the kinetic energy of the electrons
which are emitted from the sathe as a consequence of irradiating it withia¥s. The process

that takes place when the sample is exposed-ttayXadiation is the direct ionization of an

electron from the inner shell (Fig. 2.7.1) of atoms.
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Figure 2.7.1.Interaction of an atom with Xay radiation

The ionizing radiation which is used in XPS is a monochromatiayXradiation either from

Mg Ky (1254 eV) or Al K5 (1487 eV). Because the energy of a particulaa)Xwavelength is
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known, the electron binding energy of each of the emidedtrons can be determined by
using the equation:

O O O B (eq. 2.7.1)
where Epinding IS the binding energy of the electrdBynowon is the energy of the used-ray
photons Eqinetic IS the kinetic energy of the eleatr measured by the instrument ands the
work function of the spectrometer. The obtained XPS spectrum is a plot of the number of
detected electrons versus the binding energy of the detected electrons. This spectrum contains
the peaks at specific bindingnergies characteristic for each element present in the
investigated material. These peaks in XPS spectra are directly related to the electronic
configuration of the atoms of each element, 1&.2s 2p, etc. Considering that the binding
energy of electns is characteristic for each element, measuremen&sgfy provide an
identification of the atomddowever, the area below the peaks is proportional to the amount
of the present material. Therefore, the XPS can be used for the quantitative arfalysis o
samples. For this purpose, the area below the peak must be measured after the appropriate
basline substraction and compared with suitable standard. The limitation of the XPS is the
detection volume of the sample, which is limited to the region nearutfiece since the
inelastic free path of electrons is limited. The detection in XPS is typically several nanometers

in the depth of the sampt&.

2.8  Dynamic Light Scattering

Dynamic light scattering is an analytical technique which enables one to obtainatiborm
about the size and the size distribution of colloidal nanoparticles by measuring the diffusion
speed of the particles in solution. This Aomasive technique is based on the scattering of
light on colloidal particles which undergo Brownian motiomuelo this motion the intensity

of the scattered light fluctuates depending on the speed of particle movement. From the
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measurements of these light fluctuations it is possible to obtain information about the size of
the particles. However, the measuredueatepresents the hydrodynamic diameter of the
particle which does not have to be the same as the real size of the particle. This hydrodynamic
diameter represents the sphere of the particle together with the solvent core which moves
together with the padie in its Brownian motior.** *2

In the experiment the colloidal solution is illuminated with monochromatic and coherent laser
light and the light scatters from the moving colloidal particle. Td=er light is randomly
scattered and, due to the motion of the particles, the scattered light contains differences in the
phase. As a result of the variation in the phase of the light, the light forms constructive or
destructive interference on the deteatothe form of speckle patterns. Considering that the
particles are constantly moving, the speckle patterns are constantly changing. Thereby this
motion results in tim@&ependent fluctuations of the intensity of the scattered light which are

then recorde within a time scale. These fluctuations are subsequently quantified via the

second order autocorrelation function which is given by:
(eq. 2.8.1)

whereg?(q; J is the second order autocorrelation function at a particuvaave vector and
the delayed timé&) wheread is the intensity of the scattered light.
The first order autocorrelation function is related to the second order autocorrelation function
via Siegert equation:

Qv p 1 "Qonf (eq. 2.8.2)
Whereg?(q; U is the second whereag(q; U is the first order autocorrelation function at a
particularq wave vector and delayed tintéwhereash is a correction factor that depends on
geometry and ainment of the laser beam in the light scattering setup.
This autocorrelation function is then used for the particle size determination by fitting it

through mathematical models in order to obtain the diffusion coefficient of the particles. In
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the case ofmonodispersed particles the autocorrelation function is treated with a single
exponential function as:

Qo Q (eq. 2.8.3)
where g'(q; 0 is the first order autocorrelation function afidis the reciprocal of the
characteristic decay time raté< 1/{). From the decay time rate the diffusion coefficient can
be calculated according to:

zZ no (eq. 2.8.4)
andq is presented as:

vw —OEF (eq. 2.8.5)
whereD is the diffusion coefficienti is the reciprocal of the characteristic decay time rdte (
= 1/0), ng is the refractive index of the solutiosis the wave length of the laser light atfics
the angle of the scattering experimehplot of &i /2 gs. g® will result in a line with interept
D..

When the diffusion coefficienD) is known the hydrodynamic diameter can be calculated by

using the Stok&instein equation:
Q — (eq. 2.8.6)

whered is the hydrodynamic diametdej s t he Bol t zTnsahe tedperatareand t ant
d is the viscosity of the solvent.

However, most of the samples show some kind of size distribution and therefore the
interpretation of the data obtained by scattering the light on monodispersed particles can be
misleading.

In mostof the cases, the particles present in the solution are polydispersed and autocorrelation
function is a sum of the exponential decays of each particle in the population, eq. 2.8.7.

Q[T B O3 Q 03 QB (eq. 2.8.7)
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G(0) is proportonal to the relative scattering from the each particle and contains information
about the size distribution. In order to extract useful information from the autocorrelation
function several methods have been developed, such as Cumulant method, Corititmalgor
or Maximum enthropy method.
The cumulant method is one of the most common methods and it is based on that the
autocorrelation function can be expressed as:

"Q nht p =t =t Q (eq 2.8.8)
where 3 is the average decay rate and 3 is second order polydispersity index. The z
averaged translation diffusion coefficient, Dan be derived as:

3 nNoO (eq. 2.8.9)

This method is valid for smalland sufficiently narrovi(@i).
The CONTIN algorithm is based on inverse Laplace t@ansfof the autocorrelation function
and it is ideal for heterodispersed, polydispersed and multimodal systems.
The maximum enthropy method is used for the quatification of sedimentation velocity from
analytical ultracentrifugation and involves a numberitefative steps to minimize the
deviation of the fitted data.
In the case of larger particles the Mie theory can be applied, which describes the scattering of
light on particles, being similar or larger in size than the wavelength of the used laser beam.
The scattering intensity froime particles in a beam of unpolarized light can be described by

Rayleigh scattering:

0 O - — - (eq. 2.8.1p

wherel andly are the intensities of the scattered light and the incident beam, respectisely,
the scattering angl® is the distance to the partickeis thewavelength of the incoming light,

nis the refractive index of the particles ahthe particle diameter
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Considering that the scattering intensity is proportionai®othe obtained curves can be
dominated by a small amount of the large particles or aggregates. Because of this it is of
advantage to show volunveeighted or numbeweighted distributions whicare proportional

to d® andd, respectively.

2.9 Zeta Potential Measurements

The zeta potential of particles describes an electric potential at the boundary of the electric
double layer of the particle which is also known as hydrodynamic shear or slippieg phee

zeta potential is also known as the electrokinetic potential in colloid systems. Measurements
of the zeta potential are used, for example, for determining the stability of colloidal
suspensions by investigating the degree of electrostatic repbstareen the neighbouring

and similarly charged particles in relation to the pH value of the aqueous séitidh.

When colloid particles are dispersed mian-containing solution, the charge of the surface of

the particles will influence the distribution of the ions in the surrounding interfacial region of
the solution. Consequently this will result in the formation of an electric double layer around
the olloid particle. This electric double layer can be divided into an inner layer, also known

as Stern layer, and an outer diffuse layer, Fig.2.9.1.
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Figure 2.9.1.Scheme of the electric double layer around a negatively charged colloidal particles.

The inneror Stern layer consists of strongly bounded ions. The outer layer is formed of less
strongly bonded ions. The zeta potential cannot be measured directly but can be calculated by
measuring the electrophoretic mobility. The electrophoretic mobility of dheidal solution

is measured by applying an electric field across the dispersion. Because of their surface
charge the particles will move toward the electrode with opposite charge with a velocity
which is proportional to the magnitude of the zeta poteriilee zeta potential is correlated to

the electrophoretic velocity through the Henry equation:

~.
g

Y — (eqg. 2.9.1)

whereUg is the electrophoretic mobility)is the dielectric constang, is the zeta potential,

f(Ka)i s He nr y onddidthewiscosityoTime ekectrophoretic mobility can be measured
by using a Laser Doppler Velocimetry (LDV). The LVD technique is based on the Doppler
Effect. The measurement is performed by passing the laser beam through the colloid solution.
When theelectric field is applied the particles start to move towards the corresponding
electrodes. Their movement will cause a frequency shift of the incident laser beam, i.e.

Doppler shift. As the Doppler shift is proportional to the velocity of the partidleseisulting
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frequency difference forms a signal corresponding to the velocity of the particles between the

el ectrodes in the measurement cell. Accordit
function is set to 1.5 and can be used if the thicknesshefetectric double layer in
comparison to the size of the particles is very small. If the thickness of the double layer is

|l arge in comparison to the diameter of t he

f(Ka)=1, should be used.

2.10 Gas Sorption

Gas sorptn is the most common technique for the characterization of porous materials. The
principle of the measurement is based on physisorption of gas molecules on the surface of
porous materials, which involves weak van der Waals interactions between gas esdliheul
molecules which are accumulated) and the surface of porous materials. The porous material is
usually referred to as O6adsorbentd while ads
Various gases can be used as adsorbates. The most comswbatet used for gas
(physic)sorption measurements are nitrogen, argon and krypton. Most of the gas sorption
measurements are performed with nitrogen as adsorbate due to its broad application range and
availability. In the experiment the nitrogen is adtetdhe sample at 77 K and simultaneously
adsorbs at the surface of the porous solid. From the adsorption and desorption of nitrogen,
measured at different pressures and constant temperature, the characteristic adsorption and
desorption isotherms are obitad. The adsorption isotherm of the porous material can then be

classified as one of the major six types of isotherms proposed by IfFA§,2.10.1.
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Figure 2.10.1.The six types of gas adsorption isotherms according IUPAC. Adopted from reference [14].

The six types of isotherms, proposed by IUPAC, are characteristic for different types of

porous materials and can be described as follows:

a)

b)

d)

Isotherm type |, with a concave shape, can be obtained with microporous materials
with relatively small external staces.

Isotherm type Il can be obtained in the case ofmanious or macroporous adsorbents.
Isotherm type Ill can be obtained in nparous and macroporous materials in the case
when adsorbatadsorbate interactions play an important role.

Isotherm type V, with hysteresis loop, can be obtained for mesoporous adsorbents
and is correlated with capillary condensation of the adsorbate inside of the pores of the
adsorbent.

Isotherm type V is uncommon and can be obtained with certain porous materials
where theadsorbertidsorbate interaction is weak.

Isotherm type VI presents a stepwise multilayer adsorption on a uniforspanons

surface.

The obtained isotherms can be further interpreted to obtain information about the

characteristics of the porous system sashsurface area and pore sizes. There are several
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methods for the description of the obtained isotherms. However, the two methods which are
common for studying porous materials are BrundtramettTeller theory (BET) and density
functional theory (DFT}?
The BET method has become one of the most widely used procedures for the evaluation of
the surface area of porous material s. The t
which is built on several simple approximations:
1 The adsorption of thenolecules leads to the formation of one monolayer of the
adsorbate on the surface of the adsorbent
1 The surface of the adsorbent is uniform and all binding sites are equal
1 The ability of the adsorbate to bind specific sites on the surface of the adsarbent i
independent of the occupancy of the neighbouring sites.
The BET theory extends the assumption about
theory, to a multilayer of the adsorbate where the initially formed monolayer serves as a
substrate for further adgmion of the adsorbate. For low pressurpf(< 0.3) the BET

eqguation can be expressed in linear form:

) ; nin (eqg. 2.10.1)

wherep/p’ is the relative pressur@ is the saturation pressure of the adsorptivés the
amount of adsorbate;, is the monolayer capacity, a@lis the BET constant. From this, the
BET plot of p/n(p-p) versusp/p® gives a linear plot with a slof€-1)/n,C and an intercept
1/nC. In this way it is possible to obtaim, which togethe with the average arean
(molecular crossection area) occupied with adsorbed molecules in the complete monolayer,
is used for the calculation of the surface &d8ET)according the equation:

000"Y ¢ ¢0¢w (eqg. 2.10.2)
where L is the Avogadro constanh, is the monolayer capacity (obtained from equation

2.10.1) andhy is the average area occupied by a molecule of nitrogen. Usually, it is assumed
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that the BET nitrogen monolayer is clogeatked and in whichy(Ny) results as @62 nnf at

77 K.

For the calculation of the pore diameter a model developddabett, Joyner and Halenda
BIH)whi ch is based on Kelvinbds equation can
pore sizes in the range of a few nm are usually 1 nm snta#erthe real values obtained
through other methods. This behavior is a result of the assumption of a certain pore filling
mechanism and a condensation phenomena that does not describe precisely the behavior in
small pores.

The technique which yields a neorealistic result about pore sizes uses a microscopic model,
based on molecular simulations (Monte Carlo simulations) and density functional theory
(DFT), which requires a specific knowledge about the structure and surface atoms of the
investigated mateais. Due to this, the technique cannot be applied to unknown systems and
as a result the macroscopic approaches are still often empgfoyed.

The DFT technique is based on assumptions about thevisgeattractions between the
surface atoms and the adsogbatolecules, and the adsorbatisorbate attractions. In order

to obtain a minimum in the free energy of the system the adsorbate molecules are adjusted by
primarily changing the number density as a funcobrdistance from the surfacen® can
distinguidr local and no#ocal density functional theory (NLDFT). The local density
functional theory is based on the assumption that the fluid is structureless for the calculation
of long-range interactions between adsorbate molecules. On the other hand, tmgtiassu

can not be used in the case of surface adsorption with strongly interacting boundaries. In this

case the NLDFT calculations become essential.
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2.11 Potential Sweep Voltammetry

Voltammetry describes group of electranalytical methods in which the infoation about

the sample is obtained by measuring the current as a function of the applied ¥oltage.

The voltammetry measurements are performed in an electrochemical cell connected to a
potentiostat. The cell consists of three electrodes which are imuiaraesolution containing

an ionic conductor called supporting electrolyte according to the Figure 2.11.1.

it)

Function
generator

Potentiostat

E controlled Electrochemical
l cell

2

i(t) measured

Figure 2.11.1.Scheme of the experimental arrangement for contrgtadntial measurementEhe experiment

is controlled and run by function generator (commonly computer). Via the potentiostat a voltage is applied on
the electrodes of the electrochemical cell. The electrochemical cell contains three electrodes: working electrode
(WE), counter a@ctrode (CE) and reference electrode (Ref).

The electrode at which the electotive compound of interest is investigated is called the
working electrode. The second electrode needed to complete the electrical circuit is called
counter electrode. For dgtical purposes it is usually made of platinum wire or a platinum
mesh. The third electrode is a reference electrode whose potential remains constant during the
experiment. Commonly reference electrodes are a saturated calomel electrode or; a silver

silver chloride electrode. The electrical resistance of the reference electrode measurement is

so large that it withdraws practically no current. Due to this, the entire current from the
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potentiostat is carried from the counter electrode to the working elecffbe control circuit

in a potentiostat adjusts this current in the way that the difference in potential between the
working electrode and the reference electrode is identical to the output voltage from the
potentiostat. The resulting current is direcpyoportional to the difference in potential
between the working electrode and the reference electrode and is converted to a voltage which

is recorded as a function of time by the attached data acquisition system.

2.11.1 Faradaic and nofFaradaic Processes

There ae two basic types of electrochemical processes that occur at the electrode surface
namely Faradaic and ndfaradaic process. The Faradaic process involve charge transfer
through the electrodelectrolyte interface leading to either oxidation or reductbrthe
electreactive on the electrode surface. Faradaic process take place at certain potential
corresponding to the oxidation or reduction of the eleattive compound. The simplest case
of a reversible electrochemical reaction of the eleattive sgcies is described by the
following scheme:

0 €QPY (eq. 2.11.2)
whereO presents the oxidized forrR the reduced form of the electaative compound and
e the electrons. The applied potential at the working electrode controls the concentration o
the redox specie<Ct’ andCg’) at the electrode surface and the rate of the readpriThis
type of reactions is governed by Faradayos
reaction caused by a flow of the current is proportional to trmuatrof the electricity which
passed through the electrode. The current describes the transfer of the charge during the time

according to:

Q — (eq. 2.11.2)
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wherei is the currentQ) is the charge ands the time. The amount of the oxidizedreduced

forms of the electr@ctive species can be presented according to:
0 — (eqg. 2.11.3)

whereN is the amount of the oxidized or reduced eleairtve species (in moles] is the
chargen is the stoichiometric number of the transferred electrons involved in the reaction and
F is the Faraday constant (96485.4 C MolThe Faradaic current is mainly limited by the
rates of the processes that occur at the electrode surface and can be zenrasari

a) mass transfer; the transfer of the ele@ctive species from the bulk of the solution

onto the surface of the electrode

b) charge transfer between the eleative species and the surface of the electrode

c) chemical reaction which follows the charngansfer; e.g. protonation

d) other surface reactions, such as adsorption, desorption or crystallization.
The current in which electrons cross the surface from the electrode to the-aticteo
species is called cathodic current. The flow of electrons &lautreactive species into the
electrode is called anodic current.
Besides the Faradaic processes, processes related to the charging of the -electrotige
interface but not involving the interfacial charge transfer take place at any electrae surf
These types of processes are known asHaradaic processes. Usually the observed current
is called charging current and it is expressed as:

S 06 L (e.q. 2.11.4)

wherei is the charging currenf) is the electrode are&y is the capacitace of the double
layer, andv is the scan rate. The Faradaic and -Ramadaic processes take place

simultaneously and the observed current is a superposition of both types of current.
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2.11.2 Linear Sweep Voltammetry

The simplest voltammetric technique idirrear sweep voltammetry (LSV). In linear sweep
voltammetry the potential of the working electrode is changing linearly with the time, from

the value E to the value E with a proportionality constant called scan rate v (V/s)

(Fig.2.11.2).
Limiting current
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Figure 2.11.2 lllustration of the principle of linear sweep voltammetry: sweeping of the potential from the value
E; to the value Ewith time (left).In the middleis shown a linear sweep voltammogram for the reduction of the
hypothetical oxidized electroactive spexD to give the producR (according to the equation 2.11 for the
stationary diffusion spherical electrode®r microelectrodes The limiting current is proportional to the
concentration of the electroactive species. The half wave potdhfialis the applied potential at which half of

the limiting current,i,/2 is obtained.On the right is shown voltammogram for macroelectrode ingstiored
solution(non-stationary diffusion).

In the experiment, the scan or sweep rate typically can vary fromQ@@rtV/s (much lower

or higher rates can also be used) whereas the current is recorded as a function of the potential.
The shape of the linear scan currpotential curves for the electaxtive compound present

in solution depends on the diffusion commtis. The sigmoidal shape, also known as
voltammetric waves presented in the Figure 2.XinRldle) is observed for the stationary
diffusion, spherical electrodesr microelectrodesThe nonrsymetric peak shape, on the right

in the Figure 2.11.2, is obsed for macroelectrodes in natirred solutions.The final

constant currenty, is called limiting current and is proportional to the concentration of the

electreactive compound. In the case of macroelectrodes in-stimed solutions the
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voltammograms &ve a norsymetric peak shape. The characteristics of the obtained ecurrent
potential wave form depend on several factors such as the rate of the electron transfer, the
chemical reactivity of the electiactive species and the applied scan rhtethe caseof
reversible (Nernstian) electrode procass fastelectron transfeffast electrodéineticy, the
dependence between the electrpdeentialand the surface concentration of the redox species

is described byWernstequation

0 0 —at— (eg. 2.11.5)

whereE is the potentialE® s the standard potentiaR is the molar gas constar,is the
temperaturen is the number of electrons involved in the electrode readias the Faraday
constant,Co(0,t) is thesurfaceconcentration of the oxidized form a@%(0,t) is the surface
concentration ofhe reduced form of the elecrctive compoundtor the btally irreversible
electron transfe¢slow electrode kineticthe applied potential will not result in an increase of
the concentration (and consequently in the current) at the electrode surface accottuiing to
Nernst equation (eq. 2.1).5To observe the reaction on the electrode, the cathodic
(reduction) procesmust be strongly activated by application of the cathodic overpotential,
while the anodic (oxidation) process is inhibited.

For a quasireversible (quNernstian) electrode procesdectrode processes are not always
extremely slow or very fast. In suctases the net current includes appreciable activated

components from the oxidation and the reduction processes.

2.11.3 Cyclic Voltammetry

Cyclic voltammetry (CV) is a modification of the linear voltammetry. In cyclic voltammetry
the potential is linearly increaddrom the value Eto the value Eand reversed back to the

value g after the first scan, while the current is measured continuously, Figure 2.11.3.
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Figure 2.11.3.lllustration of the principle of cyclic voltammetrg) Linear change of applied potealtiover
time. b) Current voltage curve for the measured eleetttive species present in the electrolyte solut@n.
Currentvoltage curve for measured electctive species attached to the surface of the working electrode.
These cycles can be repeatagimerous times for the investigation of the stability of the
sample under specified conditions.
The shape of the cyclic voltammograf@VA) is different for electractive compounds
present in the solution or attached to the electrode surface.
An example ofthe voltammogram of a reversible redox couptesent in the electrolyte
solutionis given inFig. 2.11.3b. The reversible redox processes show both redox couples as
cathodic (reduction) and anodic (oxidation) peaks while the irreversible redox prosiesses
only one of the mentioned peaks. In general, there are several parameters which are
characteristics of the currepbtential plot and those are:

a) peak current,i(ip-anodic peak currenttcathodic peak current)

b) peak potential, F(Ep-anodic pealpotential, Ee-cathodic peak potential)

c) peak separatiomk,; it can be calculated according to:

YO ©O ©O . (eq. 2.11.6)

These parameters are influenced by the kinetics of the charge transfer reaction (i.e. reversible
(Nerstian), irreversibleor quasireversible) and on the way of the mass transfer of the
electroactive components to the electrode.
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Consider the case when the electroactive compound is present in the electrolyte solution. The
peak currenti,, for such a process is limited by difion to the electrode. In the case of the
reversible electrode reaction, the limitiregluctioncurrent is given by:

NV cBwpmnisl 80! 0] (eq. 2.11.7)
wheren is the number of the electrons involved in the electrochemical reaétiothe
electrode areaDo is the diffusion coefficient of oxidized electroactive speci@s, is the
concentration of the electaxctive species andis the scan rate.

The peak potentiak,, is to the:
0O 0 —d4dow (eq. 2.11.8)
whereO is the stadard potention and is the number of electrons involved in the electrode

process.

The peak separatiogk,, is expected to be:

Yo o 0o -2aw (eq. 2.11.9)

whereE is the potential of the anodic pedd, is the potential of the cathodic peak amid
the number of electrons involved in the electron transfer.
The ratio of the anodic peak curreiy,, and anodic peak current,, for the reversible

electrode process is equal to one,
— P (eg. 2.11.10)

Deviation from this value is indicative of kinetic limitation or other complications in the
electrode system.

In the case of the irreversible electrode process the peak current is given by:

Q cgwpm | 860 0l (eq. 2.11.11)
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where Uis the transfer coefficiens is the electrode are®o is the diffusion coefficient of
electreactive speciesCo is the concentration of the electotive species andis the scan
rate.

The peak potentiak,, for the irreversible process candagressed as:
i -
O O —mwmyuywae— |1 — (eq. 2.11.12)

whereE® s the formal potentiaR is the gas constari, is the temperaturds is the Faraday
constantUis the transfer coefficienbo is the diffusion coefficient standard rate constant,
andv is the scan rate.

The peak separatiogk, in the case of irreversible processes is expressed as:
YO —daw (eq. 2.11.13)
For the quasireversible processes it was found that the peak and the various peak parameter

are a function of th&land a parametey, which is defined as:

¥ (eq. 2.11.14)

Another typical case occurs when the eleetctve species are immobilized on the electrode
surface (for example via adsorption or covakstachment). The currenbltage curves of the
immobilized species have Gaussian shape, Figure 2c11.3

For the reversible electrode process of the immobilized elactree species, the peak

current,ip, is expressed as:

N —0a° (eq. 2.11.15)
wheren is the number of electrons involved in the reactioris the Faraday constamR,is the
gas constantT is the temperaturey is the scan rateA is the surface area arith is the
surface coverage.

The peak potentiak,, can then & written as:
0O 0O 0 — a&¢— (eq. 2.11.16)
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whereE® s the formal potentiaR is the gas constari, is the temperaturey is the number
of electronsjpo andbg are moles of oxidized and reduced forms of the elexttive species
present on 1 cfiof the electrode area.

In the case of irreversible processes for the immobilized elactree species, the peak

current is given as:

0

. (eq. 2.11.17)

whereUis the transfer coefficient is the Faraday constarR,is the gas constant, is the
temperaturey is the scan raté is the surface area afig is the surface coverage.
The peak potentiaks, for the irreversible process of tla¢tached electractive species is

expressed as:
O O —ag—— (eq. 2.11.18)

whereE® s the formal potentiaR is the gas constari, is the temperaturd)is the transfer

coefficient,k is the standard rate constaiis Faraday constant ands the scan rate.

2.11.4 Kinetics of Electrode Reactions

Considering the simplest case of the electrode reaction:

R
k, (eqg. 2.11.19)

() + ne

whereO is the oxidized form an® is the reduced form of the electroactive spe@esge the
electrors, n is the total number of the electrons involved in the reackias,the rate constant
for the forward reaction ang is the rate constant for the backward reaction.

The equilibrium for such reaction is given by the Nernst equation:

0O 0O —&-— (eq. 2.11.20)
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whereE is the electrode potentiat’ ds the formal potentiald” is the concentration of the
oxidized species)” is the concentration of the reduced spedgs, the gas constar,is the
temperaturen is the number of the electrons involved in the reactionFamlthe Faraday
constant.

This equation directly links the electrode potential to the bulk concentration of the reactants.
The rate of the electrode reaction and both forward and backwardoreg@mts K; and k)

depend on the potential. The influence of the potential can be presented through the change of

the standard free energy for this process.

Reduction <= Oxidation

R O+e
a)

——7 Oxidation

O+e

b)

Reduction «——

Standard free energy
=

O+e

c)

Figure 2.11.4.Scheme of standard free energy changes during a Faradaic process at varitisgdspae At
potential corresponding to the equilibrium. b) At a more positive potential than the equilibrium. ¢) At a more
negative potential than the equilibrium value.

In the case of equilibrium whe@® &°, the E %s the potential where the forward and
backward rate constants from the equation 2.11.19 have the samekvallg; This value is
called standard rate constakit, At some other potential, the rate constants are given as:

Q QQol D © (eq. 2.11.21)

0 QQarp | Q0 © (eq. 2.11.22)
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whereE is the potential an&® 3s the formal potentialThe formal potentialE® °represents a

measure of individual potential on the reversible electrode for the solutes of the effective
concemration of Lmol/ddand f or the gasses at pressure of
These relations lead to the complete curpmiential characteristics that are given by the

Butler-Volmer equation:
Q0 6 ' 6 1mdQ (€q.2.11.23)
The transfer coefficient) is a measure of the symmetry of the energy barrier presented in the

Figure 2.11.4.

2.11.5 Evaluation of the Cyclic Voltammetry Data

In order to evaluate the contribution of the Faradaic processes in cyclic voltammetry, it is
necessary to substract the charging current from the cyrosetial plot. The charging
current is usually approximated as the baseline below the Faradaic peak. The total amount of
charge is then equal to the area below the peak and the amount ohsferiteal charges can

be obtained by integration of the peaks in the cwtier# plot of the voltammograms. It
should be mentioned that currdimhe plots are equivalent to the currgutentials plots
because in cyclic voltammetry the potential is limjpaHanging with the time.

The currentj, depends on the sweep rateaccording to:

Q W (eq. 2.11.24)
wherea andb are adjustable parameters. The value b can be determined from the slope of the
plotlog i vs.log v. As it was shown before, thvalueb can be 0.5 or 1. In the case wheis
equal to 0.5 the current is proportional to the square root of the scan rate which is typical for
diffusion controlled processes. In the case when the obtained value b is 1, the current is
proportional to thescan rate, what is typical for the immobilized species. This implies that the

electreactive compound is attached to the surface of the electrode.
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The kinetics of the analyzed system can be evaluated from the plot of the peak potgntials, E
vs.logv.Subh pl ot s are also known as Atrumpeto pl
the plots the transfer coefficient can be evaluated and used further for the calculation of the

rate constant.

2.12 Electrical Conductivity Measurements

Electrical conductivity isa measure of how good the electric current can flow through some
material. The measurement is usually performed in the way that a poténtsahpplied on
the sample while the resulting curreijtis measured. From these two values the resistBnce,

of the sample can be calculated according to
Y - (eq.2.12.1)

The resistanceR, is in relation with conductancé, according to the:
0 - (eq. 2.12.2)

Electric conductivityyl, of the sample is then expressed as:
pQ

" 'YO
whereR is the resistance is the thickness of the sample ah the area of the electrode.
Two types of conductivity measurements can be performed. Direct cutrehicOnductivity
measurements are obtained when the applied potential is constant inythieatia does not
change the polarity. Alternating curreat€) conductivity measurements are performed in the
way that the polarity of the applied potential is alternating within time. The number of the
alternations of the voltage per unit time is egsed as frequency. Therefore, arc.

conductivity measurements the current is measured as a function of the fregdency.

conductivity measurements are also known as impedance spectroscopy.
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For the simple evaluation of the conductivity of the samplginaryd.c.conductivity can be
measured. In the simplest form, the measurement is performed by placing the sample between

two electrodes which are connected to the electrometer according to the Figure 2.12.1

Electrometer

thickness d

electrod% J

area A -
sample

Figure 2.12.1.Scheme of the-point electrcal conductivity measurement.

However, the main disadvantage of this method is the fact that the obtained result contains the

effect of the electrode polarization which decreases the value of the conductivity.

2.13 Conductivity Measurement Through Van der PauwMethod

The most common technique used for measuring the sheet resistance of materials is called
Van der Pauw method. The method was the first time proposed by Leo J. van der Pauw in
1958 2 The method is based on a four point measurement and its advantage comes from
the ability to measure precisely the resistivity of #hmensional samples of an arbitrary
shape. The approximation of tvddmensional samples can be achieved if the sample is much
thinner than it is wide. In order to reduce the errors in calculations the sample needs to be
symmetrical. For the measurement four contacts have to be placed on the sample as shown in

Fig. 2.12.1.
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contacts

Figure 2.12.1.Illustration of the four contacts placed on the sample according to the van der Pauw method.

The contacts are placed at the boundary of the sample and must be as small as possible. The
contacts are numbered countéwckwise. In the measurement the DCreunt is applied
between the contacts 1 and I2;)( while the voltage is measured between contact 3 and 4
(Mag) . According to Ohmdés | aw, Rit,canbechlalated t wo

as:
Y — (eq. 2.12.1)

The sheet resistan, Rs, can be determined from the measurement of the resistance along the
vertical Ri2.39 and horizontal Ry3 47) edge of the sample according to the van der Pauw
equation:

Q A Q hl P (eg. 2.12.2)
To obtain a better accuracy the measurement, the repetition of the resistance measurement
by switching the polarities of both current sources and voltage meter between all contacts is

performed. From this the combination of the obtained resistivities can be presented as:

Y h__h R & (eq. 2.12.3)

and

Y h R H R (eq. 2.12.4)

From this the accurate sheet resistance can be calculated as:
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Q ] Q ] p (eq. 2.12.5)
In the case iRerica=Rnorizonta=R the sheet resistand®s, can be easily calculated as:

Y — (eq. 2.12.6)

2.14 Hall Effect Measurement

The van der Pauw method is commonly applied in Hall effesdsurements. The effect was
discovered by Edwin Herbert Hall in 1879. Basically it describes a formation of voltage (Hall
voltage) across a sample transverse to the applied electric current and an external magnetic

field perpendicular to the curreht!

.

Figure 2.14.1. lllustration of the Hall effect measurement. The sample is placed into the magnetic field. The
current is applied on the sample. Due to the magnetic field the charges are separating in the sample and cause the
formation of a voltage perpdicular to the applied current.

The Hall effect can be used to measure the mobility and density of charge carriers. Moreover,
one of the values obtained through this method is the Hall coeffiélgniyhich is a property

of the material since its valueepends on the number, type and properties of the charge

carriers of the sample.
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During the experiment, when a sample is placed in a magnetic field the charge carriers in the
sample experience a Lorentz force which is proportional to the strength ofptined sfpeld
and the velocity at which the charges are moving through it. If the direction of the motion of
the charges is perpendicular to the applied field, the Lorentz force is the strongest and can be
expressed as:

O NLO (eg. 2.13.1)
whereF_ is the Lorentz forceg is the charge of the charge carriers the velocity and is
the strength of the magnetic field. If only a current is applied to the material the result is a
flow of charge carriers through the material where the velocity ofldkaeof charge carriers
is given by:

o — (eq. 2.13.2)

wherev is the velocity,l is the applied currenty is the density of charge carries,is the

cross section area ands the elementary charge. However, when an external magnetic field
is additionally applied perpendicular to the current flow, then the Lorentz force will cause an
asymmetric accumulation of charge carriers in the sample. This accumulation of charge
carrigs creates an electric field within the sample which leads to a potential difference across
the material. This potential difference is known as Hall voltag¥orThe Lorentz force,
which the charge carriers experience under motion in the magneticelthe expressed as:

0 — (eq. 2.13.3)
whereF_ is the Lorenz forcd, is the currentB is the magnetic fieldy is the density of charge
carriers andA is the cross section area. The current continues to flow in the material as a
result of the balance between the formed electric field and Lorenz force. The electrig field
induces a forc€& on the charge carrigrgiven by:

O -1 (eq. 2.13.4)
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From he equilibrium between the electric field and the Lorentz force, the electric field can be

expressed as:
B — (eq. 2.13.5)

whereUis the electric field) is the currentB is the magnetic fieldg is the chargen is the
charge carrier density arflis the cross section area. The Hall voltage is then defined as the
electric field multiplied by the width of material. By combining this with the above equation

the expression for the Hall voltage,, can be written as
®w — (eq. 2.13.6)

wherel is the applied currenB is the magnetic fieldy is the charge of charge carrier, amd

is the density of charge carriers defined as a number of charge carriers multiplied by the depth
of the sample. The polayiof the Hall voltage indicates the type of semiconducteofm-

type).

The measurement is performed according to the van der Pauw method. Two sets of
measurements are performed; one with a magnetic field positive wdinection and one

with a magngc field negative to the direction. The voltage is measured by switching the
polarity of the current source between two contacts and altering this between all four contacts

on the sample. From this the Hall voltayg, is given by:
0 @ —_— (eq. 2.13.7)
Where, Vi3, Vo4, V31 andVy; are the differences of the voltage for the positive and negative

magnetic field between the respective contacts.
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Considering that the Hall coefficient can have a positive or negative sign for the toatcafa

the charge carrier density (equation 2.13.6) the absolute value of the Hall coefficient should
be taken. The mobility of the charge carrigfs,can be calculated from the charge carrier
density,ns, and the sheet resistan&g, obtained througkthe van der Pauw method, according

to the equation:

£ — (eq. 2.13.8)
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3 Antimony Doped Tin Oxide (ATO) Nanoparticles

This chapter is based on the following publication

Vesna Ml er, Matthias Rasp, Goran Gtefanil,
Markus Niederberger, Dina FattakheRahlfing, fHighly Conducting Nanosized
Monodispersed Antimony Doped Tin Oxide Particles Synthesized via Nonaque@s Sol

Procedured Chemistry of Material2009 21, 52295236

3.1 Introduction

Because of the unique combination of transparency in the visible range and high electric
conductivity, transparent conducting oxides (TCOs) such as doped indium, tin, or zinc oxides
are widelyused as electrodes in tHewyer transparent devices such as solar cellspéatl
displays, smart windows or electronics, and chemical sensors. Very recently, the focus of
scientific attention has shifted from thin films to crystalline TCO nanopastiélthough the
conductivity of nanocrystals cannot compete with that of the dense films, the use of
nanocrystals opens the way to novel applications and novel systems unachievable by the
traditional techniques. Thus, colloidal dispersions of nanocrystalse the deposition of
conductive coatings by wet chemical methods possible under mild conditions, replacing
expensive vacuurhased techniques and enabling coating temperaansitive plastic
substrate$® Moreover, such colloidal dispersions are ofagrénterest for inkjet printing
technologies, enabling patterning of the surfaces and printing directly onto the desired
electrode architectures. Finally, the nanocrystals are very attractive as primary building units
for assembling nanostructured mateyiakith defined porous architectufesyhich are
promising as largsurfacearea transparent electrodes for efficient optoelectronic devices.

All these applications require monodispersed highly crystalline nanoparticles that are easy to
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redisperse in vasus solvents to form stable colloidal solutions. Antimaoped tin oxide
(ATO) is a weltknown transparent semiconductor with a large band gap (>3.6 eV), providing
transparency in the visible range and higtype electric conductivity, which makes it a
valuable alternative to much more rare and expensive indium tin oxide {dTO).

Consequently, the preparation of ATO nanoparticles with different shape, size, conductivity,
and degree of agglomeration has been addressed by a large variety of techniceredlyGen
chemical methods provide much better control over the particle size and their stabilization in
solution than the physical methods.The solgel*** polymeric precursof>*® and
coprecipitation® 2° techniques mostly provide either large paesc or nanoparticle
agglomerates. Much better control over the growth of ATO particles was achieved by
hydrothermal and solvothermal techniqa&<. Despite the variety of the existing preparation
methods, better control of the particle size, doping |euad particle dispersibility in different
solvents is still the objective. Recently Prof. Niederberger invented a general nonagueous
solution route to metadxide nanoparticles, using benzyl alcohol as both the oxide source and
the solvent™ This mettod was successfully used for the preparation of dispersible
crystalline Sn@ nanopatrticles, which were assembled into crystalline films with periodic
mesoporous architecture and large surface “aRecently, da Silva et al. Prepared ATO
nanoparticles with 18 mol% antimony via this route, which are redispersible in organic
solvents using surfaemodifying agents® However, the authors did not characterize the
structure and conductivity of the obtath nanoparticles. In the present study, the intention
was to make the best use of the potential of this synthesis route to prepare ATO nanoparticles
with very small particle size, a narrow size distribution, and especially high electric
conductivity. Spe@l emphasis was placed on their good-asfembling properties, because
they are intended as suitable building blocks for the assembly of more complex
nanoarchitectures. The good electric properties of conducting oxides require an optimum

doping level, auniform distribution of the doping atom within the host lattice without phase
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separation and without any surface enrichniértherefore, the ATO nanoparticles that
contain antimony in a wide range of concentrations were prepared. The focusing of the
reseach was placed on the effect of the nature and relative concentration of the metal oxide
precursors and processing conditions on the structure, morphology, and conductivity
properties of the obtained nanoparticles. This synthetic approach provides ATiamn@&es

with exceptional properties such as facile redispersibility in various solvents and high electric

conductivity, making them superior to reported ATO particles prepared via other techniques.

3.2  Experimental Section

3.2.1 Chemicals

Tin(IV) chloride (99 %) antimony(V) chloride (1 M inCH,CI,), antimony(lll) chloride
(099. 0%) , antimony (111) acet atamhydrgud %oluén® %) ,
( 099. 7 %; < 0, &bylréts heazyl ealcoghol (99.8 %, <0.003% water), and
tetrahydrof ur g nere( purehBsed filor® Rlfrichs éd used without further

purification.

3.2.2 Synthesis of ATO Nanoparticles

The ATO particles with different antimony contents are labeleX%sATO, whereX =

Sb/(Sb+ Sn) (mol %). In a typical synthesis of the 10% ATO partidles,tin tetrachloride

(3.2 g, 12.3 mmol) and antimony compound (1.35 mmol) were dissolved in toluene (10 mL)
and added to benzyl alcohol (30 mL, 291 mmol) under continuous stifinthe total

amount of tin and antimony was constant, equaling 13.65 (041 mol/L) for all antimony
contents. The clear solution was placed in a closed glass vessel into a laboratory oven at the

temperatures from 108C to 150°C and was kept there until it turned turbid, then cooled
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down to room temperature. The reactiondiwas dependent on the reaction temperature and
the relative amount of the antimony precursor. While the reaction afC1@@s completed

within 20 h, the reaction at 158C was already completed within 2 h. The particles were
separated by centrifugatia@t 50 000 rcf for 10 min, and then washed sequentially in toluene
and three times in acetone. Each washing step included ultrasonication for 15 minutes and
centrifugation. The residual organic content of the washed amttiad particles is 1220 wt

%, acording to thermogravimetric (TGA) analysis.

3.2.3 Characterization Techniques

The TGA analysis was performed on a Netzsch Model STA 4400 C TG/DSC (heating rate of
10 K/min in a stream of synthetic air of 25 mL/min).

High-resolution transmission electron microscopy (HRTEM) and scanning transmission
electron microscopy in higangle annular darkeld mode (STEMHAADF) were performed

using a FEI Titan 8@00 system that was equipped with a fiefdission gun operated 200

kV. The particulate samples were prepared by evaporating a drop of a diluted suspension of
particles with small amounts of Pluronic F127 in THF on a Plano carbated copper grid.

EDX analysis of the ATO particles deposited on the silicon wafer pea®rmed using a
JEOL Model JSM6500F SEM microscope that was equipped with a #ehission gun
operated at 4 kV. Calculation of the amount of antimony and tin from EDX spectra was
performed using INCA Analyzer 4.07 Microanalysis Suite software.

EELS sctra were recorded on GIF Tridiem 863 spectrometer. The samples were illuminated
with parallel beam and the spectra were taken in diffraction mode with camera length 90 mm.
Raman spectra were recorded with a LabRAM HR-W&/ (Horiba Jobin Yvon) Raman

microscope (Olympus BX41) coupled with a Symphony CCD detection system, using a HeNe
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laser at a wavelength of 632.8 nm. The recorded Raman spectra were deconvoluted using a
symmetric Gaussian function.

X-ray diffraction (XRD) was performed in reflection modesing a Bruker Model D8
Discover diffractometer with Miltered Cu Kl-radiation equipped with a Vantdcposition
sensitive detector. XRD measurements used for precise determination of lattice parameters of
cassiterite and cassitertgpe solid solutionsvere conducted in reflection mode using an
ltalStructures diffractometer APD2000 with monochromatic CU #adiation (graphite
monochromator). XRD patterns of the samples and lanthanum hexaboridg dpeBe
group:0 God , a = 4.15690; , JCPDS File CartNo. 34427), added as an internal standard,
were collected over afxange of 26100Awith a step of 0.08and fixed counting time of 30

s per step. To determine deviations of the estimated lattice parameters, the obtained XRD
patterns were refined usimgo different approaches, namely, the Le Beitethod of whole
powderpattern decomposition (program GSASvith graphical user interface EXPGO)

and the Rietveld refinemenfs(program MAUD). In all cases, the B indexes of the
refined patterns were <5%.

The particle sizel was estimated from (i) the broadening of the 110 reflection in the XRD

pattern, using the Scherrer equatiéh, —— where B is the full width at halhaximum

(FWHM) of a diffracto n  p ¢ thé diffraction angle, and K the Scherrer const&t.9),

and (ii) from the HRTEM images. To eliminate contribution of the carbon film background
and to calculate the particle size more precisely, a fast Fourier transform (FFT) filtering was
performed in the following way. On the FFT image of the desired HRTEM image, reflections
with the highest intensities were masked (in this case, 110) and an inverse Fourier transform
of the masked area was performed. In this way, it is possible to olf@imation only about

the crystalline part of the desired reflection and the contribution of background carbon is

decreased. The average particle size was determined from ca. 100 particles.
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X-ray photoelectron spectroscopy (XPS) analysis of the particles sdiicon substrate was
performed using a VSW Model HA 100 electron analyzer. Theddiation was provided by

a non monochromatized magnesium anode system (M’53.6 eV). The recorded
photoelectron spectra were fitted using Gaussian profiles, andtieendration of excited
surface atoms was determined by measuring the integral intensity of the peaks under
investigation after subtracting the background counts. The binding energy scale of the
spectrometer has been calibrated by referring to the Agp@&ek obtained from a clean silver
metal foil (binding energy (BE) of 368.25 eV). The linearity of the energy scale was adjusted
using the secalled auger parameter of metallic silfeBecause of the high conductivity of

the investigated films, no changj of the samples was observed. The main XPS peaks for the
O and Sb atoms, O 1s and Shk;3despectively, are superposed&30 eV, which prevents
direct evaluation of the incorporated antimony. Therefore, for quantification of the antimony
content in he film, the Sb 3¢, peak was used. The phatmization cross sections listed by
Yeh andLindau® were used for quantitative analysis. Because of the ahidesttical BE
values of the core levels of interest (Sn 3d, Sb 3d, and O 1s), the electron ranalyze
transmittance is almost identical for the acquired photoelectrons and does not have to be taken
explicitly into account. To determine the amount of oxygen in the film, photoelectron spectra
atD530 eV were acquired and deconvoluted to the O 1s and sple@uribution. The spin

orbit splitting between the Sb 3gland Sb 3¢, peak was set to 9.4 eV. Evaluation of
SB*/(SB* + SB™) ratio by XPS calculation was performed according to the Sp t8zhd,
following the method developed by Terrier et*alThe 3d), band can be split into two
Gaussian lines, centered at 540.1 e\P{Band 539.2 (SB), respectively.

Conductivity measurements on ATO nanoparticles were performed on pellets 15 mm in
diameter. The pellets were prepared by pressing 300 mg ey fyround ATO in an
evacuated KBr press under a pressure of 10 toAs/Ene coldpressed pellets were directly

used for the measurements without any additional thermal treatment. The pellets were
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contacted between the ggbthted cylindrical electrode®8(;, r k|1 i n, 4 mm in di
acted both as voltage and current leads. Resistance across the pellet was measured by a digital
multimeter (Keithley Instruments, Model 2000) in a fguobe mode to eliminate the

undesired resistance of the measuring dircthe specific conductivity(() was calculated
from the measured resistanReas,, rl whereA is the electrode area awlds the pellet

thickness. The Hall mobility, the charge carrier density, and the respective
conductivity/resistivity wereneasured using the Hall method (ECOPIA, Model HMS 3000),

using a magnetic field of 0.55 T.

3.3 Results and Discussion

An anhydrous benzyl alcohol, which was used in the synthesis, served both as a solvent and
as an oxygen source. Tin tetrachloride was useihgsecursor, whereas several antimony
precursors were tested. The purpose for this was to test the influence of the nature of the
antimony precursor on the doping efficiency and solubility of antimony in a tin oxide lattice.
The used commercially avail@bantimony compounds with different antimony valence states
and various ligands were antimony(lll) chloride, antimony(V) chloride, antimony(lll) acetate,
and antimony(lll) ethoxide. In the synthesis, the precursors were first dissolved in a toluene
and tle obtained mixture was afterward added to the benzyl alcohol. The role of the toluene
mixture is to dilute the solution of tin (IV) tetrachloride prior to mixing it with benzyl alcohol

in order to prevent exothermic hydrolysis reaction of the tin precufdwr final obtained
mixtures in benzyl alcohol were completely transparent independently on the composition,
Fig. 3.3.1a. The reaction mixtures in the closed glass bottles were put into laboratory oven at
the temperatures from 108 to 150AC and keptitl they turned turbid, afterwards cooled

down to room temperature.
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Figure 3.3.1. a)Synthesis mixtures in benzyl alcohol for elaboration of ATO nanoparticles with various Sb

content prior to the transfer into the oven @)dATO nanoparticles with diffrent Sb content (indicated in

labels) obtained after the solvothermal reaction. The particles were separated by centrifugation and dried without

any additional thermal treatment.

The rate of the particle formation and the patrticle yield are greatly depiead the reaction
temperature. The reaction at 100 AC requires
sufficient if the temperature is increased to 280 In contrast, the nature of the antimony

precursor influences only marginally the meantigle size and its distribution, and the degree

of agglomeration (see Table 3.3.1).
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Table 3.3.1.Influence of the Antimony Precursor and the Reaction Temperature on the Reaction Time, Yield,
and Mean Size of 10% ATO Nanopatrticles.

Synthesis temperaii100C Synthesis temperature 18D
Sb Reaction Yield Particle siz§ nm Reaction Yield Particle siz& nm
precursor time, h (%) (TEM/XRD) time, h (%) (TEM/XRD)
SbCk 18.5 20 3.2 /3.1 1.5 75 4.0 /4.5
Sb(ac) 21 30 2.9 /2.9 2 80 3.6/4.1
SbCk 19.5 15 3.0 /2.7 1.75 80 3.9/4.2
Sh(OEt} 23 30 3.1 /3.0 2.25 70 3.7/4.3

#Determined from HRTEM images and from the line broadening of theeflection in XRD patterns using the
Scherrer formula.

Precipitates obtained from the synthesis, which wemetrifuged and washed, differed in
color, depending on the composition of the
antimony precursors in the synthesis were added was white in color, typical for the tin oxide.
However, an addition of a vegmall amount of antimony, namely 4 mol%, induced a change

in color of the product from white to brownish. Further addition of antimony, namely 10 or 20
mol% of antimony precursors, leads to a browsgsten coloration of the obtained powder.

The color inthe doped samples is an indication of the presence of electrons in the conducting

band due to impurity doping.

3.3.1 Morphology and Size of ATO Nanoparticles

For all used precursors, the TEM images show practically nonagglomerated or only loosely
agglomeratedhighly crystalline nanoparticles, what can be seen as lattice fringes in HRTEM

and STEM (see Table 3.3.1 and Figure 3.3.2).
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Figure 3.3.2.a) An overviewTEM image of 10 % ATO nanoparticles prepared by using Sh@pntimony

precursor and at reaction temperature 160 AC. b) High-resolution STEMHAADF image of a single
nanoparticle.c) HR-TEM image of a single nanoparticle in the inset. All images demonstrate completely
crystalline and practically neagglomeratd particles.

The average size of the particledd3 nm andD4 nm when they were synthesized at 100 or
150 AC, respectivel y. l ndependently of the
similar nonagglomerated particles exhibiting a narrow gdarsze distribution. The use of
precursors which are more reactive toward solvolysis, such as of;, Se@tls to an

acceleration of the particle formation reaction, a slight increase in the particle size, and an

increase in the amount of agglomerated pamticles, Fig. 3.3.3.
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Figure 3.3.3.a) Overview STEM-HAADF image of thel0 % ATO nanoparticles prepared by using SkGl
antimony precursor and reaction temperature ofA5®) HR-TEM image of the agglomerated nanoparticles.

3.3.2 Solubility of ATO Nanopdicles

The particles can be easily redispersed at high concentrdd®® (wt. %) in different
solvents, such as water, ethanol, or THF, without the addition of any sstédikzing agent
to form stable transparent colloidal solutions (Figure 3a3.4The dispersibility of the
antimonydoped nanoparticles is much better than that of the pristing @m&3. Moreover, it
is worse in morgoolar solvents such as water but is greatly improved by the addition of a few

drops of concentrated hydrochloric acRuch a striking difference could originate from the
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different surface charge of the particles with the varying antimony content, and this highlights

the significant role of electrostatic effect

4 6 8 10 12 1«
Particle size (nm)

Figure 3.3.4.a) Colloidal dispersion®f ATO nanoparticlesn THF (particle concentration 5 wt%gndb) size

distribution of the 10% ATO nanoparticles prepared usin®g@t 150 AC, de-TEVimagesed fr or
of ca. 100 nanoparticles (gray bars) and from DLS omeasent (red line) of a colloidal dispersion in THF of the

same nanoparticles.

The particles in the solution are practically nonagglomerated and show a narrow size

distribution, as determined by DLS.

3.3.3 Structure of ATO Nanoparticles (XRD, Raman)

With regardto the properties of obtained ATO particles, the solubility limit of antimony
dopant inside of the Sndattice and the influence of the dopant concentration on the structure
of the formed ATO particles were of primary importance. Therefore, particlesdhttined

0-50 mol% antimony were prepared using Shfay the antimony source and used for
investigation of the mentioned properties.

Figure 3.3.5 shows the XRD patterns of the undoped and antidaped x = 10-50 mol %)

tin oxide synthesized at 13C using Sb(OAg)as the antimony precursor.
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The XRD pattern of the undoped sample contains broad diffraction lines typical of cassiterite
(P4./mnm JCPDS File Card No. 41445). The ATO nanoparticles with antimony content up

to 30 mol % show the presence of only one crystalline phase structurally closely related to
cassiterite. These results indicate that the ;Jaifice can accommodate up 30 mol % Sb
atoms without the significant changes in the structure. The first indication of a second crystal
phase (SiDsCl,, P2;/a, JCPDS File Card No. 30091) appears only at a very high antimony
concentration of 40 mol %. [Note that, because the patterdicate strongly preferred
orientation in the 001 direction, the 002 (2828 and 003 (43.42d) diffraction lines appear
significantly stronger than they should be, according to JCPDS File Card N®93] In
coll aboration witlRuDer B8BopghoviGitefanstitute,
found that the solid solubility limit of Sb ions in the cassiterite lattic®38 mol %, as
estimated from the dependence of the diffraction line intensities of @b phase (the

100, 212, and 111lirnes) on the initial content of antimony, and by extrapolation to zero
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intensity (Figure A3.1.). With increasing antimony content, peaks that correspond to the

cassiterite structure become broader, as a result of the decrease in particle size from 4.3 nm

for the undoped sample to 4.1 and 4.0 nm for samples with 10 and 20 mol% antimony,

respectively. These results are in good agreement with the results obtained by TEM (Table

3.3.1). An increase in the antimony content shifts the 110 diffraction line tomgher

angles, while the position of the 101 diffraction line remains almost unchanged (see Figure

3.3.6).

60001 — 0o (110)
{ —10%
50004 ——20% (101)
s |
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Figure 3.3.6. Portion of the diffraction patterns of the ATO samples with up to 20 mol% of antimony
synthesized at 158C. Gray bars mark the ptisins of the cassiterite diffraction lines 110 and 101. Orange bar

marks the position of Laiiffraction line 110.

20 (degrees)

Consequently, the incorporation of Sb ions causes an asymmetric distortion of the cassiterite

lattice, because of the difference in theic radii of the Sfi" ion (0.69; in six-coordination)

and Sb ions (0.76 and 0.61; in six-coordination for the Sb and SB' ions, respectively).

Estimated values of the unit cell parameters of cassiterite (0% ATO) and cassiterite type solid

solutions(10% ATO and 20% ATO) obtained from the Le Bail and Rietveld refinements of

the XRD patterns

and in the Appendix Figure-8.2. The obtained results show that the increase in the amtimo

perfor med

by

Dr .
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content causes a linear decrease in pararaeted a linear increase in parameteAppendix

Figure A-3.3.

The phase composition of the ATO particles was further studied by Raman spectroscopy,
which is able to deliver structural information on amonghand poorly crystalline samples

and is very sensitive to the presence of even minor amounts of crystalline Yhakes.
typical bulk vibration modes predicted by group theory for the,3ate structure'? namely,

A4 (630 cni), Byg (775 cm'), and (477 cni') are observed for the undoped Ss@mple,

although with low intensity, probably because of the small particle size, Fig. 3.3.7.

>
] ~ 40 %
>
B / ST 30 %
% M{f\/\/ w/--"'"ﬂ‘ 20 %
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Figure 3.3.7.Raman spectra of the -psepared ATO particles with different antimony conteltie particles
were synthesized s;asthe arlifionyss@rce.si ng Sb( Ac)

Moreover, the spectra of the samples that contain up to 40 mol% antimony show only the
bands that correspond to rutigpe SnQ. The position of these bands shifts with the
increasing antimony content, indicating the influence of the replacement of Sn ions with Sb
ions within the lattice. A and By modes, which correspond to the vibrations perpendicular

to the c-axis/? decrease in intensity and shift to lower wave numbeits increasing
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antimony content, while thejEnode, which corresponds to vibration in the directiort-of

axis, follows the opposite trend. This continuous change in the vibration modes of the doped
oxides is in good agreement with the XRD data, whido groves the slight asymmetric
distortion of the crystalline SnQattice, which is due to the incorporation of Sb ions. No
bands that correspond to antimony oxides were found for the samples that contained up to
40% antimony. Strong bands of the antim@hly oxide* wereobserved only for the sample

that contained 50 mol% antimony. All the spectra of ATO particles feature an intense band at
333 cm* (S1) and bands between 500 and 570' ¢82 and S3). They were often observed

for nanosized tin oxide®; ***° being frequently assigned to the surface vibration modes of tin
oxide?™ The intensity of these bands changes with increasing antimony content, which can

be related to vibration modes of incorporated Sb atoms inside the cassiterit&Jattice.

3.3.4 Compositon of ATO Nanoparticles

One of the most important properties of the ATO nanoparticles for this research is the
electrical conductivity which is to a large extent dependent on the antimony content and its
oxidation state in the tin oxide lattice. Therefareextensive investigation of the composition

of the ATO nanoparticles was performed.

The total antimony content determined by the surface sensitive XPS method is practically the
same as that obtained by the bs#asitive energgispersion Xray (EDX) spetroscopy
method. The results indicate that the particle composition is homogeneous throughout the
complete sample without any enrichment of the surface of the nanoparticles with Sb atoms,

Table 3.3.2.
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Table 3-2. Properties of ATO nanoparticles with difent Sb contefit

Sbcontentin Particle size, Sb content in ATO Molar fraction of  Electric
precursor (nm) nanoparticles, SB*and SB"  conductivity,
solution, (mol %) atom$ (S cmit)
(mol %) (%)

XRD® HRTEM  EDX XPS st spt

0 4.3 3.7 0 0 0 0 910’
4 - - 3.0 4.9 58 42 110*
10 4.1 3.6 10.0 12.0 60 40 810°
20 3.6 3.5 19.0 19.1 60 40 610°
30 3.0 3.0 30.0 28.9 57 43 110°

#The particles were prepared via the nonaqueous solvothermal reaction pasa&b(Ac) in benzyl alcohol

at 1 WithouttaGditional thermal treatment.

®Determined from the broadening of thegdeflection, using the Scherrer formula.

¢ Determined by XPS.

The oxidation state of the antimony present in ATO nanopatrticles significantly influences the
conductivity. Whie SB*ions act as electron donors, forming a shallow donor level close to
the conduction band of SROSE”* behaves as an electron acceptor. If both oxidation states
coexist, which is often observed for ATO materials, the resistivity is given by thef&is*

and SB" sites®® which was analyzed by -¥ay photoelectron spectroscopy (XPS). The
overview spectra (see Figure 3-3&Bobtained for the ATO samples demonstrate the strong

peaks that correspond to $h(see Figure 3.3:8) and to oxygen and antimony (see Figure

3.3.80).
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Figure 3.3.8.X-ray photoelectron spectra (XPS) of thepagpared ATO nanoparticles with varying antimony
content synt hesi ze gasantantiihd@y soukds: ovenvisgeairg for Sa theteaeygy region
between 460 and 560 eV and the sections corresponding to (b) Bttdublet? and (c) the Sb 3¢ peaks.
The solid lines correspond to the experimental spectra, and the open circles and-8tedeayareas indicate
the results of the Gaussian peak fits.

The Sb 3¢, peak fits proved that all the particles contain ca. 60% &hd 40% SH
independently on the total amount of antimony. Therefore, the effective dondr Sb

concentration exceeds that of the acceptord®p Reffectiven-type doping).

3.3.5 Characterization of Nanoparticles by Spatially Resolved Techniques

The necessity for investigation of the homogeneity of dopant distribution inside of the
cassiterite lattice rises from the direct influence of the dopant erdhductivity of ATO
nanoparticles. Even slight variations in the composition of such nanosized object alter physic
chemical properties of ATO nanoparticles. The diminishing size of the ATO nanoparticles
implies serious requirements on characterizatioochrigjues. Due to this the further
characterization of their composition was performed through High Resolution Transmission

Electron Microscopy (HR TEM) and Electron Energy Loss Spectroscopy (EELS). Such
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evaluation can provide information on even small geasnin composition of nanoparticles
directly indicating the possible presence of the phase enrichment of the shell of nanoparticles.
In order to confirm the presence of only one phase in ATO nanoparticles a detailed analysis of
HR-TEM and SAED images gfure Sn@and antimony doped samples was performed.

The analysis of SAED of pure Sp@anoparticles shows the diffraction rings typical for

cassiterite structure. The distance between the lattice fringes in 110 direction corresponds to

Figure 3.3.9.High resolution TEM image of Snanoparticles. Inset shows selected area electron diffraction
of pure Sn@nanoparticles.
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The obtained lattice distance for 110 is in good agreement with the literature data and

obtained XRD data. The samgpé of analysis on the sample which contains 20 mol% of

antimony was performed, Fig. 3.3.10.

-
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Figure 3.3.10.High resolution TEM image of ATO nanoparticles containing 20 mol% of antimony. Inset shows
selected area electron diffraction (SEAD) of ATO_20apatticles.

In the case of particles that contain 20 mol% of antimony, evaluation of electron diffraction
data indicates the presence of only one phase with typical cassiterite structure, without the
presence of any other phase. These data are in goashregrewith results obtained through

X-ray diffraction. The lattice parameters of ATO_20 nanoparticles for the 110 direction are
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3.3 i ndi cchandgesimlattiteoparameters in comparison to the particles of puge SnO
Although the evaluation of XRD ¢k shows a minor influence of incorporation of antimony

into the cassiterite lattice was observed, the observed changes are below the detection limit in
TEM analysis.

Further analysis of SnfOand ATO nanoparticles was performed by Electron Energy Loss

Spedroscopy (EELS), Fig. 3.3.11.

SnO2

—— ATO-20 mol% Sb

relative intensity (a.u.)
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Figure 3.3.11.EELS spectra of pure Sa@nd ATO nanoparticles containing 20 mol% of antimony.

EELS spectra of pure Saanoparticles contain sharp peaks which start at 537 eV and
correspond to the oxygen-&dge. The tin Ms edge is observed low in intensity around 492

eV and is positioned close to the oxygen edge. Spectra of ATO nanoparticles which contain
20 mol % of antimony appear similar to spectra of pure,SACcording to the literature the

Sb My 5 edge is positioree at 524 eV and is almost completely overlapping with oxygen K

edge>! However, the enrichment of the particles with antimony would lead to slight changes
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in the intensities of edges, which in this case was not observed. Therefore, it is possible to

assumdrom the obtained results that particles are completely homogeneous in composition.

3.3.6 Electrical Conductivity (Hall Effect Measurements)

The results of the electrical conductivity measurements performed on pelletized ATO
nanopowders with different antimongontents are presented in Figure 3.3.12. The
conductivity of the pure SnGample is very low, being only®10”’ S/cm. The conductivity
dramatically increases because of the introduction of small amounts of antimony, reaching a
maximum for the 4% ATO nanoparticles. The conductivity of this sample is more than 2

orders of magnitude higher compared to that of purexite nanoparticles.
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Figure 3.3.12.Conductivity (plotted in a logarithmic scale) of the pellets pressed from ATO nanoparticles using
Sb(Ackas the anti mony pr ecur 8)asrprepared peleth) pelldtscafier caleinbtioat 150
ina r at cyEcorespohding charge carrier concentrations (line A) and charge carrier mobility (line B) of

the calcined pellets.

Further increase in the antimony content leads to a deterioration of the electrical conductivity.
Samples containing >20 nf6l antimony exhibit a conductivity comparable to or even worse
than that of the undoped SaQhe value of B 10* S/cm for conductivity is the highest ever
reported for nonannealed ATO particles only a few nanometers in size. Nuetz aitained

a valie of ca. 3 10" S/cm for pressed 6% ATO nanoparticle§ Am in size. Goebbert et al.

reported a conductivity on the order of®18/cm for ATO particles ca. 4 nm in size that were
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prepared by hydrothermal treatment, but were annealed atAB6® The mnductivity
measured for our ATO nanoparticles, which was in the order fSIém, however, is far
below that obtained for dense ATO films (which have conductivities up3td@ S/cm)™®

The main reason is the charge scattering at the -gmindary catacts between the
nanoparticles, which is the main scattering mechanism in nanocrystalline ATO maferials.
This effect becomes much stronger with decreases in particle size and is the dominating
scattering mechanism in our particles, which are orsdynB in size. One also must recall that

the particles contain some traces of organic species (mostly benzoate groups) adsorbed on
their surface (these are not completely removed after particle washing and act as an insulating
shell), and that the particles meenot annealed to improve the contact between them.
Therefore, the apparent conductivity of the particle ensemble is much lower than the real bulk
conductivity of the ATO lattice of a single particle, because of the very small particle size and
the very por contact between the particles. This observation is confirmed by the drastic
increase in the pellets conductivity (by 4 orders of magnitude) after their calcination/A&t 500

in air (see Figure 3.3.12.b). The thermal treatment mainly leads to pamigeng and the
removal of organic impurities, providing good electrical contact between them and, to some
extent, leads to an increase in the particle size. The calcined pellets exhibit a similar effect of
the antimony content on the conductivity, butaaimuch higher conductivity level. The
dependence of the charge carrier concentration on the antimony content in our ATO particles
exhibits a pronounced maximum for the antimony concentration ofl@% (see Figure
3.3.12c), which is attributed to thi@rmation of a shallow donor level close to the conduction
band of Sn@>* > For even higher antimony contents, the carrier concentration decreases,

f: 53 Even

because the increased disorder raises the effectiwatim energy of the dond
more strongly than the charge carrier concentration, the carrier mobility is affected by the
variation of the dopant concentration, rapidly decreasing with thedunttion of rather small

amounts of antimony. As the XRD, Raman, and TEM experiments have shown, the particle
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size decreases and the lattice disorder increases as the antimony content increases. This
contributes to the increased effects of gtaoundary sattering, which is the reason of the
deteriorated charge carrier mobility in doped sampi€@onsequently, the best performance

of the sample with 4 mol% antimony is the result of the optimum combination of the high

charge carrier concentration and highbility inside the lattice.

3.4 Conclusions

Conducting ATO nanoparticles were prepared by a nonagueous solution route, using benzyl
alcohol, tin tetrachloride, and a suitable Sb(lll) compound. The nonagglomerated paticles, 3
4 nm in size, are easy to redispe in a variety of solvents and form stable transparent
colloidal solutions without any stabilizing agents. The increase in antimony content causes a
continuous decrease in particle size and a slight asymmetric distortion of the cassiterite SnO
lattice. The particle composition is homogeneous throughout the entire volume, without any
enrichment of the surface with Sb atoms. Introduction of an antimony dopant dramatically
increases the particle conductivity, which reaches a maximum for 4% antimony, bm@g m
than 2 orders of magnitude higher than that of the pristine, Sr@@oparticles. The
conductivity further improves to ca. 2 10° S/cm because of particle sintering during
annealing in air at 50AC.

The combination of exceptional virtues makes the ldgesl ATO nanoparticles an ideal
material for electrostatic applications or use as a conducting additive for both organic and
inorganic composites. As such, colloidal solutions of conducting nanoparticles are of special
interest for the direct printing qfatterned electrodes. Above all, the reported ATO particles
are attractive building blocks for assembling transparent conductingdimeasional (2D)
architectures, which offer favorable extra properties, in comparison to those of traditional

conductingayers.
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3.5 Appendix

Table A-3.1. Refined values of the umrdell parameters of cassiterite (0 % ATO) and cassitgnie solid
solutions (10 % ATO and 20 % ATO) obtained from the results of Le Bail and Rietveld refinements of XRD
patterns.

Sample Le Bail refinement (GSAS program)

al o i VI3 Rup
0 % 4.7679(2) 3.1841(2) 72.38(1) 0.033
10 % 4.7573(2) 3.1932(2) 72.27(1) 0.029
20 % 4.7510(2) 3.2024(2) 72.28(1) 0.024

Sample Rietveld refinement (MAUD program)

al o i VI3 Rap
0% 4.7677(2) 3.1869(2) 72.44(2) 0.036
10 % 4.7575(3) 3.1936(3) 72.28(2) 0.038
20 % 4.7517(3) 3.2026(3) 72.31(2) 0.033
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Figure A-3.1.Determination of solid solubility limits of antimony ions in cassiterite lattice from the dependence
of relative intensities of prominent diffraction lines of the &I, phase (lines 100212 and 111) on the initial
content of Sh(ag) and by extrapotin to zero intensity
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Figure A-3.2. The results of Le Bail refinements (left) and Rietveld refinements (right) on powder diffraction
patterns of the ATO samples with up to 20 mol% of antimony, synthesized A&C1860d lanthanum hexaboride

as aninternal standard. The difference between the observed and calculated patterns is shown as a line in the

lower field.
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Figure A-3.3. Influence of antimony content on the parameter/rand c DZof the cassiterite type solid
solutions, as determined frotime results of Rietveld and Le Bail refinements of the XRD patterns.
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4 Assembly of ATO Nanoparticles into Mesoporous Films

This chapter idased on the followingublication:

Vesna M¢l 1l er, Matt hias Rasp, Jiri Rat housky
Dina FattakhovaRohlfing, iTransparent Conducting Films of AntimebBypped Tin Oxide

with Uniform Mesostructure Assembled from Preformed Nanocrgstaisall 201Q 6, 633

637

4.1 Introduction

The recent rapid progress in nanoscience and nanotechnology has led to the development of
completely new nanoscale materials. Novel morphologies of already known materials have
substantially extended their application poteritiitansparent conducting oxides are known

as thin, dense films, being indispensable for tegoahel displays, organitight emitting

diodes (OLEDSs), or nonsilicon solar celi§.However, other types of optoelectronic devices,
especially those involving immobilized species or functional layers, such as biochemical
sensord, supramolecular energyonversion junctions, or redoxproteinbased array%®

require threadimensional (3D) conducting networks rather than flat electrode interfaces. Such
3D electrode architectures with very high interface areas are suitable as conducting hosts
accommodating functional guest speciegiich allows for a substantially more efficient
electron transfer and consequently increases the efficiency of the devices.

In 2006 Fattakhow®ohlfing et al. reported the preparation of 3D networks of indium tin
oxide (ITO) and demonstrated their potahts efficient electrode systerhd/ery recently,

Frasca and Aksu demonstrated the expansion of the application of such ITO systems as
efficient network for incorporation of small proteitfs'! The extasion of such architectures

to other 3D organized transparent conductors, replacing the rare and expensive indium and
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providing a different surface chemistry or enelgyel properties, is of great interest. One
widely used system is extrinsically doped @ixide, such as fluorirer antimonydoped tin

oxide (ATO)?

Very recently, two communications have been published reporting mesoporous ATO
electrode¥ '* and their potential was demonstrated for the fabrication of efficient
electrochemiluminescenceiosensors, for exampfé. However, the manufacture of 3D
transparent electrodes remains a nontrivial task, limiting the full exploitation of their
application potential. All of the reported methods are practically solely based oen self
assembly of sdbelderived metal oxide precswrs assisted by amphiphilic structalieected

agents (the soalled evaporaticinduced selassembly process}. *° As the inorganic
framework formed is amorphous, they must be treated at higher temperatures to induce the
crystallization essential foelectron conductivity! Such phase transformation without
mesostructural collapse was achieved for ATO films only using special amphiphilic
copolymers of the poly(ethylerm-butylene)block-poly(ethylene oxide) (KLE) typ& with
outstanding templating pperties and increased thermal robustrigséich, however, are not
commercially available. Easily available and rather cheap copolymers of the Pluronic family,
successfully used for the preparation of mesoporous crystalline metal Bxfdésyve failel

due to the different sbyel chemistry of tin. The formation of a crystalline mesoporous
structure of tin oxide requires a special postsynthetic treatment at a carefully controlled
humidity and temperature for several days (thealted delayed humiditgreatmentf® 2

which is rather elaborate and time consuming. Consequently, the development of a simple and
generally applicable procedure for the prepian of transparent conducting 3D frameworks
using easily available components is highly desirable. One passable solution might be the
replacement of the amorphous metal oxide precursor with crystalline building blocks, which
could form the mesoporous stglline network at much milder conditions. The preformed

nanocrystals could also bring the additional advantage of a fine adjustment of the doping level
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and thus the electrical conductivity, which is often better controlled in the particle synthesis
than in the soigel one. Nevertheless, the use of nanocrystalline building blocks for the
preparation of mesoporous materials has been reported only for a few Bxidesbably

due to the fact that it is rather difficult to prepare stable and agglomefie@nanoparticle
dispersions. On the other hand, it has been shown red¢bkatijnesoporous titania prepared
from preformed nanoparticles can, as a matter of fact, have superior electrochemical
properties in comparison to $getderived materials.

In the previous chapter the preparation of crystalline monodisperse ATO nanoparticies of 3
4nm in size by a nonaqueous approach was described. This approach utilizes cheap and easily
available metal oxide precursors and #oxic benzyl alcohol. The reactiongsmpleted after
heating the precursor mixture for several hours afi 180 AC in a closed glass vessel,
without the need of an autoclaf®eThe obtained nanocrystals can accommodate up to 38
mol% of antimony without phase separation. They exhibit a higttredal conductivity and

are dispersible at high concentration in both water and a number of organic solvents.
Consequently, these nanocrystals are suitable building blocks for assembly into a
mesostructure. In this chapter a procedure enabling the dgsefrduch crystals to create
mesoporous conducting films is presented. This process is directed by commercially available
Pluronic copolymers as structure directing agents. The parameters influencing the self
assembly properties have been analyzed inildeta well as the textural properties,

crystallinity, and conductivity of the obtained films.

4.2  Experimental Section

4.2.1 Chemicals

Tin(IV) chloride (99 %), antimony(lll) acetate (99.99 %), anhydrous benzyl alcohol (99.8 %,

<0.003 % water), 9&0h<.006 % water),taohlyduoasndiehlofoi@edhane
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( DCM) (099.5 %: <0.005 % water), -tetrah
aminopropy)triehtoxysilane (APTES) N,§-9 %)
dicyclohexylcarbodiimed (DCC) O 9 7 -g@Dimethylamingroyp)N éethylcarbodiimide

(EDC) (097 %), potassium di hydrogen phospha
di sodium hydrogen phosphate (099 %) wher e

further purification. Ruthenium dye, ruthenizer 4366 wagurchased from Solaronix.

4.2.2 Preparation of Mesoporous Films

Mesoporous films of ATO were prepared by the-ssgembly of ATO nanoparticles using a
Pluronic F127 block copolymer (Aldrich) as a structdimeecting agent. The preparation of
ATO nanoparticles ith different Sb contents was described in the previous chaBeiefly,

for the preparation of ATO nanoparticles with 10 mol% of antimony (designated as ATO_10),
tin tetrachloride (3.2 g, 12.3mmwl), and Sh(lll) acetate (1.35mmwl) were dissolved in taene

(10 mL) and added to benzyl alcohol (30 mL, 29dol) with continuous stirring. The
solution was kept in a closed glass vessel in a laboratory oven AE¥6020 h. Afterwards,

the particles were separated by centrifugation at 50 000 rcf for 10 min and washed
sequentially in toluene and acetone. Each washing step included ultrasonication for 15 min
and centrifugation. The washed patrticles (0.2 g) wereedisgl in a solution of Pluronic F127
(0.14 g) in THF (5 mL) by stirring for 3 h at €. When necessary, a drop of concentrated
HCI was added to make the solutions completely transparent. Alternatively, the particles can
be used for the preparation of theesoporous films without any washing method. The as
prepared particles, after centrifugation and drying in air, contained some amout of organic
residuals present on their surfaces after the synthesis. The amount of the pure ATO
nanoparticles, without orgé residuals, has to be determined by TGA. In a typical synthesis,

0.2 g of ATO nanoparticles were dispersed in 5 mL solution of Pluronic F127 in THF. The
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amount of used Pluronic, has to be in a 1:1 weight ratio to the amount of the pure ATO
nanoparticlescalculated from TGA (for 0.2 g of particles). The final solutions prepared in
both ways were transparent, being of yeltwaorange color. The films were prepared by dip
coating of the prepared solution on glass, Si wafers, anecti@ed glass substratas23N 2

AC with a relative humidity of 53 5% and a withdrawal rate of 1.8 mrit and then

calcination at 30@C to 5004C (with a ramp rate of 0.8 min™) for 30 min.

4.2.3 Functionalization of Mesoporous Films

For the electrochemical characterizatiorg timesoporous ATO films were deposited on a
conducting ITGcoated glass substrate.

The incorporation of ferrocene moieties was performed in the following way. The surface
functionalization of the ATO films was performed in a 20Mmsolution of 3
aminopropylriethoxysilane (APTES) in dichloromethane under reflux for 2 h, followed by
washing with dichloromethane. For the covalent anchoring of ferrocene moieties, the APTES
functionalized films were stirred for 3 h in a 0.248olution of ferrocene carboxylic idcand

a 2nmM solution of N,Ndicyclohexylcarbodiimide in dichloromethane in reflux for 3 h and
washed twice with dichloromethane.

The incorporation of ruthenium dye was performed by covalent attachment and adsorption.
For adsorption the mesoporous filmsravdeft overnight in 0.3 mM aqueous solution of
ruthenium dye and subsequently washed with distilled water.

For the covalent attachment of ruthenium dye the ATO surface was functionalized with
APTES. Two temperatures for APTES functionalization were tesbedthe first the
functionalization with APTES was performed in a 20Mmsolution of 3
aminopropyltrietoxysilane (APTES) in dichlor

washing with dichloromethane and ethanol. In the second the surface fulicdioma was
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performed in a 20 M solution of 3aminopropyltrietoxysilane (APTES) in toluene in reflux

(110 AcC) for 2 h, followed by washing with d
In both types of the surface functionalized films the incorporation of ruthedyenwas
performed either by stirring films at room
mM aqueous solution of ruthenium dye and 2 mM solutioN-¢8-Dimethylaminopropyh

N éethylcarbodiimide (EDC).

4.2.4 Preparation of the Phosphate Buffer

The 0.05M phosphate buffer pH 7.4 was prepared in the way that amounts of 0.25 g of
potassium dihydrogenphosphate @) and 1.51 g of disodium hydrogen phosphate

(NaHPQOy) were dissolved in 250 ml of distilled water.

4.2.5 Characterization Techniques

Film thicknesses were determined using a profilometer Veeco Dektak 150 equipped with a
diamond stylus (12-8m radius) in contact mode. The typical thickness of the films was 210
N10 nm.

Smallangle XRD measurements of the thin films on various substratespedoegmed on a
SCINTAG XDS 2000 diffractometer with Miltered CuKU radiation 6=1.5406 ),
theta/theta geometry, and a scintillation detector operated at 40 kV and 30 mA.

Wide-angle XRD was carried out in reflection mode using a Bruker D8 Discover
diffractometer with Niiltered CuKU radiation equipped with a Vantdcposition sensitive
detector. The crystal sizd, was estimated from the broadening of the 110 reflection in the
XRD pattern usin@ &g lb&é+ ewhéreBisehe billavidih atmalf
maximum (FWHM) of the diffraction peakfs is the diffraction angle,andi s t he Scherr

constant (about 0.9).
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TEM and HRTEM measurements were performed using a FEI Tit&80@@&quipped with a

field emission gun operated at 300 KhMhe samples were prepared by scraping the thin films
off the substrate onto a Plano holey carooated copper grid.

SEM images of the films on Si substrates were obtained with a JEOL6388F scanning
electron microscope equipped with a field emissiom gperated at 4 kV.

The porosity was determined in collaboration with Dr. Jiri Rathousky (Prague). The porosity
of the films was determined by analysis of adsorption isotherms of Kr at the boiling point of
liguid nitrogen &77 K) using an ASAP 2010 apparat(Micromeritics).

Conductivity measurements of ATO films on glass substrates were carried out on an ECOPIA
HMS 3000 apparatus using Van der Pauw geometry.

Cyclic voltammograms were obtained using a PARSTAT 2273 potentiostat (with PowerSuite
2.56 software for data collection and analysis) in a standard three electrode electrochemical
cell using a Pt wire as a counter electrode. In the case of ferrhgmi®nalized films an Ag

wire as a quagieference electrode, and Vb LiCIO4in acetonitrile as an electrolyte were
used. In the case of ruthenium dye an Ag/AgCI reference electrode and 0.05 M phosphate
buffer as supporting electrolyte were used. FunctieadliATO films on ITO glass used as
working electrodes were masked with silicone resin, leaving an exposed area“{Clycin
voltammograms were taken in a range of scan rates from 10 to 200" nWe amount of
charge transferred in the oxidation aeduction of ferrocene was found by integration of the
corresponding peaks in the voltammograms (represented as tlimentcurves) after
subtraction of the background current, as approximated by a polynomial. Both cathodic and
anodic branches of the vaftenograms were used for flat ITO as well as mesoporous ATO

electrodes and an average charge value was taken for the calculation of surface coverage.
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4.3 Results and Discussion

The main task of this project was to prepare crystalline mesoporous films withecoialiy
available polymers from the Pluronic family. In order to make this procedure of the
preparation of mesoporous ATO films with commercially available polymers possible, the
EISA process was modified. Instead of using amorphous metal oxide preabersoystalline

ATO nanoparticles were used as building blocks for such architecture, Scheme 4.3.1.

l,',‘:“‘”w
Self-assembly %/}//’
Z

7 \\§ Electroactive
Y- N
W wi\\%‘"lllV///};i,"M;\ guest

Scheme 4.3.1Formation of mesoporous crystalline electrode layers (right) viaaseséfmbly of crystalline
nanoparticles (gray) directed by amphiphitiolecules (green). Violet arrows indicate the direct electron flow to
each redox species immobilized in the-8@nducting scaffold.

This type of preparation of mesoporous materials has been reported for a few’o¥ides.

the previous chapter the preparation of crystalline monodisperse ATO nanopatrticles through
nonaqueous sajel procedure was describ&dThe ATO nanoparticles, prepared through this
method, are 3 nm in size and completely dispersible which makes them suitable building
blocks for assembly into mesostructures.

For obtaining the mesostructuring in ATO films it was found that the amount ofiorgan
residuals present on the surface of the as synthesized ATO nanoparticles is important for their
assembly into mesostructure. The amount of organic residuals in the form of adsorbed benzyl
alcohol and benzyl alcoholate moieties has to be taken into racpor to mixing the

solution of pluronic in THF with ATO nanopatrticles. The amount of added Pluronic has to be

in the same weight ratios to the nanoparticles without organic moieties. The amount of the
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pure nanoparticles has to be calculated accordirthe TGA data and the amount of added
Pluronic to the nanoparticles has to be in the weight ration 1:1. However, if-tidaased
nanoparticles contain significant amounts of organic residuals (ca. 50 wt. % or more) only a
thermally unstable lamellarrstture was formed, even if they werexed with Pluronic in

the ratiol:1, Fig. 4.3.1. The amount of the adsorbed organics in such nanoparticles can be
significantly reduced by particle washing once with acetone, which improves the self

assembly ability bthe nanopatrticles into the mesoporous structures.

3

5
_ > -
3 B 3
& 3 S
2 = 2 120 %
2 a
k5 15 20 5/ © 80 %
c 2 Theta c
= = 50 %

T T T AL | T T T T
0.5 1.0 15 2.0 25 05 1,0 15 2,0 25
2 Theta 2 Theta

Figure 4.3.1. Small angle XRD patterns of the mesoporous films assembled fronwasimed ATO_20
nanoparticles using Pluronic P123 as a templating agent at different Pluronic to particle ratiogdassign
labels): as prepared (left) and after calcination at®80@ight).

If the assynthesized nanoparticle containedZBDwt. % of the organic residuals, the 1:1

mixtures with Pluronic gave the thermally stable mesostructures, Fig 4.3.2.
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Relative intensity (a.u.)

Figure 4.32. Small angle XRD patterns of the mesoporous films assembled by using pluronic F127 as structure
directing agent and ATO_10 which contain 30 wt. % of organic residuals. The weight ratio between pluronic
F127 and ATO nanoparticles was 1:0.7. The black dimews the XRD pattern before calcination and the blue

l ine presents the XRD pattern after calcination at
The composition of nanoparticles influences the formation of mesostructure as well. Only
ATO nanoparticles with a Sb content exceeding 6 %dcbe assembled into thermally stable
periodic mesostructured films in the presence of the Pluronic copolymer. The observed
influence of the composition of the particles and their surface chemistry on their self
assembly behavior suggests an important aflehe coordination of the Pluronic block
copolymer molecules, presumably of their hydrophilic polyethyleneoxide blocks, on the
particle surface. Beside the amount of adsorbed organic moieties, the additional factor which
influences the dispersibility arassembly of ATO nanopatrticles is their surface charge. From

zeta potential measurements it can be estimated that the point of zero charge (pzc) of the ATO

particles changes linearly with Sb content, Fig. 4.3.3.
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Figure 4.3.3.Zetapotential of the aquaus colloidal dispersions of ATO nanoparticles with various Sb doping
levels measured at different solution pH (a), and variation of the measured point of zero charge (pzc) with the Sb
doping level (b).

This alteration of the surface charge and the repiac¢ of the surface Sn atoms by Sb ones
could be one of the reasons for the remarkably differervasesémbly behavior of Sioped

particles compared to undoped ones. The influence of the replacement of the surface Sn atoms

with antimony was demonstratbdfore by Raman measuremeffts.

4.3.1 Morphology of the Mesoporous Films

It was found that the obtained morphology of the films is strongly influenced by the
composition of the assembled nanoparticles and the calcination temperature. ATO
nanoparticles with dopa levels from 6 to 30 mol% were used for the assembly into
mesoporous structure. The@epared films were calcined at different temperatures in order

to remove the organic template and to induce the sintering between the nanoparticles. The
applied tempext ur es were varied from 300 AC up to
combustion of Pluronic starts at 300 AC and

of the organics from the material (Appendix Fig4A..).
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The scanning electron miciazppy (SEM) images of the films prove the very good uniformity

of the films and their craekee character, Fig. 4.3.4, c) and f).

Figure 4.3.4.Mesostructure and crystallinity of the films assembled from ATO_20 nanoparticles: (a, d) TEM
image, inset: the Fourier transform spectra; (b, €) high resolution TEM image, inset: corresponding SAED
patterns, and (c, f) SEM image (top view). The firsti{ac) and second (d, e, f) rows correspond to the films
calcined at 400 and 50C, respectively.

The transmission electron microscopy (TEM) images show that the nanoparticles with
different doping levels form similar films with highly porous 3D architezsy Fig. 4.3.4 a)

and d). The wormhole mesostructure contairi0-nm-large domains with some indication

of pore ordering (Appendix Fig.-A.2). The Fourietransformation of the TEM images of the
films calcined at 300400 AC show two rings corresponding to a mesostructure periodicity of
14N1 and 8N0.5 nm, respectively (insets of Fig. 4.3.4 a and d).

The highresolution TEM (HRTEM) images of the mesoporous ATO films (Fig. 4.3.4, b and
e) show the completely crystalline npowalls which are composed of similarly sized

nanocrystals. The HRTEM images of the calcined films (Appendix Fg.3Aindicate that
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the particles in the walls grow anisotropically. This leads to an increase in the particle size in
one direction alondie pore walls.
The d spacing of the lattice fringes and corresponding seleatea electron diffraction

(SAED) patterns taken from various parts of the film indicate only a cassiteritep8a&e.

These results confirm that phase separation did not docung the thermal treatment.

Figure 435TEM i mages of the thin fil massemhlyofnamopadicles with3 00 A C
different Sb content (given in labels).
Although all films feature a good porosity the periodicity of mesostradb@comes worse

when particles with lower amount of antimony are used for assembly, Fig. 4.3.5
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4.3.2 Structure of ATO Films

The smaHlangle Xray diffraction (SAXS) patterns are in good agreement with the electron
microscopy data. SAXS measurements indicatgptasence of two reflections due to the pore

organization with a similar mesostructure periodicity found in TEM data, Fig. 4.3.6, a).
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Figure 4.3.6. Characterization of the mesoporosity and crystallinity of the films assembled from ATO 20
nanoparticles ah treated at different temperatures: (a) small angleyXdiffraction, (b) wide angle Xay
diffraction. The inset in the Figure 2b shows dependence of the crystal size on the calcination temperature
estimated from the broadening of the 110 reflectio8r®, using the Scherrer equation.

The first reflection, corresponding to a mesostructiispacing ofa 14 nm, slightly shifts to
higher angles due to shrinkage of the mesostructure in a direction perpendicular to the
substrate. This behavior is well knovior crystalline mesoporous filmtg.In contrast to sél
gelderived films, the mesostructural shrinkage of the films assembled from nanoparticles is
only marginal, indicating high temperature stability of the mesoporous framework. The

second reflection, eoesponding to a higher order of periodicity, becomes weaker with the

increase in the calcination temperature due to the increasing distortion in the mesostructure
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ordering. The films assembled from ATO_10 and ATO_20 nanoparticles feature similar
mesostruttire properties.

The size of the crystallites in the pore walls is determined from the line broadening of the
wide angle X ray scattering (WAXS) patterns (Fig. 4.3.6, b). The result indicates a slight
growing of the crystallite size from 3.9 to 4.3 nmihgreasing the calcination temperature
from 300 to 500 AC.

The sintering of nanoparticles within the pore walls leads to a slight mesostructure shrinkage

and thus to some deterioration of the periodicity of mesostructure.

4.3.3 Porosity of Mesostructured ATQIlilRs

The porosity of films was examined in collaboration by Dr. Jiri Rathousky. The textural
properties and accessibility of the internal surface of the ATO thin films were studied by
krypton adsorption ad 77 K. The Kradsorption isotherms of the filmslcined from 300 to

500 AC show that all the films exhibit typical isotherms for mesoporous materials. The

isotherms indicate well developed mesoporosity without any pore blocking, Fig. 4.3.7.
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Figure 4.3.7.Kr adsorption isotherms of the films preparfesm ATO_20 nanoparticles calcined at 300, 400,
and 500 AC.

The increase in the calcination temperature
the character of the porosity, but induces some quantitative changes in the texture
characteristics. Thepecific surface area related to the total film volume slightly decreases
with increasing calcination temperature but remains remarkably high, achieving 300, 270, and
200 cm? cm? for calcination temperatures of 300, 400, and B0Q respectively From the
limiting adsorption at a relative pressure &fl, the pore volume and the porosity were
calculated giving 45, 30, and 55 % porosity for the mentioned calcination temperatures. Using
these values for mesoporosity, the surface area expressgmebecomes 79, 56, and 64 m

g™, respectively. These results are in good agreement with the surface area’af 6®und

for pure bulk mesoporous Sp& The pore width slightly increases with increasing
calcination temperature froén6 nm (for 300 ad 400AC) to & 8 nm (for 5004C), as follows

from the shift of the hysteresis loop towards higher relative pressures and the analysis using
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the comparativglots method. The pore size distribution becomes broader for the sample
calcined at 50@C.

A nonmonotonous dependence of the porosity on calcination temperature shown by
nanoparticulate ATO films was observed also for other templated materials. Thus, Sanchez et
al? described the evolution of the porosity of templated titania films. The porosityecac

local maximum at 33@C due to pyrolysis of the template, then decreased to a minimum at
440 AC Dbecause of dominating film relaxation, and increased again at even higher
temperatures due to pore coalescence via sintering, leading to densificaitaniafin the
directions parallel to the film surface and generating porosity. As these data are in very good
agreement with those in the mentioned study, the same mechanism also seems to be operative
for our films. The Kradsorption results, in combinati with the electron microscopy and X

ray diffraction data, indicate that the mesostructure assembled from the preformed

nanocrystals has a high thermal stability.

4.3.4 Conductivity of ATO Films

The variation of the electrical conductivity of the mesoporous Aili@s was determined
with respect to the Stdoping level in the used nanoparticles and the applied calcination
temperature. The film conductivity is the highest when the film is assembled from particles

containing 810 % of Sb, Fig. 4.3.8, Table 4.3.1.
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Figure 4.3.8. Dependence of the electric conductivity of the mesoporous films assembled from ATO
nanocrystals with Sb content in the precursor nanoparticles and the calcination temperature of the prepared films.
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Table 4.3.1 The values of electrical cdactivities obtained for samples containing from 8 t0 30 mol% Sb after
calcination at 300, 400 and 500 AC.

Amount of Sb Electrical conductivity (S ci
(mol %)

Samples calcinec Samples calcinec Samples calcinec
at 300 at 400 at 500

8 0,1083 0,2872 0,7945
10 0,0749 0,1170 0,5193
20 0,0562 0,0856 0,2716
30 0,0513 0,0626 0,1760

These results are in good agreement with the conductivity of the nanoparticles themselves,
which achieve a maximum at #0 % of SK® The conductivity of the films increases with
increasing calcination temperature, which is due to particle sintering, a slight increase in the
crystal size, and the related increase in the electron mobility. The highest conductivity of 0.8
S cni' was obtaied for the film assembled from ATO_8 nanoparticles and calcined at 500
AC. This is practically the same conductivity that was obtained for the parent ATO 8
nanoparticles in pressed pellets treated at the same temperature ),% ming quite high

for a film with a porosity ofi 50 %.

4.3.5 Applicability of the Mesoporous ATO Films as Nanostructured Electrodes

To test the applicability of mesoporous ATO films as electrode layers, they were deposited on
flat conducting ITO substrates in order to minimize Ghiosses. Ferrocene moieties were
covalently anchored via peptide bonds to the surface of mesoporous films as standard redox
probes’ ¥ Figure 4.3.9 shows an example of the electrode performance of the film assembled

from ATO_10 nanoparticles calcinedditferent temperatures.
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Figure 4.3.9. The cyclic voltammograms of the ferrocenecarboxylic acid covalently anchored on the
mesoporous ATO_10 layers calcined at 30Qred), 400°C (blue), 500°C (green) and on a flat ITO electrode
(black and inset). 3m rate is 50 mV's
The voltammograms of all the samples exhibit Gaussiped peaks of reversible ferrocene
oxidation and reduction, characteristic for modified electrodes with immobilized redox
species® Both the doubldayercharging and Faradaic currents of the ferrocene oxidation and
reduction on the mesoporous electrodes drastically increase compared to those on the flat ITO
electrode modified in the same way. The surface coverage of the electrocheatcedigible
ferrocene molecules obtained by integration of the peak area correspondsL@ir8ol cmi
2 for the flat ITO electrode and 9.40*° mol cni? (50 timeg, 65 T 1%mol cm? (35 times),
and 5 ma ciib (29 times) for thenesoporous AT@lectrodes calcined at 300, 400,
and 500AC, respectively. The numbers in brackets indicate the corresponding increase in
surface coverage compared to the flat ITO electrode. This increase in the Faradaic charge is in
excellent agreement with the specifiarface areas of the films obtained by-disorption

measurements. Consequently, the mesoporous ATO films calcined at lower temperatures are,

152



as a matter of fact, suitable for application as transparent electrode layers with the very high
surface area enhibg direct electrochemical addressing of each redox molecule immobilized

on its surface. The surface area of the mesoporous ATO layers seems to play a more
important role in enhancing the chargalection efficiency compared to their specific
conductivity . This can be due to the fact t hat t h
electrodes composed of a porous conducting layer on a dense conducting substrate is low
enough to provide efficient electron transport. The transparency of the films ts$dron

particles with different Sb contents is above 93 % of transmission in the visible range (Fig.

4.3.10), which makes them promising candidates for electrode layers for optoelectronic

applications.
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Figure 4.3.10.UV/VIS spectra of the .mesoporofigms assembled from ATO nanoparticles with different
antimony content (given as the labels) and calcined (@00 The average thickness of a
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4.3.6 Incorporation of Ruthenium Dye

One of the interesting electroactive guests which cosédthe full potential of 3D conductive

and transparent electrodes is ruthenium dye. Ruthenium dyes where intensively studied with
potential application in electrochemiluminescence devices for detection of dmitiésThe
reaction is based on electoaidation of amies followed by their deprotonation which as a
consequence gives excited speasamines, Figure 4.3.1IThese amino excited species
interact and excite the ruthenium dye, whereas they are transferred into oxidized products.
The transformation of ruthemu dye into initial state is followed by the release of visible

light (fluorescence¥®

Amine
E H+
= . . Deprotonation
¢ Amine T j P

Anode J'

Amine’

e Rﬂ{h]ﬁl}*}33+

— Ru{hpy}fr‘T Ru(hp}f}33+ * 4—1: Oxidised Products

Photon
{620 nm)

Figure 4.3.11.Proposed mechanism for the electrogenerate chemiluminesce (ECL) of Rti(bpth an
alkylamine The figure is adopted from the reference [33].

In orde to investigate the possibility of using mesoporous films as a platform for
electroluminescence devices, two types of incorporation of ruthenium dye were explored. In
the first case the dye was adsorbed in the mesoporous films, while in the secondwias dye
covalently attached in the same way as for previously described ferrocene carboxylic acid.
The UW-VIS measurements of ATO films with incorporated ruthenium dye indicate its

presence inside of the ATO films for both &gpof incorporation, Fig. 4.3.12
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Figure 4.3.22. UV-VIS spectra of ruthenium dye adsorbed and covalently attached in ATO_10 mesoporous
films. Spectra of the adsorbed samplshgted for factor 0.85 in contract to the sample with covalently attached.

For the background substraction a pure mesoporus film of ATO_10 was measured under the same condition and
the spectra of the ATO_10 film was substracted from ATO_10 modified.films

Both spectra contain peaks at 463 nm typical for ruthenium dye. However, the covalent
attachment leads to a much stronger intensity confirming a better incorporation of the dye. |
worked on optimization of the protocol for covalent attachment of theemutin dye by a
variation of conditions of both reaction steps, namely the surface functionalization with

APTES and the covalent binding of the dye. The varied parameters included the solvent and

the reaction temperature, Table 4.3.2.
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Table 4.3.2.List of samples according to the variation in the temperature for surface functionalization and the
applied temperature for attachment of the dye

Sample Surface functionalizatior Applied temperature fo
with APTES attachment of the dye

1. Dichlorometane (4@ C) Room temperature

2. Dichlorometan70 AC

3. Toluene (110 Roomtemperature

4. Toluene (110 70 AC

From the UVVIS results it can be seen that the surface functionalization of ATO films with
APTES performed in toluene provideshigher loading of the ruthenium dye in comparison

with the same attachment was perfornredichloromethane, Fig. 4.3.13

Figure 4.3.13UV-VIS spectra of covalently attached ruthenium dye in mesoporous ATO_10 films and the

images of the respective films. 1. Surface functionalization with APTES was performed in dichloromethane at 40

AC and the attachment o fSurtade éuncopatizatiart withr APDES waseenfpreedat ur e .
in dichloromethane at 40 AC and the attachment of th
was performed in toluene at 110 AC and the attachr
functionalization with APTES was performed iFortol uen:i
the substraction of the background the -M\5 spectra of noffunctionalized ATO sample presented in the

figure above was used.
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