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Abstract 

Nanostructured electrodes based on transparent conducting oxides (TCOs) have attracted 

significant interest during recent years. Such 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 results in 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 high electrical 

conductivity of ATO and a three-dimensional mesoporous network offers the possibility to 

use this material as an electrode system which involves immobilized functional species. 

However, the preparation of three-dimensional mesoporous transparent electrodes of ATO 

remains a non-trivial 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 electrodes are based on self-assembly of solïgel-derived metal oxide 

precursors assisted by amphiphilic structure-directed agents. As the inorganic framework 

formed by this method is amorphous, it must be transformed into a crystalline state, which is 

essential for the 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 for the ATO 

films where special amphiphilic block co-polymers of the type poly(ethylene-co-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 of the commercially 

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



 
 

structure requires a special post-synthetic treatment which is rather elaborate and time 

consuming. 

Within this thesis a novel strategy for the preparation of transparent 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 the assembly into such structures must be 

monodispersed with a well-known composition. 

The method which was used for the preparation of the ATO nanoparticles is known as non-

aqueous sol-gel sythesis where the benzyl alcohol serves both as a solvent and as an oxide 

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 these nanoparticles was performed in 

collaboration with Prof. Dr. Christina Scheu (LMU, Munich), Prof. Dr. Sebastian G¿nther 

(LMU, Munich) and Dr. Goran Ġtefaniĺ (RuĽer Boġkoviĺ Institute, Zagreb). The highest 

conductivities were obtained for those compositions that contained 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 cassiterite SnO2 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 porosity of the films was investigated in collaboration with Dr. Jiri 

Rathousky (J. Heyrovsky Institute of Physical Chemistry, Prague). All films possess a high 

optical transparency (above 90 %) and a large surface area. The conductivity of the films is 

dependent 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 investigated by 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(II), 

hexacyanoferrate(II), ferrocenecarboxylic acid, dye ruthenizer 470, proteins cytochrome c, 

that were investigated for the incorporation in this porous network by adsorption indicated a 

strong negative charge of the ATO walls. However, the leaching of the adsorbed electroactive 

species requires the introduction of a stabilization method which bonds the electroactive 

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 potential linkers to the functional electroactive molecules. In 

the first type the direct attachment of the organic species by Grignard reactions was 

investigated. Secondly, the surface functionalization through the attachment of organosilane 

compounds was performed. Both methods provide a high surface coverage with organic 

groups. 

The covalent attachment of the electroactive molecules to the surface-modified ATO 

electrode was studied on ferrocene serving as a model redox moiety. The ferrocene moieties 

were bonded to the terminal group of an aminosilane via the formation of an amide bond with 

the carboxylic groups of ferrocenecarboxylic acid. The attached molecules were electroactive 

and stable toward leaching indicating that such bonding could offer a fruitful basis for the 

incorporation of other types of electro-active molecules, such as luminescence dyes and small 

redox proteins. The incorporation of such electroactive species would provide a design of the 

model of optoelectronic 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 c was chosen. 

Considering that cytochrome c 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 cytochrome c. 

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 c was obtained by 

covalent attachment of the protein. 

The obtained results indicate that 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 this thesis 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 optoelectronic devices. 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 species. Furthermore, the most common methods for the surface functionalization 

and anchorage of the electro-active species are reviewed. 

1.1 Transparent Conducting Oxides (TCOs) 

Transparent conducting oxides (TCOs) are a class of oxides which combine high electrical 

conductivity and high optical transparency.
1, 2

 Compared to the other materials, metals are 

conductive but not transparent for visible light. Whereas, other transparent materials like 

glasses are often not conductive.
3
 

The main prerequisite for the TCO materials 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 of 10
-3

 ɋ cm and a high 

transparency in the visible range of above 80 %. These two characteristics are correlated with 

the presence of a high concentration of charge carriers of the order of 10
20

 cm
-3

 and a wide 

band gap of above 3 eV. Although all known TCO materials possess high charge carrier 

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 100 cm
2
 (V s)

-1
.
2, 3
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Transparent conducting oxides can be n- or p-type conductors and the conductivity can be a 

result either of a nonstoichometry of the oxide or a presence of impurities. In the n-type of 

conductivity free electrons (free carriers obtained either by oxygen deficiency or from 

impurity dopant) are associated to the metal defect energy level. This level is close in energy 

to the bottom of the conduction band of oxides. These charge-compensating electrons can be 

thermally promoted from defect energy levels to the conduction band, thus contributing to the 

conductivity. The p-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 creates a hole 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 the p-type of conductivity is considerably lower 

than the value of the n-type, as a result of the restricted hole mobility in the valence band of 

solids.
3, 4

 

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

dopant.
1-3, 5-7

 

In the native transparent conducting oxides the high conductivity is a result of the presence of 

oxygen vacancies and/or interstitial metal atoms incorporated into their crystalline structures. 

Native oxides can show n-type conductivity with very high charge carrier concentrations of 

the order of 10
20

 cm
-3

. However, it was shown 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.
2
 

In order to obtain higher conductivities different types of the doped TCOs have been 

developed. There are three main requirements in order to observe doping.
5
 

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

2. The doping levels must be shallow. 
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3. The doping must not 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 band (n-type) or close to the valence band (p-type). In the n-type systems the 

donor electrons undergo promotion to the conduction band. Upon further doping a 

degenerated gas of current-carrying electrons is formed. This gives an increase in the infrared 

absorption and high electrical conductivity. In the p-type 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 host remains unchanged thus 

ensuring that the electrically conducting material retains the optically transparency in the 

visible range.
5-7

 

Most of the research performed on TCOs was made on n-type semiconductors and these types 

of materials found their commercial applications as flat electrodes in various touch panel 

displays or dye sensitized solar cells.
2
 In 1993 the p-type doping of TCO thin films was for 

the first time reported.
8
 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 discussed in the part 

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 transport in metals which is coupled with the optical 

properties of these materials.
3
 The concept combines all important parameters which are used 

for the description of the performance of TCO such as: conductivity (ů), sheet resistance (RS), 

carrier mobility (Õ), carrier density (N), optical absorption coefficient (Ŭ) and extinction 
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coefficient (ə). The optical absorption coefficient and extinction coefficient are correlated 

according to equation: 

‌ τ“‖‗ϳ      (eq. 1.1.1) 

where ɚ is 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 conductivity, ů, and the 

optical absorption coefficient, Ŭ, as: 

„‌ϳ ρ ὙὰὲὝ Ὑϳ    (eq. 1.1.2) 

where T is the total transmittance, R the reflectance of the material and RS the sheet 

resistance.
9
 

This equation gives a qualitative estimation of the performance of the different TCO materials 

with a similar microstructure. The factors which are included in the equation 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 reflectivity, R, of the TCO material is defined as:
3
 

Ὑ ‐ϳ ρ ‐ϳ ρ    (eq. 1.1.3) 

where Ů is the dielectric constant. 

This equation correlates the optical properties of TCOs to their dielectric (and electric) 

properties. Both equations (eq. 1.1.2 and 1.1.3) can be used as a guidance to design a desired 

transparent conducting oxide film.
3 
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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 semiconductors.
1, 2, 10, 11

 As described above, a common way to increase 

their conductivities and to retain a good transparency 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 semiconductors for transparent electrodes. 

 TCO materials 

host In 2O3 SnO2 ZnO CdO 

dopant Sn, Ge, Mo, F, 

Ti, Zr, Hf, Nb, 

Ta, W, Te 

Sb, F, As, Nb, 

Ta 

Al, Ga, B, In, Y, 

Sc, F, V, Si, Ge, 

Ti, Zr, Hf 

In, Sn 

 

To obtain the TCO films for use in specialized applications several new multicomponent 

oxides such as ternary or quaternary oxide phases have been developed.
2, 11

 The advantage of 

these ternary and quaternary TCOs is the possibility of controlling the electrical, optical, 

chemical and physical properties by alternating 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 an 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.
2
 

1.1.3 Applications of TCOs 

One of the most known 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 displays,
12

 non-silicon solar cells 
13, 

14
 or organic light-emitting diodes (OLEDs).

15
 

Aluminium doped zinc oxide (AZO) is another promising TCO material. However, the main 

drawback of AZO films is their relatively low conductivity in comparison to the 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 TCO materials is tin oxide.
16-19

 Fluorine doped 

tin oxide (FTO) is already commercially available as flat film and it is widely used in non-
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silicon solar cells due to its much thermal stability compared to ITO. However, the drawback 

of FTO films is a certain lack of transparency in comparison to the films based on ITO.
20

 

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 

system.
1, 2, 21-24 

1.2 TCOs Based on Tin Dioxides 

Due to the rather high availability of tin, tin dioxide (SnO2) is one of the most extensively 

studied transparent conducting materials.
16-19, 25, 26

 Prepared in the form of dense films, it is 

polycrystalline with a rutile (cassiterite) type of structure in the space group P42/mnm.
16, 27, 28

 

As all other TCOs, SnO2 is transparent for the visible part of the electromagnetic radiation. 

However, it is highly reflective for infrared radiation. Due to this property, SnO2 is nowadays 

dominantly used as an energy conserving material. SnO2-coated windows are used to transmit 

the light (as a result of the transparency of SnO2) and to keep the heat out or inside of 

buildings depending on the climate regime.
12, 16

 

SnO2 exhibits a band gap of 3.6 eV.
1, 2, 16

 Undoped SnO2 is an n-type semiconductor, which is 

a result of the non-stoichiometry, or in particular due to the oxygen deficiency. Moreover, the 

conductivity of SnO2 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 SnO2 has high a charge carrier concentration at 

the order of 10
19

 up to 10
20

 cm
-3

 and a charge carrier mobility of the order of 5-30 cm
2
 V

-1
 s

-1
, 

as reported by various authors.
1, 2, 11, 16

 Various values for the electrical conductivity of the 

SnO2 were reported as well, but they are all in the range of 10
-3

 to 10
-2

 S cm
-1

.
1, 2, 11, 16

 

In order to increase the conductivity of the SnO2, various doped SnO2 materials have been 

prepared up to now.
1, 2, 10, 11, 16, 20, 21, 23, 24
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The highest conductivities obtained for the fluorine doped tin oxide (FTO) are in the order of 

10
4 

S cm
-1

.
1
 As mentioned above, FTO is quite broadly used in non-silicon solar cells 

however, it shows a slight drawback in comparison to the more expensive tin doped indium 

oxide (ITO) and that is its lower transparency. 

1.2.1 Antimony Doped Tin Oxide (ATO) 

In antimony doped tin oxide (ATO) the conductivity of SnO2 is increased by substituting the 

tin (Sn
4+

) with antimony ions in a higher valence state than tin, namely Sb
5+

.
1, 2

 The so formed 

doped tin oxide can be presented as Sn
4+

(1-X)Sb
5+

XO
2-

2eX, or as Krºger-Vink notation as 

ὛὲɇɇɇɇὛὦɇɇɇɇɇ ὕ Ὡ. 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 the host lattice 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.
4, 16

 

This doping of tin oxide with antimony modifies the band structure giving rise to a conduction 

band of 35 meV.
1
 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 of 

behavior is known as the Burstein-Moss 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.
16

 

Typically the ATO films have a charge carrier concentrations at the order of 10
20

 cm
-1

, the 

mobility of the charge carriers at the order of 15-30 cm
2
 V

-1
 s

-1
 and values of conductivity of 

10
-3

 S cm
-1

. Beside this, the films can possess high optical transparency of 80 % - 90 % and 

IR reflectivity of 75 % - 85 %.
1
 

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

properties of the ATO was intensively studied by several authors.
21, 23, 24, 29-31

 The highest 
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conductivity was obtained for dense ATO films of the order of 1Ĭ10
3
 S/cm and the films 

contained 7 mol % of antimony.
1
 Small ATO nanoparticles typically show significantly lower 

conductivity values than dense films due to the presence of the high amount of grain 

boundaries which act as electron scatter centers.
11, 3124, 31-33

 Nutz et al.
24

 obtained a 

conductivity value of 5Ĭ10
-7

 S/cm for the ATO particles 4-6 nm in size pressed in pellets 

while, Goebbert et al. reported a conductivity of the order of 10
-8

 S/cm for the ATO 

nanoparticles ca. 4 nm in size. Beside the conductivity, a maximal amount of the incorporated 

antimony in SnO2 matrix remained an issue. Terrier et al.
34

 showed that a maximal doping 

level reaches 20 mol % of antimony as a result of a difficulty in introduction of further 

antimony atoms into cassiterite lattice. Although such high amount of antimony can be 

introduced into the SnO2 lattice, it was found that the conductivity does not increase by 

doping higher than 10 %, but rather decreases. The highest conductivity values were obtained 

for the doping levels between 4 and 8 mol %.
1, 24, 31, 32

 

The incorporation of antimony into the SnO2 matrix causes a change in color from white 

(SnO2) to brownish-grayish-blue (ATO).
23, 24, 31

 This bluish coloration is attributed to the 

coexistence of Sb
3+

 and Sb
5+

.
11

 Although this intense absorption in the region of red light and 

near IR has been assigned to the electronic transfer between two oxidation states,
34

 it has also 

been argueded that it appears due to a free charge carrier absorption in the material.
11, 23

 

Terrier et al. intensively studied the ATO system through X-ray photoelectron spectroscopy in 

order to evaluate the amount of antimony in different oxidation states.
34, 35

 Their results 

indicated that although the Sb
5+

 is an effective donor, the antimony exhibits always a mixture 

of two oxidation states namely Sb
5+

 and Sb
3+

.
29, 31, 35

 In contrast to Sb
5+

, which acts as an 

electron donor, the Sb
3+

 produces a hole which acts as an electron trap. Because of this 

reason, only the excess of Sb
5+

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

explored up to now.
36 

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 rather than flat electrodes. These types of electrode architectures are beneficial 

in devices which are based on monolayers of the electro-active species on the electrode 

surface, particularly in bio-optoelectronic devices. The porous morphology of such electrodes 

with a large interface area acts as a conductive matrix for the incorporation of electro-active 

moieties at high loadings. As a consequence, a great number of electrons can be collected 

from a smaller geometric electrode area, leading directly to an increased efficiency of such 

optoelectronic devices. 

In recent years significant research was carried out on the development of advanced 

electrodes with improved architectures for various applications.
33, 37-40

 There are several 

important areas which require an improved design of 3-dimensional electrode structures, 

namely photo-electrochemical solar cells, photohydrolysis, photoelectrocatalytic devices, Li-

ion batteries, supercapacitors, fuel cells or biosensors.
41

 

Up to now various nanostructures and materials were studied as advanced electrode layers 

with 3-dimensional structure.
33, 37-40, 42-46

 There are several possible ways of how these 

electrode layers can be classified. 

The first criterion can be described as the ability of the electrode material to conduct the 

electric current. Therefore, such electrode layers can be divided into conducting electrodes, 

semiconducting electrodes and insulating electrodes. 
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In the second criterion the nanostructured electrode layers can be classified from the point of 

view of the periodicity of their morphologies. The electrode architectures which are not 

periodically structured are 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 nanostructured electrode 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 diameters (d):
47

 

¶ microporous (d < 2 nm) 

¶ mesoporous (2 nm < d < 50 nm) 

¶ macroporous (d > 50 nm) 

The suitable pore size of porous electrodes is dictated by the size of electro-active guest 

molecules. Therefore, a significant part of the research is devoted to the use of macroporous 

and mesoporous systems which can incorporate bulkier redox guests without restriction of the 

electrolyte diffusion in the pores.
48-51

 Although microporous systems possess high surface 

areas, the small pore size limits their application as a host matrix for large molecules. In 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 carbon-based materials (such as 

graphitic materials, graphene or carbon nanotubes), metals and transparent conducting oxides. 

Metallic Electrodes 

Porous metallic electrodes are mostly prepared by four main approaches: 1. nanoparticle-

based approach, 2. template-based appraoch, 3. dealloying and 4. decoration appraoch.
52
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In the nanoparticle-based approach pre-synthesized metal nanoparticles are deposited on a 

conducting electrode.
52

 One of the most common way of the synthesis of metal nanoparticles 

is a reduction of metal precursor in solution by reducing agent in the presence of stabilizing 

agents (polymer or inorganic additives). Some less common approaches for the synthesis of 

metal nanoparticles are based on photochemistry, sonochemistry, sonoelectrochemistry 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 limits the long-term stability of 

such electrodes.
52

 

The templated-based approach is based on electrodeposition, electroless deposition, galvanic 

replacement, thermal deposition or chemical vapor deposition of metal over a template which 

is placed on the top of the conductive surface of the electrode.
52-56

 In the second step the 

template is removed leaving a three-dimensional network of deposited metal. Depending on 

the template, which can be either hard or soft template, different metallic electrode structures 

can be prepare varying from nanotubes up to mesostructured metallic electrodes or 

hierarchically structured electrodes. For instance, hollow platinum nanotubes can be prepared 

by electrodeposition of platinum over an anodized aluminium oxide membrane which is 

subsequently removed. 
52

 Other hard templates for the electrodeposition of metal are self 

assembled colloidal microspheres of silica or polysterene which give macroporous 

structures
53-56

 while mesoporous silica as a template gives a mesoporous structure.
52, 57

 By 

using a combination of templates such as colodal silica particles and mesoporous silica it is 

possible to obtaining a hierarchical structure. Example of such material is hierarchical 

structure of platinum nanowire,
57

 Figure 1.3.1. 
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Figure 1.3.1. Illustration of the preparation of a) macroporous metallic electrodes by using opal template, and b) 

hierarchical structure by using combination of silica beads 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 the etching of 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 through various 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 structure.
58-60

 Example for this is 

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

subsequently removed leaving the porous gold structure, Figure 1.3.2. 
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Figure 1.3.2. a) The process of preparation of nanostructured gold electrodes and the obtained electrode 

morphology if b) colloidal gold nanoparticles were used or c) various gold nanoparticles were electrodeposited: 

1-pyramidal gold nanoparticles, 2-rod-like gold nanoparticles and 3-spherical gold nanoparticles. Images a) and 

b are adapted from reference [60] whereas image c is adapted from reference [58]. 

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, carbon paste or 

structured mesoporous and macroporous carbons were investigated as nanostructured 

electrodes
49, 61-63

. 

In the case of non-periodically structured carbon electrodes, 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 electro-active components and 

some binder. Carbon nanotubes and nanosheets are usually cast on conductive substrates 

resulting in non structured porous layers. Another approach to prepare carbon nanotubes is a 

direct growth of carbon nanotubes (nanotube forest) on the conducting substrates.
64-67
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There is also a significant 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 

attractive as nanostructured electrodes due their high surface area.
61

 Usually these materials 

are prepared through self-assembly of organic precursors and template molecules followed by 

a subsequent condensation of the carbon framework and the template removal. Another 

common strategy for fabrication of mesoporous carbonaceous materials is hard-templating, 

which typically involves pyrolysis of organic precursors (for example sucrose) filled into the 

pores of a mesoporous silica template. A basic approach to prepare macroporous carbon 

electrodes involves hard templating using silica baed opals as the template.
49

 The carbon 

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 macroporous carbon materials proved 

to be a good conducting hosts with the pores large enough for incorporation of various 

electroactive guests. 

 

Figure 1.3.3. a) Morphology of OMC films and b) macroporous carbon. Image a) is adapted from reference [61] 

and b) from reference [62]. 
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1.3.2 Metal Oxide Electrodes 

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

be easily prepared with a large variety of microporous, mesoporous,
68-71

 macroporous
72

 and 

hierarchical
73-75

 structures and a broad range of pore sizes, which can be tuned by selection of 

the templating agents (Figure 1.3.4). Morevoer, it can possesses a very high surface areas up 

to 1000 m
2
/g,

76
 so that very high loadings of the anchored species can be obtained.

76, 77
 

 

Figure 1.3.4. TEM images of the mesoporous silica materials with different pore sizes: a) SBA-15, b) FDU-5, c) 

FDU-12, d) MCF. Adopted from reference [76]. 

Due to the above mentioned reasons, the mesoporous silica materials were studied for the 

incorporation of guest molecules by adsorption and covalent anchorage.
50, 70, 71, 76

 The first use 

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

Rohlfing et al.
71

 Further, the mesoporous silica was used as a support for the incorporation of 
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proteins such as cytochrome c, myoglobin or hemoglobin, whose activity was 

electrochemically investigated.
50, 76, 78

 

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 between the redox molecules is possible only via 

hopping mechanism. 
71

 

Various semiconducting oxides are studied as nanostructured electrodes, including zinc oxide, 

tin oxide, indium oxide, titanium dioxide, etc. 
44, 79-82

 Varieties of methods are established for 

the preparation of such electrodes and they mostly depend on the final application of the 

electrode and the chemistry of the starting material.
33

  

The non-structured porous oxide electrodes can be simply obtained by deposition of the 

respective oxide nanoparticles, 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 nanotubes and 

mesoporous or macroporous materials. 

Oxide nanotube arrays can be obtained by the anodization of metals.
44, 81

 Through 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. Figure 1.3.5. illustrates the possible morphologies 

of the nanostructured electrodes obtained by anodization. 
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Figure 1.3.5. a) Illustration of the possible morphologies obtained by anodization, compared to the actual 

morphologies of TiO2 in b) and c). Figure is adapted from reference [81]. 

Periodic macroporous electrodes can be obtained by using colloidal crystal templating, Figure 

1.3.6.
83

 The template is infiltrated or mixed with corresponding solutions of metal oxide 

precursors. Subsequent condensation of sols of metal oxide precursors and removal of 

template is performed through calcination procedures. The obtained macroporous oxide has 

an inverse opal like structure. 

 
Figure 1.3.6. a) Opal structure of the polystyrene template and b) morphology of the SiO2 and c) morphology of 

the TiO2 macroporous oxides. Adapted from reference [83]. 

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 electroactive guest molecules. Much higher surface areas can be obtained for mesoporous 

electrodes. Such electrode morphologies possess sufficiently high surface area and still a large 

enough pore size enabling incorporation of electroactive guests up to 10 nm in size, 
51, 71

 

which makes mesoporous electrodes promising host electrode materials. 

1.3.3 Transparent Conducting Oxide Electrodes 

In contrast to the other oxide 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 significantly influence and improve the properties of such devices.
84-93

 

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, photon-, ion- and 

electron-beam lithography and nano-imprinting.
33, 94

 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 electrodes.
87

 

In addition to the patterned electrodes, fabrication of three-dimensional TCO architectures 

was a subject of intense research activity in the last years. In particular, significant efforts 

were made towards 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 photo-electrochemical applications.
48, 51, 93, 95, 96

 

In 2006 Fattakhova-Rohlfing et al. demonstrated the potential of mesoporous ITO films as an 

efficient electrode system suitable for obtaining high loadings of the electro-active moieties 

inside of the electrode matrix, Figure 1.3.7.
95
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Figure 1.3.7. On the left: the morphology 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 current for mesoporous ITO films is a result of high 

loadings of electro-active molecules on the high surface area. Adapted from reference [95]. 

Later on Fraska and Aksu showed the potential of the mesoporous ITO network as a platform 

for the incorporation of small biomolecules.
51, 93

 

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.
97

 

Other TCO mesoporous systems with good conductivity were investigated for the application 

as nanostructured electrodes.
48, 96

 Hou and Wang reported on mesoporous antimony doped tin 

oxide films.
22, 96

 The potential of mesoporous ATO electrodes was demonstrated regarding 

their use as efficient 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 surface area which provides a higher electron collection and 

leads to an increased efficiency of the organic solar cells.
86 
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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 provide a good host platform for the incorporation of a wide variety of 

molecules for nanostructured electrode applications.
48, 95

  

The method for preparation of mesostructured materials by self assembly of the organic 

surfactant and the inorganic species was first introduced by the studies of Mobile for 

mesoporous silica.
98

 Later on this concept was extended for the fabrication of mesoporous 

films of various metal oxide systems. 
99-106

 

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.
104, 107, 108

 The self assembly usually employs asymmetric molecules, most commonly 

amphiphilic surfactant molecules or block co-polymers which contain hydrophobic and 

hydrophilic parts. In polar solvents such as aqueous solutions, the surfactants assemble 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 contact with water. By decreasing the amount of 

solvent the concentration of the surfactant increases, leading to the self-organization 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 block co-polymers. Adopted from reference [108]. 

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 micelles and consequently by the size of the 

surfactant, i.e. template.
104, 107

 The first applied templates were low molecular weight 

surfactants in which the hydrophobic part consists of long chain alkanes while the hydrophilic 

head group can be either ionic or non-ionic. 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 2-5 nm as a result of the length of their chains. Larger pore sizes are 

obtainable with the use of block co-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(propylene oxide) (PP), poly(ethylene-co-butylene) (KL), 

polystyrene (PS) or polybutadiene (PB). 

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

assembly (EISA) of sol-gel metal oxide precursors assisted with amphiphilic structure 
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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 task.
48

 In 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 assembly (EISA) has its 

origin in Mobilôs work on surfactant-templated materials.
98, 105, 109

 Different to the process 

described above, the concentration of the amphiphilic molecules in the EISA process is below 

the critical micelle concentration so that no micelles are 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 surfactant.
109

 The 

advantage of this process is that the viscosity of the initial solutions is low, which enables 

solution deposition of thin homogeneous films using techniques for the solution deposition 

such as dip-, spin- and meniscus-coating. The EISA combines the surfactant assisted self 

assembly of either sol-gel precursors or pre-synthesized well defined nanobuilding blocks 

(NBBs), Figure 1.4.2.
110, 111
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Figure 1.4.2. Illustration of two pathways for obtaining the mesoporous metal oxide structures. Adapted from 

reference [111]. 

The steps of the assembly process into periodically organized mesoporous materials 

(POMMs) were intensively studied by Grosso and Sanchez.
109-111

 

For the formation of the micelle structure 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 the second 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 mesostructure. However, in 

reality it is most likely that both mechanisms happen simultaneously considering that they 

depend on both chemical and processing parameters for a given system.
109, 111

 A schematic 

representation of the mesostructuring during the dip coating procedure is given in the Figure 

1.4.3. 






































































































































































































































































































































































































































