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Abbreviation 
 

C:  Concentration 

CSC: Space charge capacitance 

CV:  Cyclic voltammetry 

D:  Separation of the particles 

d0:  Distance between the electrodes 

dD(t):  Deposit thickness 

DLVO:  Derjaguin – Landau – Verwey – Overbeek 

Efb:  Flatband potential 

EIS:  Electrochemical impedance spectroscopy 

EPD:  Electrophoretic deposition 

F:  Energy conversion efficiency 

FF:  Energy conversion efficiency 

H:  Hamaker constant 

H-PURET:  Poly (2-(3-thienyl) ethanol hydroxyl carbonyl - methyl 

urethane)  

I0:  Flux entering the semiconductor 

Jp:  Photocurrent density 

JSC:  Short circuit current 

L:  Diffusion length for minority carriers 

MEH-PPV:  Polyphenylenevinylene 

N3:  Cis-bis(isothiocyanato)bis(2,2’-bipyridyl-4,4’-dicarboxylato) 

ruthenium(II) (RuL2(NCS)2 

ND:  Donor density 

P3AT:  Poly (3-alkyl) thiophene 

P3HT:  Poly (3-hexylthiophene) 

P3OT:  Poly (3-octylthiophene) 

P3UBT:  Poly (3-undecyl-2,2'-thiophene) 

P4UBT:  Poly (4-undecyl-2,2'-bithiophene) 

PA:  Polyacetylene 

PANI:  Polyaniline 

PBT:  Polybithiophene 

PEDOT:  Polyethylenedioxythiophene 
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PITN:  Polyisothianaphtalene 

PMT:  Polymethylthiophene  

P0:  Power of incident ligh 

PPP:  Polyparaphenylene 

PPV:  Polyparaphenylenevinylene 

PPy:  Polypyrrole 

PTAA:  Poly (3-thiophene acetic acid) 

PTh:  Polythiophene 

S:  Surface area 

SEM:  Scanning electron microscopy 

t:   Time 

TBA:  Tetrabutylammonium 

TGA:  Thermogravimetrical analysis 

Va:  Van der Waals attractive force 

W0:  Initial solid weight in the suspension 

Wd:  Width of depletion layer 

XRD:  X-ray diffraction 

Y:  Yield of deposition 

α:  Absorption coefficient 

µ:  Electrophoretic mobility
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Introduction and aim of the work 
 
Conjugated polymers, showing the property of electrical conductivity, are referred to as 

conducting polymers. Conducting polymers have significantly different physical and 

chemical properties. They can be prepared in a neutral state and in an oxidized state. By 

reduction or oxidation one state can be switched into the other one. The anticipated range 

of applications is very large (e.g., light emitting diodes, batteries, sensors, photorefractive 

devices, electro- and photochromic devices and materials, microwave absorbing 

materials, second and third order nonlinear optical materials and devices, etc.). For the 

discovery and the development of the field of the conducting polymers, the Nobel Prize 

for chemistry in 2000 was awarded to A. J. Heeger, A. G. McDiarmid and H. Shirakawa.  
 
 Polythiophenes are among the most intensively investigated conjugated polymers that 

combine the electronic and optical properties of semiconductors with the processing 

advantages and mechanical plasticity of the conventional polymers. Depending on their 

oxidation state (doping level), these versatile materials behave either as metallic 

conductors (oxidized) or as semiconductors (neutral). When doped to metallic level, 

conjugated polymers become highly conducting and may find applications in batteries, 

electrochromic or smart windows, electromagnetic shields, antistatic coatings and various 

types of sensors. On the other hand, when in semiconducting form they exhibit similar 

electrical and optical properties as inorganic semiconductors. In this state, conjugated 

polymers can be used as light emitting diodes, field effect transistors and photodetectors 

or in photovoltaic cells.  
 
Inorganic nanoparticles of different nature and size can be combined with the conducting 

polymers, giving nanocomposites of core shell structure with interesting physical 

properties and application potentials. Nanocomposites with core-shell structure based on 

metal oxide cores and conducting polymer shells are rather easy to prepare even in large 

quantities.  
 
In this thesis, the electrochemical and photoelectrochemical properties of such 

nanocomposites have been studied. For these investigations films of nanocomposites 

were prepared by an electrophoretic deposition process. The deposition process was 

studied in greater detail and kinetic details were determined. For these investigations for 

the first time the high voltage electrophoretic deposition process was combined with a 

quartz microbalance. A mechanism was proposed. Then the films were characterized by 

various electrochemical and photoelectrochemical methods.  
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Part I Theoretical background of conducting 
polymers and their composites 

 
1.1. Intrinsically conducting polymers 
 
1.1.1 Brief overview  
 
Until about thirty years ago all carbon based polymers were rigidly regarded as insulators. 

The idea that plastics could be made to conduct electricity would have been considered to 

be absurd. Indeed, plastics have been extensively used by the electric industry because of 

their insulation property. They were applied as inactive packaging and insulating materials. 

This narrow view was rapidly changing as a new class of polymers known as intrinsically 

conducting polymers was discovered. In 1958, polyacetylene was first synthesized by 

Shirakawa et al. as black powder [1, 2]. This was found to be a semiconductor with a 

conductivity between 7.10-9 - 7.105 S.m-1, depending on how the polymer was processed 

and manipulated. This compound remained a scientific curiosity until 1976, when 

MacDiarmid, attempted to synthesize polyacetylene, and a silvery thin film was produced 

as a result of a mistake [2, 3]. It was found that 1000 times too much of the Ziegler-Natta 

catalyst, Ti(O-n-But)4-Et3Al, had been used. When the film was investigated it was found 

to be semiconducting, with a similar level of conductivity as black powders. But, 

investigations, initially aimed to produce thin films of graphite, showed that exposure of 

the film to halogens increased its conductivity a billion times. Undoped, the polymer was 

silvery, insoluble and intractable, with a conductivity similar to that of semiconductors. 

When it was weakly oxidized by compounds such as iodine it turned into a golden film and 

its conductivity increased to about 104 Sm-1. In the following years other polymers with 

similar properties were found. Polyheterocycles were much more air stable than 

polyacetylene, but their conductivities were not as high as polyacetylene, typically about 

105 S.m-1. Fig.1.1 shows the conductivity range of the conducting polymers in comparison 

with that of other conventional materials [2].  

 
By adding various side groups to the polymer backbone, a variety of derivatives was 

prepared. Physical, chemical and electrochemical properties were manipulated, leading to 

different possible applications of these conducting polymers. Fig.1.2 shows some examples 

of conducting polymers. All have a conjugated structure leading to its special electronic 

properties.  
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Fig.1.1 Conductivity of conducting polymers in comparison with conventional materials[2]                        
 
1.1.2 Basic properties of conducting polymers 
 
1.1.2.1 Charge storage and band structure 
 
An early explanation of the conduction mechanism is based on the band theory. A half 

filled valence band would be formed from a continuous delocalised π-system. However, it 

turns out that the polymer can more efficiently lower its energy by bond alteration with 

splitting of the band into a filled valence band and an empty conduction band. The polymer 

is transformed into a conductor by doping with either an electron donator or an electron 

acceptor. This is similar to the doping of silicon either with arsenic or boron. However, 

while the doping of silicon produces a donor energy level close to the conduction band or 

acceptor level close to the valence band, this is not the case for conducting polymers. The 

evidence for this is low concentration of free spins, as determined by electron spin 

spectroscopy. Initially the free spin concentration increases with the concentration of the 

dopant. At larger concentrations, however, the concentration of free spins passes through a 

maximum value. To understand this it is necessary to examine the way in which charge is 

stored along the polymer chain and its effect.  

 
The polymer may store charge in two ways. In an oxidation process it could either loose an 

electron from the valence band or it could localize the charge over a small section of the 

chain. Localizing the charge causes a local distortion due a change in geometry, which 

costs the polymer some energy. However, the generation of this local geometry decreases 

the ionization energy of the polymer chain and increases its electron affinity making it 

more able to accommodate the newly formed charges. This method increases the energy of 

the polymer less than it would if the charge was delocalized and, hence, takes place in 

preference of charge delocalization. A similar way occurs for a reductive process.  
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Fig.1.2 Molecular structures of a few conducting polymers [3] 
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Fig.1.3 Redox scheme of polypyrrole [1] 

 
Typical dopants used are the following anions: AsF5

-, BF4
-, ClO4

-, CH3C6H4SO3
-, CF3SO3

-, 

PF6
-, Cl-, [-CH2-CH(C6H4SO3

-)-]n. The doping of polypyrrole (PPy) proceeds in the 

following way. An electron is removed from the system of the backbone producing a free 

radical and a spinless positive charge. The radical and cation are coupled to each other via 

local resonance of the charge and the radical. A sequence of quinoid–like rings is used to 

describe the resonance structure of the radical cation. The distortion produced is of higher 

energy than the remaining portion of the chain. The creation and separation of these defects 

cost a considerable amount of energy. This limits the number of quinoid–like rings. In the 

case of PPy it is believed that the lattice distortion extends over four pyrrole rings. This 

combination of a charge site and a radical is called a polaron. This could be either a radical 

cation or a radical anion. This creates a new localized electronic state in the gap, with the 

lower energy state being occupied by a single unpaired electron. The polaron state of PPy 

is symmetrically located about 0.5 eV from the band gap edge. Upon further oxidation the 

free radical is removed, creating a new spinless defect called a bipolaron. This is of lower 

energy than the creation of two distinct polarons. At higher doping levels it becomes 

possible that two polarons combine to form a bipolaron. Thus at higher doping levels the 

polarons are replaced by bipolarons. The bipolarons are located symmetrically about 0.77 
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eV from the band edges for PPy. This eventually, with continued doping, forms into a 

continuous bipolaron band. Their band width increases as newly formed bipolarons are 

made at the expense of the distance to the band edges. For a very heavy doped polymer it is 

conceivable that the upper and the lower bipolaron band will merge with the conduction 

and the valence bands respectively to produce partially filled bands and metallic–like 

conductivity. This process is shown in Fig.1.3 and 1.4.  

 

3.16 

0.75 

0.79 0.53 

0.49 

Eg 3.16 

0.70

0.45 

3.56 eV

0.76

Conduction band 

Valence band 

0.39
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Fig.1.4 Band structure of polypyrrole for neutral, polaron and bipolaron states [1] 

 
1.1.2.2 Charge transport [1, 4] 
 
Although polarons and bipolarons are known to be the main source of charge carriers, the 

precise mechanism of the conductivity is not yet fully understood. The problem lies in 

attempting to trace the path of the charge carriers through the polymer. All of these 

polymers are highly disordered, containing a mixture of crystalline and amorphous regions. 

It is necessary to consider the transport along and between the polymer chains and also the 

complex boundaries established by the multiple numbers of phases. This has been studied 

by examining the dependence of conductivity on doping, temperature, magnetism and the 

frequency of the current used. These tests show that a variety of conduction mechanisms 

are possible. The main step is the movement of charge carriers between highly conducting 

domains. Charge transfer between these conducting domains can occur by thermally 

activated hopping or tunnelling. This is consistent with conductivity being proportional to 

temperature.  

 
1.1.2.3 Stability [5] 
 
There are two distinct types of stability. Extrinsic stability is related to vulnerability to 

external environmental agents such as oxygen, water, peroxides. However, many 
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conducting polymers degrade over time even in dry, oxygen free environment. This 

intrinsically instability is thermodynamic in origin. It is likely to be caused by irreversible 

chemical reactions between charged sites of the polymer and either the dopant counter ion 

or the π-system of an adjacent neutral chain, which produces an sp3 carbon, breaking the 

conjugation. Intrinsic instability can also come from a thermally driven mechanism which 

causes the polymer to loose its dopant. This happens when the charged sites become 

unstable due to conformational changes in the polymer backbone. This has been observed 

in some alkyl substituted polythiophenes.  

 
1.1.2.4 Processing possibility [1, 5] 
 
 Conjugated polymers can be synthesized by oxidation of monomers, either chemically or 

electrochemically. The primarily formed radical cation reacts to dimers, trimers and finally 

to a conjugated polymer backbone. The main problem with conducting polymers is that 

they are intractable, insoluble and unmeltable. There are strategies to overcome this 

problem, either to modify the polymer so that it becomes soluble or to manufacture the 

polymer in its desired shape and form.  

 
One method is the synthesis of copolymers or derivatives of a parent conjugated polymer 

with more desirable properties. What is done is to try to modify the structure of the 

polymer to increase its processibility without compromising its conductivity or its optical 

properties. All attempts to do this on polyacetylene have failed as they always significantly 

reduced its conductivity. However, such attempts on polythiophenes and polypyrroles 

proved more fruitfully. The hydrogen on carbon atoms β in the thiophene and pyrrole ring 

was replaced with an alkyl group with at least four carbon atoms. The resulting polymer, in 

doped form, has a comparable conductivity to its parent polymer but it is meltable and 

soluble. A water soluble version of these polymers has been produced by placing 

carboxylic acid groups or sulphonic acid groups on the alkyl chains.  

 
Another method is to grow the polymer into its desired shape and form. An insulating 

polymer impregnated with a catalyst system is fabricated into its desired form. This is then 

exposed to the monomer. The monomer is then polymerized on the surface of the insulating 

substrate producing a thin film or a fibre. This film is then doped in the usual manner. A 

variation of this technique is the electrochemical polymerization of conducting polymers on 

an electrode surface.  
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A special method is to prepare colloidal dispersions of conducting polymers [5]. For 

example, PPy and PANI are usually synthesized using chemical oxidants [e.g., FeCl3 or 

(NH4)2S2O8] in either acidic aqueous media or certain nonaqueous solvents such as ethers, 

esters, alcohols or acetonitrile. Initially the monomer and oxidant species are dissolved 

separately in homogeneous solutions. Mixing the solutions the system becomes 

heterogeneous owing to precipitation of insoluble, microscopic conducting polymer 

particles. Such particles are usually stabilized with respect to aggregation by either a steric 

or a charge stabilization mechanism. Steric stabilization involves the use of suitable 

polymeric stabilizers that absorb onto the conducting polymer particles to form a thick 

solvate layer. This outer layer of absorbed polymers provides a steric barrier to particle 

aggregation [5].  

 
1.1.2.5 Application 
 
The conjugated polymers are highly sensitive to chemical and electrochemical oxidation or 

reduction. These processes change the electrical and optical properties of the polymers. By 

controlling this oxidation and reduction, it is possible to control these properties. These 

reactions are often reversible so that it is possible to systematically control the electrical 

and optical properties with a great deal of precision. It is even possible to switch from a 

conducting form to insulating form. According to these behaviours, there are two main 

groups of application for conducting polymers. The first group utilizes their conductivity as 

their main properties. The second group utilizes their electroactivity. They are shown in the 

table 1.1.  

 

Tab.1.1 Some applications of conducting polymers 
 

 
Group 1 (Conductivity) 

 

 
Group 2 (Electroactivity) 

 
Electrostatic materials [6] 

Conducting adhesives [7] 

Electromagnetic shielding [6] 

Ink jet printed material [8] 

Antistatic clothing [9] 

Piezoceramic [9] 
 

 
Active electronics (diodes, transistors) [1, 4] 

Molecular electronics [10] 

Rechargeable batteries and solid electrolyte [11] 

Chemical, biochemical and thermal sensors [12] 

Ion exchange membrane [13] 

Electromechanical actuators [14] 

“Smart” structures [15] 
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Much research is needed before many of the above applications will become a reality. The 

stability and processibility both need to be improved if they are to be used in the market 

place. The cost of such polymers must also be substantially lowered. However, one must 

consider that, although conventional polymers were synthesized and studied in laboratories 

around the world, they did not become widespread until years of research and development 

had been done. In a way, conducting polymers are at the same stage of development as the 

insulating polymers were many years ago. Regardless of the practical applications 

eventually developed, they certainly will challenge researchers in the years to come with 

new and unexpected phenomena. Only time can tell whether the impact of the novel 

plastics will be as large as the insulating polymers.   
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1.2. Conducting polymer nanocomposites 
 
1.2.1 Introduction 
 
Nanoclusters are ultrafine particles of nanometer dimensions whose properties are size 

dependent and are different from those of the bulk counterparts. Nanocomposites are 

formed from suitable combinations of two or more materials in nanoparticles, usually in a 

core / shell structure, resulting in materials having new physical properties.  

 
Normal conducting polymers are generally insoluble in common solvents. Such inherent 

intractability has invented the conducting polymers from combining with the foreign 

materials in conventional blending techniques.  But it is possible to combine conducting 

polymers with e.g. oxide particles by synthesizing a thin film of conducting polymer on the 

surface of the particle. This will be described in the following chapter.  

 
1.2.2 Chemical process 
 
1.2.2.1 Nanocomposite particles with core-shell structure 
 
Coating inorganic particles by conducting polymers has become the most popular and 

interesting aspect of nanocomposite synthesis. Recently, a variety of different metal and 

metal oxide particles have been encapsulated by conducting polymers giving a number of 

nanocomposites [16, 17, 18]. For the first time this encapsulation was carried out by Armes 

et. al when they incorporated silica particles (1µm) into the core of PANI and PPy [19]. 

The composites were characterized by thermogravimetrical analysis (TGA), scanning 

electron microscopy (SEM), four-point probe conductivity measurements, Fourier 

transform infra-red microscopy (F-IR) and Rutherford back-scattering spectrometry. Unlike 

the PPy-silica system, the PANI composite, in doped form, could be redispersed in 

concentrated H2SO4 while in undoped form it was dispersible in DMF [19].  Further 

experiments with PPy, PANI and PEDOT and smaller SiO2 (<1µm) colloids were 

described in [20, 21, 22, 23, 24, 25, 26]. In these experiments conducting polymers were 

prepared via chemical processes by (NH4)2S2O8 [20, 21, 23, 26] or FeCl3 [21, 24, 25]. The 

particle size and the morphology of the nanocomposite particles were investigated [20, 23 

and 26]. For the PPy-silica nanocomposites, there is a strong correlation between the silica 

content of these materials and their BET surface area [21]. Nanocomposites with iron oxide 

cores were described in Ref. [27, 28, 29, 30, 31, 32, 33, 34]. These studies focused on the 

magnetic properties of nanocomposites, e.g. of Fe3O4. The room temperature conductivity 
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of PPy/Fe3O4 was higher than that of pure PPy, reaching a maximum at about 11.36 S.cm-1 

[34]. The saturated magnetization (Ms = 6.89 – 16.98 emu.g-1) increased linearly with the 

Fe content in the composites [34], but the coercive force was very low (Hc = 5-12 Oe) [34]. 

It was possible to prepare soft magnetic materials. Semiconducting oxide particles (such as 

TiO2 and BaTiO3) were also used as the cores of conducting polymer / nanocomposites [35, 

36, 37, 38, 39]. All these nanocomposites were prepared by chemical processes in the 

colloidal suspensions. The thermal decomposition properties and chemical structures of 

these materials were studied through TGA measurements [35, 38, 39], F-IR, Raman [38, 

39] and UV spectra [35, 37]. The charge transport mechanism and the current-voltage 

characteristics of such materials was investigated by Somani et al. [36, 37, 40]. I/V 

characteristics showed the typical Schottky diode type behaviours, indicating that the 

charge was accumulated at the interface between conducting polymers and semiconducting 

oxide particles [36, 37, 40]. Other core materials were Al2O3 and clay [41, 42, 43, 44].  

 
So far it was difficult to prepare composite nanoparticle layers on conductive substrates to 

investigate the electrochemical and photoelectrochemical properties. Ramachandra and 

Lerner prepared PPy/clay composite layers on platinum electrode by casting and studied 

the electrochemical behaviour of the layers by cyclic voltammetry (CV) and 

chronopotentiometry [44]. The negative shift of the PPy oxidation potential, in comparison 

with that of pure PPy prepared by chemical polymerization, was explained as an influence 

of the clay. Hoffmann et al. prepared PTh/TiO2 composite layers on platinum plates by 

rubbing pressed pellets [45]. The composite layers were characterized by CV and 

photoelectrochemical measurements. Electrochemical impedance spectroscopy (EIS) was 

used to study the electrochemical behaviour of composites. Oxidation potential, flatband 

potential, bandgap energy, etc of PTh were determined. A behaviour similar to a p-type 

semiconductor with a charge carrier density of ND = 1.66 x 1019 cm-3 was observed in 

contact with the n-type semiconductor TiO2 [45].  

 
Gurunatha et al. prepared PANI/TiO2 by chemical oxidation from aniline monomers and 

TiCl4 [46]. The properties of the composites were characterized by X-ray diffraction 

(XRD), UV-VIS spectra, TGA/DTA and FTIR. The composite was used as a cathode 

material for rechargeable batteries with a zinc container as the anode, cellulose acetate as 

the separator and polyvinyl sulfate and carboxy methyl cellulose as the solid polymer 

electrolyte. A cylindrical AA type rechargeable battery was fabricated with the following 

performance data: The open circuit voltage was 1.4 V, the current was 250 mA to 1.0 A for 
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50 recharge cycles, the power density was 350 A h/kg and power efficiency was 70 % [46] 

(Fig.1.5). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig.1.5 Battery cell fabricated by using PANI/TiO2 composite as the cathode material [46] 
 
 
1.2.2.2 Nanocomposite layers prepared by chemical oxidation 
 
Nanocomposite layers could be prepared on oxide surfaces by oxidation of a solution of 

monomers. An extremely adhesive polybithiophene (PBT) film was grown on TiO2 in a 

new, two-step procedure using a silyl substituted thiophene derivative as a surface coupling 

agent and a subsequent chemical polymerization process [47]. The results of impedance 

and photocurrent measurements were summarized in a band model [47]. In dye sensitized 

solar cells, PPy or PEDOT were used as the hole transport phase in place of liquid 

electrolytes [48, 49]. Combination of the polymers with ruthenium dyes which have pyrrole 

or thiophene units in the ligand system improved the photovoltaic performance of the solar 

cells [49]. The use of a carbon-based counter electrode and treatment of the polymer phase 

with an ionic liquid also improved the cell performance of the solar cells. These effects 

were attributed to the enhancement of charge transport properties of the components [49].  
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1.2.3 Electrochemical preparation 
 
There are two main ways to prepare conducting polymer nanocomposites via an 

electrochemical process.  

 
1.2.3.1 Electropolymerization of conducting polymer on metal oxide layer 

 

ba  
 
 
 
 
 
 
 
 

 
 
 

Fig.1.6 SEM photographs of PPy films with different thickness (d)  
on the microporous of TiO2: a) d = 300 nm and b) d = 600 nm [53] 

 
A conducting polymer was electropolymerized on a TiO2 oxide layer prepared previously 

on the Ti electrode. In Ref. [50], PPy was deposited on thin chemically pre-oxidized Ti 

layer, producing a mechanically strong, shiny polymer film with extremely good adhesion. 

In Ref. [51], PMT was deposited on thin electrochemically pre-oxidized Ti layer using a 

nitrogen fixation system consisting of titanium oxide (TiOx) and PMT producing 

ammonium salt crystals (NH4
+ClO4

-) and ammonia when exposed to white light in air at 

200C and 40% relative humidity. The fixation yield was strongly depending on the 

thickness of the PMT layer, the potential at which the TiOx was prepared, and the kind of 

the conducting polymer material [51]. Conducting polymers could also be deposited on 

metal oxide layers previously prepared by other techniques such as sol gel method [52], 

spin coating [53] and casting [54]. Polybithiophene (PBTh) was deposited on a TiO2 layer 

prepared by the sol gel method to fabricate an ITO/TiO2/PBT/Au cell and the photovoltaic 

effect was observed from this cell. A PBT/TiO2 heterojunction was used as a rectifying 

contact [52]. A PPy/TiO2 diode was prepared by electrochemical deposition of PPy on 

microporous TiO2 film [53]. A suitable thickness of the PPy films was of great importance 

in enhancing the rectifying ratio of PPy/TiO2 diode [53]. Different PPy films with different 

thicknesses had different morphologies, as illustrated in Fig.1.6. A nanostructured ZnO 

film was prepared from colloidal suspensions in ethanol [54]. Then PPy was deposited on 
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the dye-sensitized ZnO layer to fabricate a solar cell with a nanostructured ZnO/dye/PPy 

film electrode. A fill factor of 0.75 and a high overall light to electricity conversion 

efficiency of 1.3% was obtained with this solar cell [54].  

 
1.2.3.2 Codeposition of conducting polymers and oxide particles 
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protection. Many metal oxides were used for this purpose TiO2, Fe3O4, Fe2O3, V2O5 and 

MnO2 [59, 60]. In these experiments, oxalate electrolytes were used. Corrosion tests were 

performed by weight loss and salt spray methods [60]. The results indicated that the 

nanoparticles inhibited the corrosion process.  

 
1.2.4 Physical preparation 
 
Films of soluble conducting polymers can be prepared by spin-coating, dip-coating, casting 

or simply by drop-coating on the photosensitive layers (such as TiO2, ZnO, CdSe). 

Examples are described in Refs. [61, 62, 63, 64, 65, 66, 67, 68, 69, 70, 71, 72, 73]. Mainly 

photocells were prepared and cis-bis(isothiocyanato)bis(2,2’-bipyridyl-4,4’-dicarboxylato) 

ruthenium(II) (RuL2(NCS)2 or N3) with or without tetrabutylammonium (TBA) salt was 

used as light sensitizer. Fig.1.8 shows the structure of a solar cell using conducting polymer 

as a hole transport material.  

 
 
 
 
 
 
 
 
 
 
 

Fig.1.8 Schematic construction of a solar cell [66] 
 

The photovoltaic devices are tested by linear sweep voltammetry. The characteristic I/V 

curve is shown in Fig.1.9. A photovoltaic cell is characterized by the short circuit current 

(JSC), open circuit voltage (VOC), fill factor (FF) and energy conversion efficiency (F) [74, 

75]. The open circuit voltage is measured for zero current. The short circuit current is 

measured for zero voltage. The fill factor is given by:   

OCscVJ
VI

FF maxmax=                                              (1.1) 

The absolute values of Imax and Vmax depend on the shape of the current – potential curve 

under illumination and must be selected so that the rectangle is maximized [74, 75]. The 

energy conversion is given by: 

o

OCSC

o P
FFVJ

P
VI

F == maxmax                                      (1.2) 
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Tab.1.2 Characterization of some solar cells using conducting polymers 
 

 
Polymer 

 

 
Dye 

 
Jsc(µA) 

 
Voc(V) 

 
FF 

 
F(%) 

 
Literature

 

 
P4UBT 
P3UBT 
P4UBT 
P3UBT 

MEH-PPV 
P3HT 
PTAA 

H-PURET 
PURET 
P3UBT 

MEH-PPV 
P3OT 
P3OT 
P3OT 

P3UBT 
P3UBT 
P3BT 
P3OT 
P3OT 

 
N3 
N3 
- 
- 
- 
- 
- 
- 
- 
- 
- 

N3/TBA 
- 
- 
- 

N3 
- 

N3/TBA 
- 

 
72 
62 
35 
29 
320 
200 
5700 
8000 
4500 
100 
300 
450 
230 
250 
223 
539 
39 
27 
9 

 
0.68 
0.65 
0.78 
0.69 
0.92 
0.32 
0.35 
0.46 
0.46 
0.92 
0.4 
0.65 
0.70 
0.72 
0.78 
0.53 
0.51 
0.57 
0.56 

 

 
0.34 
0.44 
0.39 
0.39 
0.52 

- 
- 
- 
- 

0.30 
0.30 
0.44 
0.37 
0.35 
0.40 
0.37 
0.68 
0.43 
0.36 

 
- 
- 
- 
- 
- 

0.15 
0.18 
1.5 
1.4 
- 

0.05 
0.16 
0.08 
0.06 
0.07 
0.11 

- 
- 
- 

 
[72] 
[72] 
[72] 
[72] 
[70] 
[76] 
[76] 
[76] 
[76] 
[68] 
[67] 
[66] 
[66] 
[77] 
[64] 
[64] 
[63] 
[62] 
[62] 

 
 
In which Po is the power of the incident light. Some characteristic data of solar cells using 

TiO2 and conducting polymers are presented in Tab.1.2. The overall energy conversion 

efficiency (F) of these solar cells is still low in comparison to solar cells using dye 

sensitized TiO2 [78]. The best cell shows an energy conversion efficiency of 1.5 % with a 

rather high current density of 8 mA.cm-2 [76].  
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Fig.1.9 Current – voltage plot of a photovoltaic device 
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1.2.5 Other processes 
 
There are other methods to prepare conducting polymer composites. These processes are 

usually applied for PANI and PPy. PPy composites were prepared by oxidation of 

monomers on the surface of transition metal oxide particles as the catalysts for several 

hours [79, 80, 81, 82, 83]. Temperatures used for polymerization were 50-1000C. PPy/TiO2 

composites were produced by UV irradiation of a mixture of TiO2 particles and pyrrole 

monomers in oxygen-saturated water [84]. Polymerization occurred on an irradiated 

surface of n-TiO2 in aqueous solutions of pyrrole when the electrode potential was set 

between - 0.6 and + 1.5 VSCE [85]. Some conducting polymers used for fabrication of 

photoelectrochemical cells were prepared by this way [86, 87].  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 24



Part II Theoretical background  
of electrophoretic deposition (EPD) 

  
2.1 Introduction 
 
The phenomenon of electrophoresis has been known since the beginning of the 19th century 

and was applied mainly in the traditional ceramic technology [88, 89, 90, 91]. A dc electric 

field is applied across a colloidal suspension of charged particles depositing a film of 

particles on the oppositely charged electrode. Electrophoretic deposition (EPD) is 

essentially a two-step process: electrophoretic transport and deposition. In the first step, 

charged particles in a liquid are forced to move toward an electrode by applying an electric 

field to the suspension. In the second step, the particles collect and are deposited the 

electrode having opposite surface charge. A post-EPD processing step is usually required, 

which includes a suitable heat-treatment (firing or sintering) in order to further densify the 

deposits and to eliminate porosity. The advantages of EPD are that [90]: (i) the deposition 

rate is high, (ii) coatings can be made in any shape, (iii) the film is dense and uniform, (iv) 

the thickness of the film can be controlled by the deposition condition and (v) the process is 

simple and easy to scale up. EPD needs a stable suspension with particles charged so as to 

respond to an applied electric field.  This stability of the suspension can be obtained by the 

following processes [89, 91, 92, 93]:  
 

(a) Selective adsorption of ions onto the solid particle from the liquid. This is 

commonly observed on oxide surfaces with adsorbed carboxylic acid or amine groups. 

Oxide surfaces can be considered to consist of a large number of amphoteric hydroxyl 

groups that can undergo dissociation to produce either H+ or OH- ions: 

   
(M-OH)0

surface + H+    = (M-OH2)+
surface                 at low pH 

  
(M-OH)0

surface + OH-  = (M-O)-
surface   + H2O         at high pH 

  
Adsorption of ions from the electrolyte on the particle surface is another charging process. 

Carbon black, for example, can become negatively charged by adsorption of anionic 

surfactants [89]. Al3+ can be adsorbed on SiC particles [92]. 
 

(b) Dissociation of ions from the solid phase into the liquid. An example of this 

mechanism is the AgI / water system wherein either Ag+ or I- adsorb on the AgI to establish 

equilibrium (in equilibrium, the electrochemical potentials of Ag+ and I- ions are the same 

at the AgI surface and in the bulk aqueous solution).  
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(c) Adsorption of dipoles at the particle surface.  
 

(d) Electron transfer between the solid phase and the liquid phase due to differences 

in the work function. 

 
Counter ions from the liquid form a charge cloud around a charged particle masking their 

surface charge (Fig.2.1). This ionic atmosphere is called the ‘diffuse-double layer’ or 

‘lyosphere’. When an electric field is applied, these ions and the particle move in opposite 

directions. However, the ions are also attracted by the particle, and as a result, a fraction of 

these ions surrounding the particle will not move in the opposite direction but move along 

with the particle. Hence, the speed of a particle is not determined by the surface charge but 

by the net charge enclosed in the liquid sphere, which moves along with the particle. The 

potential at the surface of shear is called the zeta potential or electrokinetic potential. It is 

experimentally accessible.  

  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig.2.1 The double layer surrounding a charged particle and evolution of the electric 
potential from the surface potential, Ψ0, to zero far from the particle. The potential 
at the surface of shear, the limit between the liquid moving with the particle and the 
liquid, which does not move with the particle, is termed the zeta potential, Ψζ, and is 
the main parameter determining the electrokinetic behavior of the particle [91] 

 
The DLVO (Derjaguin–Landau–Verwey–Overbeek) theory describes colloidal suspension 

stability using attractive - and repulsive - energy concepts [89, 93]. When two particles 

approach each other, their double layers overlap and they experience a repulsive force. The 
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origin of the repulsive force between two similarly charged particles is osmotic, not 

electrostatic [89, 93]. The force at any point between the particles consists of two 

components, i.e. an electrostatic component, which is always attractive and an osmotic 

pressure component, always repulsive. In the double layer, the repulsive osmotic pressure 

between counter ions forces them away from the particle surfaces and from each other. 

Electrostatic forces are attractive. Since the former dominate, the net force is repulsive.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.2.2 Schematic of the interaction energy as a function of separation between two 

particles in suspension [89, 93] 
 

A van der Waals attraction always exists between particles and is given by [89, 93]: 

 

)(6
.

21

21

rrD
rrHVa +

−=                                                        (2.1) 

 
where Va is the van der Waals attractive force, H is the Hamaker constant, D is the 

separation of the particles and r1 and r2 are their radii. Since this attractive relationship 

follows a power law, it dominates at small separations. A primary minimum is therefore 

observed at the position of the particle – particle contact (D = 0, Fig.2.2). As separation 
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increases, the double layer repulsion dominates. Consequently the total – interaction – 

energy curve exhibits a peak of height Eb. This is the energy – barrier to particle 

coagulation. A secondary minimum develops at large distances when the attractive van der 

Waals energy term dominates. If particles approach closer than the primary energy barrier, 

they adhere irreversibly. The secondary minimum also can result in coagulation, but 

adhesion is weak and reversible.   

 
In an electric field, the equilibrium speed of the particle is determined by four forces acting 

on the particle [94, 95]. The first, which accelerates the particle, is the force caused by the 

interaction of the surface charge with the electric field. All other forces slow the particle. 

They are viscous drag from the liquid, the force exerted by the electric field on the counter 

ions in the double layer (retardation) and, when a particle moves, the distortion in the 

double layer caused by a displacement between the center of the negative and positive 

charge (relaxation).  

 
2.2. Mechanism of electrophoretic deposition 
 
Although EPD is an old process, the mechanism of EPD is still not entirely clear.  

 
The first attempt to explain the phenomenon of EPD was made by Hamaker and Verwey 

[96]. They proposed, EPD is based on the accumulation of particles on the electrode. On 

standing, an EPD suspension was observed to produce a strongly adhering sediment. 

Therefore, the phenomena of EPD and sedimentation were suggested to be identical in 

nature. The primary function of the applied electric field in EPD was to move the particles 

toward the electrode where deposition takes place. They pointed out that successful EPD 

needs stable suspension. Koelmans and Overbeek [97, 98] studied the EPD in polar organic 

media and pointed out that Hamaker’s mechanism exclusively considered the accumulation 

of particles on the electrode and ignored the parallel transportation of ions. As a result, 

Hamaker ignored the concomitant increase of ionic concentration and electrode reaction on 

the depositing electrode. They calculated the electrolyte concentration near the depositing 

electrode and showed it is comparable with that required to coagulate the powder and form 

a deposit. They proposed an electrochemical mechanism of deposit formation. The basic of 

their mechanism is the DLVO theory. They proposed the deposit forms due to particle 

flocculation via the increased electrolyte concentration and the reduced zeta potential near 

the depositing electrode. Grillon et al. [99] suggested that particles undergo charge 

neutralization when they touch the depositing electrode or deposit. Shimbo et al. [100] 
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proposed secondary processes on the electrode produced hydroxides, which could absorb 

on the particles and polymerize, holding them together in the deposit. Mizuguchi et al. 

[101] studied EPD of a variety of oxide powders (such as Al2O3, MgO, ZnO, etc.) and 

metallic powders (such as W, Mo, Al, etc.) and pointed out that anodic deposition was 

possible in the presence of sulfuric acid and nitrocellulose. They combined the particle 

neutralization and Shimbo’s polymerization mechanism. They proposed discharge of 

sulfate ions on the particle surface at the anode, bringing the particles closer to the anode 

surface so that the nitrocellulose chains present on the particle surface could form the 

necessary bridges and cause deposition.  Some authors [102, 103] deposited a monolayer of 

gold and silver particles by EPD. This result shows that the accumulation of particles is not 

following Hamaker’s theory.   

 
Sakar et al. [89, 93, 104] used a dialysis membrane to separate the working electrode from 

the suspension to study the mechanism of EPD. Liquid, (the same as the suspension liquid), 

was filled into the cavity between the cathode and the membrane to provide an ionic path. 

A dc field was applied and the particles moved and stopped at the membrane. The current 

continued to pass, however, thus ions permeated the membrane to complete the electrical 

path during EPD. A dense deposit formed on the membrane, so they suggested that particle 

/ electrode reactions are not involved in EPD. Particle neutralization on the electrode could 

be excluded.  Also, dialysis membrane deposition occurred at any location between anode 

and cathode. Sakar concluded that local increase of electrolyte concentration around the 

depositing electrode (Koelmans’ theory) could also be excluded and pointed out that a 

mechanism involving hydroxide formation and polymerization (Shimbo’s theory) was 

unlikely because deposition could occur on the anode or cathode depending on the particle 

nature and even noble metals, carbon, etc., could be deposited. They gave an alternate 

explanation based on extension of the DLVO theory. They considered that an overall-

positively charged oxide particle / lyosphere system (for instance, [(M-OH2)+X-]) was 

moving toward the depositing electrode in an EPD cell (for example, the cathode; Fig.2.3). 

Fluid dynamics and the applied field could distort the double layer shell, thinning ahead 

and widening behind the particle. Cations in the liquid could also move to the cathode with 

the positively-charged particles. The counter-ions in the extended tails would be 

neutralized. As result of this reaction, the double layer around the tail of the particle would 

become so thin so that the next incoming particle (which has a thin heading double layer) 

could approach close enough for coagulation / deposition [89, 93]. Fig.2.3 shows 
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schematically the mechanism of coagulation / deposition via lyosphere distortion and 

thinning following Sakar’s theory.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig.2.3 Schematic representation of the deposition mechanism by 

lyosphere distortion and thinning [89, 93] 
 

A type of suspension is a powder charged positively by adsorption of protons or metal ions 

on the particle surface. Koura et al. [105] prepared a suspension containing H2O, I2, oxide 

particles in acetone for EPD. The charging of metal oxide particles was connected with H+ 

ions produced in the bath by the keto-enol reaction of acetone:  

  
 
  CH3COCH3                                       CH3C(OH)CH2

H2O, I2

 
  CH3C(OH)CH2 + I2                           CH3COCH2I + H+ + I-

 
The amount of H+ ions adsorbed on an oxide particle was calculated by the Gouy – 

Chapman theory. The current – time dependence was found to satisfy the Cottrell equation. 

The following EPD mechanism was proposed: The charge transfer occurs on the cathode 

surface. The rate – determining step of the depositing reaction arise is the diffusion of H+ 

ions desorbed through small holes in the oxide film (Fig.2.4).  
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Fig.2.4. Schematic model for the EPD mechanism of the oxide particle 
charged by adsorbed H+ [105]   

 
The influence of metal cation added to the suspension (e.g. Mg(NO3)2, La(NO3)3, Y(NO3)3, 

MgCl2, or AlCl3) were studied in Ref. [92, 104, 106, 107]. Bouyer and Foissy [92] 

deposited cathodically SiC particles in ethanol using AlCl3 as a charge promoter, water as 

an electrolyte additive and polyvinylbutyral (PVB) as a suspension stabilizer. A maximum 

deposition yield was measured with an AlCl3 concentration of 3.10-4 M, corresponding to 

the limit of strong adsorption of Al3+ on SiC particles. EPD was associated with formation 

of Al(OH)3 found on the cathode.  

 
   3 H2O + 3e                         3 OH- + 3/2 H2
    

3 OH- + AlCl3                    Al(OH)3 + 3 Cl-

 
For a comparison of electrical charge and yield of deposition the authors assumed that the 

electrochemical processes at the electrode were involved in the EPD process.  
 
The fact that in many reports on EPD little attention is given to the deposition mechanism 

clearly shows that even if a full understanding of the mechanism is lacking, EPD is already 

successfully used. However, a better understanding would reduce experimental work 

required to determine the optimal parameters of EPD.  

 

 

 31



2.3. Kinetics of electrophoretic deposition 
 
The kinetics of EPD has been the subject of several investigations. In 1940, Hamaker [108] 

observed that the deposited weight of EPD varies linearly with the amount of charge 

passed. From the observations for constant voltage depositions, Hamaker proposed that 

deposited weight is proportional to the concentration of the suspension, time of deposition, 

surface area of deposit and electric field. The proportionality constant is equal to the 

electrophoretic mobility of the particle when every particle reaching the electrode is 

deposited.  

 

     CSUf
dt

dW ....µ=                                                (2.2) 

 
where W is  the deposited weight, t is the deposition time, µ is the electrophoretic mobility, 

S is the surface area, C is the electrolyte concentration, U is the applied potential and f is a 

correction factor (f ≤ 1). This equation is now accepted as the basic kinetic equation of 

EPD. Sussman and Ward [109], studying the EPD of glass particles, gave two kinetic 

equations: one for constant current and one for constant voltage. In 1991, Hitara et al. [110] 

developed a kinetic equation based on Faraday’s law. This equation is valid for constant 

current. All authors in Ref. [108, 109, 110] ignored the change of solid concentration in the 

suspension during deposition.  

 
In 1994, Zhang et al. [111] derived a kinetic equation: 

 

    ).exp(.. 0 tkCk
dt

dW
−=                                                    (2.3)  

 
k is the “kinetic” parameter and given by the equation:  
                      

)(
.4
.. UUSk ∆−=
ηπ
ζε                                                        (2.4) 

 
where, C0 is the initial concentration of suspension, S is the surface area of the electrode, ε 

is the dielectric constant of liquid, ζ is zeta potential of the colloidal particles, η is the 

viscosity of solvent, U is the initial electric field and ∆U is its change with a time, t. For the 

case of a constant solid concentration and constant electric field, equation (2.3) becomes: 

 
[ ])exp(10 ktCWt −−=                                                    (2.5) 
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When deposition time is short, exp(-kt) is equal to (1-kt), and equation (2.5) changes into: 
 
                                                                    (2.6) tkCWt ..0=
 
The Zhang’s equation (2.6) is valid for short deposition time and for constant concentration 

of a suspension [111].  

 
In 2001, Will et al. [112] developed a similar kinetic EPD model. From Hamaker’s theory, 

they formulated the following equation:  

                                   (2.7) ∫∫ ==
t

ttt

t

tt dtECSfdtECSfW
00

......... µµ

 
During the deposition process the particle concentration in the suspension Ct decreases. 

The time dependence of the particle concentration is given by [112]:  

     

                                           )1(0
∞

−=
W
W

CC t
t                                                              (2.8) 

 
With W∞ is the deposited weight for t → ∞ 
 

Cathode  
 
 
 
Deposited layer 
 
 
 
Suspension 
 

 
Anode 

 

d(t)
d0

Fig.2.5 Arrangement of the EPD electrodes with respect  
to the suspension and the deposited layer [112] 

 
In the case of constant voltage U0 between the electrodes, the electric field strength Et in 

the suspension will decrease because of the formation of the deposit. The resulting decrease 

of the total resistance of the system can be described by introducing a time-dependent, 

larger effective distance dt between the electrodes with the same resistance as the 

suspension:  

    
t

t d
U

E 0=                                                                    (2.9)  

with                                         
0

0
0 d

U
E =                                                                   (2.10) 
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where, d0 is the geometrical distance between the electrodes. The time dependence of the 

effective distance can easily be determined from the following equation [112]: 

    )1()(0 −+=
S

D
tDt ddd

ε
ε                                              (2.11) 

 
where, dD(t) is the deposit thickness and Dε , Sε  are the dielectric constants of the deposit 

and of the suspension, respectively. By means of the density Dρ  of the deposit, the 

thickness dD(t) can be related to the deposited mass [112]:  

 

    
S

W
d

D

t
tD .)( ρ

=                                                              (2.12) 

 
Wt is the deposited mass at time t and S is the electrode surface area. The effective distance 

can now be written by: 

 
    tt Wkdd ".0 +=                                                            (2.13) 
 
where the constant k” is given by: 
 

    
S

k
D

S

D

.

1
"

ρ
ε
ε

−
=                                                                  (2.14) 

 
Therefore, the equation (2.9) becomes:  
 

    
t

t Wkd
U

E
".0

0

+
=                                                          (2.15) 

 
The deposition equation can be described by combining Eq. (2.7), (2.8) with Eq. (2.15): 
 

   dt
WkdW

W
UCSfW

t

t
t

t )
".

1)(1(....
00

00 +
−= ∫

∞

µ                             (2.16) 

 
This equation can be simplified, when the experimental setup allows one to neglect the 

change of the concentration during deposition (Ct = C0 or Wt/ W∞ ≈ 0) [112]:  
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By integration of this equation, Will et al. derived the time dependence of the deposited 

mass for constant voltage U0 and constant concentration C0 [112]: 
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The deposited layer thickness dD(t) can be expressed by combining this solution with (2.12). 

Using the results and hypothesis of Hamaker, Will et al. gave the following relation 

between the total charge passed during deposition and the deposited mass Wt [112]:  

                                       (2.19)         

where, I

tSQ

t

tt WadtIQ ..
0

ρ== ∫

t is the time-dependent electrical current, Qρ  is the surface charge density on the 

particles and  is the total surface area of the particles deposited.  Sa

 
 

 

 

 

 

 

 

 

 

 

Fig.2.6 Deposited weight as a function of time for four different deposition 
conditions (I: constant current and constant concentration, II: constant current but 
variable concentration, III: constant voltage and constant concentration and IV: 
constant voltage but variable concentration) [89] 
 

Sakar [89] proposed that the observation that deposited weight is linear with the charge 

passed occurs in the case of the concentration of suspension not influencing the deposition 

rate. Therefore, curves (I) and (III) (Fig.2.6) show this behavior throughout the deposition. 

Curves (II) and (IV) show this behavior in the initial stage of deposition. He pointed out 

that although Hamaker did not use constant concentration, he observed this behavior 

because he was monitoring the early stage of curve (IV) [89, 113]. Deposited weight in 

EPD is directly proportional to the particle concentration and velocity, which, in turn, are 

directly proportional to the voltage drop / unit length of the suspension. Therefore, the 

deposited weight at constant concentration is linear with the charge passed [89].  
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2.4. Application of electrophoretic deposition  
  

In general, EPD can be used with any fine powder of nanoparticles (< 30 µm) or colloidal 

particles. Examples can be found, including metals, polymers, carbides, oxides, borides and 

glasses (Tab.2.1). The potentials of EPD for the realization of unique microstructures and 

novel (and complex) shapes and dimensions are appreciated by material scientists and 

technologists.  

 
Tab.2.1 Some applications of the electrophoretic deposition 

 
 

Material 
 

 

Example 
 

Oxides 
 
Al2O3 [114, 115, 116, 117, 118, 119, 120, 121], TiO2 [101, 105, 106, 
122, 123, 124], MgO [101, 105, 106, 125, 126], ZnO [101, 127], 
PbO [105, 106], MoO3 [106], WoO3 [105], CuO [105], Ag2O [105], 
Y2O3 [105], Cr2O3 [105],  
ZrO2 [112, 128], SiO2 [101] 
 

 
Metals 

 

 
Au [102, 103, 129], Ag [103], Ni [101, 106, 118], Al [101, 106], Cu 
[106], Fe [106], Zn [101, 106], Sn [106], Mo [101], Ru [101], W 
[101], diamond [130] 
 

 
Carbides, Sulfides, 

Borides 
 

 
SiC [92, 131], WC [101], LaB6 [101], MgB2 [132], CdS [101, 133] 

 
Phosphors 

 

 
[101, 134, 135] 

 
Other inorganic 

materials 
 

 
LiCoO2 [136], BaTiO3 [137, 138], Clay [139], Zeolite [140], Glass 
[141], Cordierite [142], Hydroxyapatite [143, 144], 
La0.8Sr0.2Ga0.875Mg0.125O3-x [145] 

 
Organic materials 

 
Polymethylmethacrylate [146], Polyetheretherketone [147], 
polystyrene [148], polyimide [149, 150],  
poly(3-octadecylthiophene) [151, 152],  
poly(p-phenylene vinylene) [153], Fullerene [153, 154] 
 

 
2.4.1 Coatings  
  
EPD of coatings has already gained a world – wide acceptance in industry e.g. automotive 

or appliance plants [88 - 91]. For example, the construction and operation of an 800 bodies-

per-hour cataphoretic coating plant by a German car builder was described recently [91]. 

Current interest in the fabrication of wear and abrasion resistant coatings is focused on the 

developing of metal / ceramic and ceramic / ceramic composite coatings [88- 91]. EDP, 
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usually in combination with galvanic deposition of metals, is being used for the production 

of metal / ceramic composite coatings [155]. The availability of ceramic nanopowders in 

numerous compositions enables the use of EPD to prepare dielectric, magnetic, 

semiconducting and superconducting ceramic thick films for a variety of applications in 

electronic industry. Some recent significant developments include the fabrication of 

BaTiO3 thick films for sensor or actuator applications [156], LiCoO2 electrodes for 

rechargeable lithium batteries [136], Al2O3 or Pd-doped Al2O3 layers on SnO2 for gas 

sensors [34], phosphor screens for information displays [134], photocatalytic titania 

coatings [123], MgO thick films for electronics [125, 126] and CdS films for solar cells 

[133]. Furthermore, the fabrication of superconducting MgB2 films on different substrates 

was described [132]. Another area of application of EPD was in the biomedical field [143, 

144].  

 
2.4.2 Fibre reinforced ceramic matrix composites 
 
The use of EPD for coating carbon and metallic fibres with alumina and titania 

nanopowders was described by Boccaccini et al. [157]. The coating of carbon fibres with 

hydroxyapatite was demonstrated by Zhitomirsky [158]. Lead zirconate titanate (PZT) 

films were deposited on Pt wires by Su et al. [159]. Membranes and porous materials have 

also been prepared by EPD techniques, including hydroxyapatite [143] and alumina [114].  

 
EPD is a simple and cost – saving method for fabricating fibre reinforced ceramic matrix 

composites. In this application, EPD is used to infiltrate nanosized ceramic particles into 

two- or three- dimensional fibre architectures [90]. A recent comprehensive review article 

shows the great variety of conducting and non-conducting fibre and matrix combinations 

that have been explored, including SiC, carbon, and oxide ceramic fibre architectures and 

silica, borosilicate glass, alumina, zirconia, hydroxyapatite, SiC and Si3N4 [159]. Most 

recent work has been devoted to Ni-coated carbon fibre reinforced alumina [160], metal 

fibre reinforced cordierite matrix composites [142], borosilicate glass [161] and 

polyetherimide / carbon fibre composites [150].  

 
2.4.3 Laminated and graded composites                                                                               
 
EPD has been used to fabricate ceramic laminated composites and graded materials [91]. 

Put et al. manufactured graded WC-Co composites using a suspension of WC powder in 

acetone with variable Co powder content [120]. EPD was used to synthesize Al2O3 / 
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MoSi2, Al2O3/Ni, Al2O3/YSZ and YSZ/Ni functionally graded materials [93]. Current 

efforts are devoted to the development of EPD fabrication approaches for laminated 

ceramic composites, in particular in the system ZrO2/Al2O3, due to high fracture resistance 

of these structures [162].  

 
2.4.4 Nanomaterials and nanostructures 
 
EPD has been used to fabricate the layers of nanosized and nanostructured materials on 

different substrates [103, 116, 127, 129, 153, and 154].  

 
Although the development of EPD techniques in this area is in the initial stage, results so 

far are encouraging and indicate grate potentials for future R & D efforts.                                                 
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Part III Theoretical background of semiconductor 
electrochemistry 

 
3.1 Introduction 
 
Semiconductor electrochemistry is an established branch of electrochemistry. Although 

many early reports existed of electrodes that exhibited semiconductor behaviour, the first 

paper on a well-defined semiconductor appeared in 1955 [163]. In this and subsequent 

papers the behaviour of germanium when it was polarized in aqueous electrolytes was 

described. In 1971 and 1972, Fujishima and Honda [163] reported that the water could be 

electrolyzed to oxygen and hydrogen in a simple cell using a platinum and a TiO2 

electrode. The electrolysis was supported by irradiation of the TiO2 electrode with 

ultraviolet light and therefore the light energy was being converted to electrical energy. 

That report, combined with the public awareness of limited world energy resources, led to 

an explosion of papers on semiconductor liquid junction solar cells [163].  

 
The early phases of solar energy conversion concentrated on the water splitting reaction 

using wide bandgap metal oxides (TiO2, SrTiO3, Fe2O3, SnO2, In2O3 and WO3). However, 

it was soon discovered that no semiconductor possessed all of the required properties for 

efficient photoelectrolysis, namely [163]: (i) an optimum bandgap of 1.5 to 2.0 eV, (ii) a 

conductor band edge more negative than the water reduction potential combined with a 

valence band edge more positive than the oxidation potential, (iii) rapid charge transfer 

kinetics to the electrolyte and (iv) extreme resistance to corrosion of the semiconductor 

surface.  

 
Attention was turned to the regenerative semiconductor liquid junction solar cells. In these 

devices a reversible redox couple was oxidized at the semiconductor and reduced at metal 

electrode (n-type semiconductor) or vice versa (p-type semiconductor). Therefore, sunlight 

was converted to electrical energy with no net chemical change in the solar cell. The non-

metal oxide semiconductors (Si, Ge, CdX, GaP, GaAs, InP) were tested in an effort to 

balance solar conversion efficiency with electrode stability [163]. Corrosion continued to 

be a problem. Major strategies for corrosion protection include [163]: (i) adsorbing or 

bonding of redox species to the semiconductor surface in order to collect the corrosion 

initiating minority carriers efficiently, (ii) changing from aqueous to nonaqueous 

electrolytes and (iii) isolating the semiconductor surface from the electrolyte with a metal 

or conducting polymer.  
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Although many books [74, 163, 164, 165, 166] are available on semiconductor 

electrochemistry in this chapter a brief description of the background of semiconductor 

electrochemistry will be given. 

 
3.2. Fundamentals of semiconductor electrochemistry 
 
3.2.1 Energy bands in solids and charge carrier generation 
 
The properties of semiconductor electrodes and their differences from those of metallic 

electrodes can be understood by looking upon the electronic structures of these materials. 

Due to the large number of atoms interacting with each other, the electronic structure of 

these materials is typically discussed in terms of energy bands, which are built-up from the 

atomic orbitals of the individual atoms (Fig.3.1). As a result of the huge number of orbitals, 

the difference in energy between adjacent molecular orbitals is so small that the band can 

be effectively considered a continuum of energy levels. The highest and the lowest energy 

levels of a band are called the band edges. The energy bands of interest are the highest 

occupied (called valance band) and the lowest unoccupied (called conduction band). The 

energy gap between these bands determines the properties of the material.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig.3.1 Generation of bands in solids from atomic orbitals of isolated atoms [167] 
 
Conductivity of a solid material requires that the electrons occupy partially filled orbitals. 

This is achieved for metals, the conduction and valence band overlap (Fig.3.1). For 

nonmetallic materials valence and conduction band are separated by a bandgap. For 

insulators, the band gap is so large, that no electron can be excited from the valence band to 

the conduction band. However, for intrinsic semiconductors, the band gap is small and 
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electrons can be excited to the conduction band, leaving a positively charged position in the 

valance band which is referred to as a hole. Holes and electrons are mobile, and carry the 

current.  

 
In intrinsic semiconductors, electrons can be excited to the conduction band either 

thermally or photochemically. Two charge carriers are generated: the electron in the 

conduction band and the hole, a positive vacancy in the valence band (Fig.3.2). Both are 

mobile within their respective energy bands. The concentration of electrons [n] and holes 

[p] depends on the absolute temperature and the band gap energy:  

                                               
                               [ ][ ] )/exp(.. kTEconstpn g−=                                           (3.1) 

 
When thermal generation is the only mechanism of charge carrier generation, as in an 

intrinsic semiconductor, then [n] = [p]. The total charge carrier concentration (and 

conductivity) drops rapidly with increasing Eg for a given temperature. At room 

temperature (250C), kT is 0.0257 eV. Consequently, instrinsic semiconductors with 

bandgap energies greater than 0.5 eV are poor conductors.  

 

 

 

 

 

 

 

Fig.3.2 Schematic diagram of the energy levels of instrinsic semiconductor 
 

For photoexcitation, a photon of light with energy greater than the band gap energy can 

excite an electron from the valence band to the conduction band. The newly created hole 

and the excited electron eventually recombine but they can be separated by means of 

electric field. The band gap energy controls the light absorption of the semiconductor. In 

terms of wavelength, light with wavelengths shorter than a threshold wavelength (λg) is 

absorbed to generate charge carriers, while light with longer wavelengths passes 

unimpeded through the semiconductor. Because λ is usually given in nm and the bandgap 

energy in eV the condition for adsorption is:  

 
                                               λ ≤  1240/Eg                                              (3.2) 
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A more subtle aspect of the light absorbing properties of semiconductors is the direct 

versus the indirect bandgap. In a direct bandgap semiconductor, a photon with energy just 

equal to the direct bandgap energy is absorbed with the creation of a hole and an electron. 

In an indirect bandgap semiconductor, the equivalent absorption process generates a hole, 

an electron and a phonon (a quantized lattice vibration with a fixed energy, in analogy to a 

photon). In many semiconductors the indirect transition lies at a lower energy than the 

direct one. The practical consequence is that the absorption coefficient rises less steeply 

with increasing photon energy for an indirect bandgap transition than for a direct one: 

 

                                                   
ν

ν
α

h
EhA m

g
2/)( −

=                                              (3.3) 

 
Where α is the absorption coefficient, m = 1 for a direct bandgap transition and m = 4 for 

an indirect one. Therefore, direct bandgap semiconductors are more efficient at absorbing 

sunlight near the electrode / electrolyte interface, an important property for thin film 

semiconductor liquid junction solar cells.  

 

 

 

 
 
 
 
 
 

 
                               a)                                                                      b) 
 

Fig.3.3 Schematic diagram of the energy levels of  
n-type semiconductor (a) and p-type semiconductor (b) [163] 

 
However, there is another way for generating charge carriers (electrons or holes) in a 

semiconductor, called doping. Doping provides a means of enhancing conductivities of the 

wide bandgap semiconductors. Doping involves the addition of impurities to the 

semiconductor. A simple example is that the addition of a group V element or a group III 

element into a group IV element. The addition of P into Si adds occupied energy levels in 

the band gap close to the lower edge of the conduction band, thereby allowing the small 

excitation of the electrons into the conduction band (Fig.3.3a). Otherwise, the addition of B 

introduces vacant energy levels into the band gap close to the upper edge of the conduction 

band, which allows promotion of electrons from the valence band into these levels 

 42



(Fig.3.3b). This leads to the formation of holes in the valance band. Doped semiconductors, 

in which the main charge carriers are electrons, are referred to as n-type semiconductors 

(Fig.3.3a). Whereas, those in which holes are the majority charge carriers are called as p-

type semiconductors (Fig.3.3b).  

 
3.2.2 Fermi level and effect of applied potential 
 
Another important concept in discussion of solid state materials is the Fermi level. The 

Fermi level is an extremely important parameter for metal and semiconductor 

electrochemistry because it is the property which is controlled by the externally applied 

potential. Thermodynamically, the Fermi level is the electrochemical potential of the 

electrons in the solid. An equivalent definition arises from the distribution of electrons 

among energy levels in a solid: the Fermi level is the energy at which the probability of 

occupation by an electron is ½. For instrinsic semiconductors, the Fermi level lies at the 

mid-point of the band gap (Fig.3.2). Doping changes the distribution of electrons in the 

solid and hence changes the Fermi level. For an n-type semiconductor, the Fermi level lies 

just below the conduction band (Fig.3.3a), whereas for a p-type semiconductor, it lies just 

above the valence band (Fig.3.3b). In addition, the Fermi level of the semiconductor 

electrode varies with the applied potential. For example, moving to more negative 

potentials will shift up the Fermi level. 

 
What happens at the interface of a semiconductor electrode and an electrolyte solution? In 

order for the equilibrium of two phases, their electrochemical potential must be the same. 

The electrochemical potential of the solution is the redox potential of the electrolyte 

solution and that of the semiconductor is determined by the Fermi level. If the redox 

potential of the solution and the Fermi level is different, a transfer of charge between the 

semiconductor and the solution is required in order to equilibrate these two phases. The 

excess charge in the semiconductor is not located at the surface as for a metallic electrode. 

It extends into the electrode for a significant distance (100-10,000 Å). This region is called 

as the space charge region and has an associated electrical field. Hence, there are two 

double layers to consider: the interfacial (electrode/electrolyte) double layer and the space 

charge double layer.  

 
For an n-type semiconductor, at open circuit, the Fermi level is typically above the redox 

potential of the electrolyte; therefore, electrons will be transferred from the electrode into 

the solution. Hence, there is a positive charge associated with the space charge region and 
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this is reflected in an upward bending of the band edges (Fig.3.4a). The majority charge 

carrier of the semiconductor has been removed from this region so that this region is also 

referred to as the depletion region. For a p-type semiconductor, the Fermi level is usually 

below the redox potential of the electrolyte solution and the electrons move from the 

solution to the electrode to obtain the equilibrium. This generates a negative charge in the 

space charge region, which causes a downward bending of the band edges (Fig.3.4b). The 

density of holes in the space charge region is lowered so that this region is called again a 

depletion layer.  

 
 
 
 
 
 
 
 
 
 
 

 
Fig.3.4 Band bending for an n-type semiconductor (a) and a p-type semiconductor (b) in 

equilibrium with an electrolyte 
 
As for metallic electrodes, changing the potential applied to the electrode shifts the Fermi 

level. The band edges in the interior of semiconductor (outside the depletion region) also 

shift with the applied potential in the same manner as the Fermi level. However, the energy 

of the band edges at the interface are not affected by changes in the applied potential. 

Therefore, the change in the energies of the band edges on going from the interior of the 

semiconductor to the interface, and hence the change in the magnitude and direction of 

band bending, varies with the applied potential. There are three different situations to be 

discussed: 

 
i) At a certain potential, the Fermi energy lies at the same energy as the redox potential 

of the solution. There is no net transfer of charge, and hence there is no band bending. 

This potential is therefore called the flatband potential, EFB (Fig.3.5b).  

 
ii) Depletion regions arise at potentials positive of the flatband potential for an n-type 

semiconductor and at potentials negative of the flatband potential for a p-type 

semiconductor (Fig.3.5a).  
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iii) At potentials negative of the flatband potential for an n-type semiconductor, there is 

an excess of the majority charge carriers (electrons) in the space charge region, which is 

referred to as an accumulation region. An accumulation region arises in a p-type 

semiconductor at potentials more positive than the flatband potential (Fig.3.5c).  

 
                                           (I)                                                  (II) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.3.5 Effect of varying the applied potential on the band edges in the interior of an n-type 

semiconductor (I) and a p-type one (II): a) E > EFB, b) E = EFB, c) E < EFB [163] 
 
The charge transfer ability of a semiconductor electrode depends on whether there is an 

accumulation layer or a depletion layer. If there is an accumulation, the behaviour of a 

semiconductor electrode is similar to that of a metallic electrode because there is an excess 

of the majority of charge carriers available for charge transfer. In contrast, if there is a 

depletion layer, then there are few charge carriers available for charge transfer and electron 

reaction occurs slowly.  

 
3.2.3 Photoeffect at the semiconductor electrolyte interface 
 
If the semiconductor electrode is exposed to radiation of sufficient energy, electrons can be 

promoted to the conduction band. If this process occurs in the interior of the 

semiconductor, there is recombination of the promoted electrons and the resulting holes 

with the production of heat. However, if it occurs in the space charge region, the electric 
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field in this region will cause the separation of the charge. For an n-type semiconductor at 

positive potentials, the band bending at the interface causes the holes to move towards the 

interface and the electrons to move to the interior of the semiconductor. The hole is a high 

energy species that can extract an electron from the solution. Therefore, the n-type 

semiconductor electrode acts as a photoanode. Using similar reasoning, it can be shown 

that p-type semiconductors are photocathodes.  

 

                         (I)                                                                           (II) 

Fig.3.6 Current- potential characteristics for an n-type semiconductor (I) 

 

 

Fig.3.7 Photoeffect at an
miconductor is equilibrated with a redox couple in the dark 
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and a p-type semiconductor (II) in the dark and under irradiation [168] 

 
 
 
 
 
 
 
 
 
 

 
 

 n-type semiconductor/electrolyte interface [163]: 
 A) The se

der irradiation, the electrode potential shifts neg
 

e semiconductor electrode is biased sufficiently positive o

currents are very low, due to the blocking effect of the depletion layer. Upon irradiation of 

the semiconductor through the electrolyte with the wavelength of the light λ < λg, anodic 

photocurrents appear (Fig.3.6). These photocurrents arise from the flux of the holes 

(minority carriers) arriving at the electrode surface. After light absorption generates an 
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electron-hole pair in the depletion layer, the electric field in the depletion layer separates 

the two charge carriers, with the electron moving toward the bulk of the electrode and the 

hole migrating toward the surface (Fig.3.7). Electron-hole pairs generated beyond the 

depletion layer also partially diffuse in the electric field and become separated. The holes 

have an oxidizing power roughly equivalent to the potential of the valence band edge and 

are capable of oxidizing molecules whose formal redox potential is below Ev. In the wide 

bandgap material (e.g. TiO2), the electrolyte (H2O) is oxidized. The electron in the 

conduction band flows via an external circuit to another electrode where reduction takes 

place. 

 
The shape of the photocurrent voltammogra s depends on the energy distribution of the 

 number of theories have been formulated to account for the shape of the photocurrent 

                                                  

m

incident photons, the absorption of the semiconductor, the diffusion distance of the excited 

holes and electrons and the recombination rates. The simplest situation arises when the 

incident photons are absorbed in the depletion layer. Then the excited charge carriers are 

separated with minimum recombination. In the absence of mass transfer limitations 

imposed by the supply of hole acceptors, photocurrent quantum efficiencies (electrons 

obtained per photons absorbed) approach unity. As long as the depletion layer thickness 

exceeds the depth of charge carrier generation, then photocurrent quantum efficiencies are 

independent of the applied potential therefore the photocurrent approaches to plateau as in 

Fig.3.6. When the applied potential approaches Efb, the space charge layer thickness 

decreases. Recombination rates increase because the holes and electrons are no longer 

being separated by the electric field. The photocurrent drops sharply and merges with the 

dark current near Efb. At potential negative of Efb the electrode is no longer blocking so the 

dark current increases dramatically.  

 
A

voltammograms. A relatively simple equation has been derived assuming the absence of 

any recombination in the space charge layer [163]: 
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 is the photocurrent density, I0 is the flux entering the semiconductor, α is the absorption 

[163]: 

 
Jp

coefficient; Wd the width of depletion layer and L is the diffusion length for minority 

carriers. In Eq.3.4, the width of depletion layer is calculated by the following equation 
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 to choose photon energies that are strongly absorbed by the semiconductor (i.e. λ near 

Butler [163] showed how to manip r the estimation of Efb, Eg. The

is

λg). Then the light penetrates to a depth considerable greater than the depletion layer. With 

αW « 1 and αL « 1, Eq. (3.4) can be transformed into [163]: 
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og(h.ν-Eg) at constant potential y hose 

ope should be either ½ (m = 1, direct bandgap) or 2 (m = 4, indirect bandgap). 

 potential 

ental parameters to be 

position of the band edges on the 

.1 Mott-Schottky plot 

chottky plot. It is based on the capacitance 

e layer. Each of the regions around the electrode / 

 
A plot of log[(Jp.h.ν)/(e.I0)] vs. l ields a straight line w

sl

Alternatively, a plot of [(Jp.h.ν)/(e.I0)]2/m vs. hν has an ordinate intercept of Eg. Hence, bulk 

optical properties of new semiconductor electrode materials can be characterized by 

photoelectrochemical measurements. 

 
3.2.4 Determination of flatband
 
The flatband potential is one of the most important experim

etermined for a semiconductor electrode. The d

electrochemical scale, the direction of the band bending and in favourable cases the 

magnitude of the band bending are related to Efb. There are two methods for determining 

Efb.  

 
3.2.4
 
One of the most common methods is the Mott-S

ssociated with the space charga

electrolyte interface (the diffuse layer, the Helmholtz layer and the space charge layer) are 

planes of charge separated by distance and hence have associated capacitances. The three 

capacitances are in series so the smallest one dominates the total capacitance. In 

concentrated electrolytes the diffuse capacitance is so large that it can be completely 

ignored. The Helmholtz capacitance is in the range of 10 – 100 µF/cm2. Thus when the 

measured capacitance is small relative to this number, then it can be assigned to the space 

charge layer (CSC). In the depletion region, the space charge capacitance varies with the 
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width of the space charge layer, which in turn is a function of the potential relative to Efb. 

The Mott-Schottky equation incorporates these factors in a convenient linear form [163]: 

 

                                                 )(
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                            (3.7)                               

here CSC is the capacitance of the space charge region, ε is the dielectric constant of the 

.2.4.2 Photocurrent onset potential 

erges with the dark current near Efb. The 

                                                                    (3.8) 

 plot of the square of the photocurrent vs. the applied potential produces a straight line 

he behaviour discussed above applies only to an idealized semiconductor / electrolyte 

interface. In real systems, there are a number of factors that can give rise to anomalous 

 
w

semiconductor, ε0 is the permittivity of free space, ND is the donor density and E is the 

applied potential. The donor density can be calculated from the slope, and the flatband 

potential can be determined by extrapolation to C = 0. The capacitance values are obtained 

by impedance measurements. The equivalent circuit used in this model is a series 

combination of a resistance and a capacitance (the space charge capacitance). The 

capacitance is calculated from the imaginary component of the impedance (Z”) using the 

relationship   Z” = 1/(2π.f.C). The resistance is the electrolyte resistance. The model is 

adequate provided their is a negligible charge transfer and otherwise the complete 

impedance spectrum must be evaluated the frequency is high enough (on the order of kHz).  

 
3
 

s shown in Fig.3.5, the photocurrent mA

photocurrent onset potential, Von, is often considered as the flatband potential. At the 

flatband potential the space charge layer width goes to zero. Eq.3.4 predicts a non-zero 

photocurrent at Efb as photogenerated minority carriers diffuse to the electrode surface in 

the absence of an electric field. However, recombination always suppresses the 

photocurrent, especially in the vicinity of Efb. Thus Von tends to be positive of Efb for n-

type semiconductors and negative of Efb for p-type semiconductors. Butler [163] described 

an extrapolation procedure based on Eq.3.4. The incident photon energy is tuned to a value 

near Eg where the absorption coefficient is small. Then photocurrent becomes proportional 

to the thickness of the space charge layer (Eq.3.5). Combining these results yields: 
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A

with intercept Efb.  

 
T
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behaviour. The main cause of non-ideal behaviour is photodecomposition of the electrode. 

That is oxidation of the electrode itself by holes in the depletion region. This can be 

avoided by the addition of appropriate electroactive species to the solution that competes 

with the auto-oxidation or by the stabilization of the electrode surface by chemical 

modification.  
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Part IV Experimental procedures 

4.1 Reagen

Monomers: Thiophene (99 + %) and methylthiophene (98%) were purchased from 

istilled before use.  

(C) (13 nm) and SiO2 (Aerosil 380, 7 nm) were 

btained from Degussa. Al2O3(D) and ZnO (several to hundred nanometers determined by 

.1.2 Solvents 

Chloroform (water-free, LiChrosolv) and acetonitrile (99.9 + %) were supplied from 

, respectively. 

opanol (95 %) were obtained from Berkel AHK. Glycerol 

8 %), butanol (99 %), ethylacetate (90 %) and methanol (95 %) were purchased from 

Poly (3-octylthiophene) (98 %) was obtained from Aldrich. 

 Fluka.  

escribed in Ref. [169]. About 20 g oxide 

 dispersed with 200 µl thiophene in 200 - 

 
ts and solvents 

 
4.1.1 Reagents 
 
- 

Aldrich and were d

 
- Oxides: TiO2 (P25, 21 nm), Al2O3

o

scanning electron microscopy) were supplied from Chemiewerk Greiz-Dölau and Merck, 

respectively. All oxides were heated at 800C for several hours before use.  

 
- Oxidant: FeCl3 (free of water) purchased from Fluka was used as received.  
 
4
 
- 

Merck and Fischer

 
- Ethanol (3.4 % water) and isopr

(9

Merck, Acros, Biesterfeld and Bielac, respectively. All solvents were used as received.  

 
4.1.3 Other chemicals 
 
- 

 
- Supporting electrolyte: LiClO4 (98 + %) was purchased from

 
4.2 Preparation of nanocomposites 
 
Composites were prepared following a procedure d

owder (dried at above 1000C for 2 - 4 hours) wasp

400 ml CHCl3 depending on the type of oxide. A second dispersion was made of 2.0 – 3.0 

g FeCl3 in 50 ml CHCl3. The FeCl3 dispersion was added to the oxide particle dispersion 

under stirring. The colour of the mixture of the two dispersions was changed from grey to 

black. Oxidized PTh shells covered the oxide particles. After stirring, the particles were 

filtered and dried. The iron chloride was extracted with methanol for several hours. During 
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this procedure, the colour of the composite changed from grey blue (PTh in oxidized state) 

to red (PTh in reduced state). The composite was dried at 60-800C for 2–3 hours. The PTh 

content was around 1 % (by weight) in all prepared composites as determined by 

thermogravimetric analysis. The preparation of nanocomposites is schematically shown in 

Fig.4.1.  

 

 
Oxidant 

Oxide particles + monomers Composites 

Core: TiO2, Al2O3, SiO2, ZnO 
with particle size of 5 nm - 5 mm 

Extrac

in CHCl

tion

3

Polythiophene shell 
 (in reduced state, some nm) 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig.4.1 Preparation of nanocomposites 
 
4.3 Morphology and chemical characterization of nanocomposites 

as 

f the composites was made by Raman spectroscopy, 

corded on the DILOR LabRAM 010 system equipped with 15 mW He-Ne and CCD 

k conductivity and thermogravimetrical measurements 

K 

sing the van der Pauw method with four Au electrodes, vacuum deposited on the 

 
The morphology of the obtained composite particles was studied by scanning electron 

icroscopy, SEM and transition electron microscopy, TEM. The SEM picture wm

measured by the Zeiss DSM 982 Gemini and TEM pictures were measured with the Philips 

CM 200. In addition, the surface of the deposited layers was controlled by optical 

microscopy (Reichert, Austria).  

 
The chemical characterization o

re

detector.  

 
4.4 Dar
 
The dark conductivity of nanocomposites was measured on press-pellet samples at 300 

u
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perimeter of the pellets. The amount of conducting polymers in the composites was 

calculated from the data of the thermogravimetrical measurements (performed with a 

thermobalance, METTLER TG 50).  

 
4.5 Properties of suspension 

as homogenized in 100 ml organic solvent by an 

ltrasonic bath for several minutes to form a suspension. Suspensions of core-shell 

of suspensions in different conditions was measured by a Konductometer 703 

nick). The absorption spectra of suspensions were measured by a UV Spectroscope 2000 

rn Instruments) with a 

ombination of electrophoresis and Laser - Doppler - Anemometry was used. 

 cell using a DC power source (0-150 V, 3 A, 

d with a multimeter (Keithley 175). The EPD 

of the EPD, a combined experimental arrangement of EPD and a 

uartz crystal microbalance (QCM) was developed (Fig.4.2). Commercially available 10 

 
About 0.5 g of the composite material w

u

nanocomposites in methanol, glycerol, propanol and ethylacetate were stable for more than 

seven days.  

 
Conductivity 

(K

(Shimadzu) at ambient condition.  

 
For the zeta potential measurements the Zetasizer 2000 (Malve

c

  
4.6 Electrophoretic deposition 
 
The EPD was carried out in a two-electrode

hilips-PE 1527). The current was recordeP

was carried out at ambient condition (room temperature and atmospheric pressure). The 

dispersion was stirred during deposition. Different substrates (mild steel, aluminium, 

platinum, ITO glass plates) and different organic solvents (ethanol, ethylacetate and 

glycerol) were tested. 

 
To study the kinetics 

q

MHz AT-cut quartz crystals were used for all experiments. Both sides of the quartz crystal 

were covered with a gold electrode. The quartz crystals were installed in a Teflon cell so 

that only an area of 0.22 cm2 was exposed to the colloidal suspension. The oscillating 

frequency was measured with a network analyzer (Guide Technologies GT 200). The 

ethanol colloidal suspension of PTh/TiO2 (0.5 g/l) was used for QCM measurement. 

 53
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0 – 150 V 
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Fig.4.2. Schematic cell arrangement of the EPD combined with QCM 

 
Although QCM is a generally used method to study the electrochemical deposition of 

various materials [170, 171], until now it has not been applied for in-situ studies of EPD. 

During EPD, the frequency of the quartz was decreased according to the Sauerbrey 

equation [170, 172]:  

 
                                       ∆f = −2∆m ⋅ n ⋅ f0

2 / A(µqρq )1 / 2                               (4.1) 
 
A is the area of the gold electrode, qµ  is the shear modulus of the quartz, qρ  is the density 

of the quartz, ∆f is the frequency change, ∆m is the mass increment, n is the electron 

stoichiometry. Summarizing all constants into k one obtains: 

 
                                                         mkf ∆−=∆                                                          (4.2) 
                
k is called the sensitivity factor. 
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4.7 Characterizations of resulting films 

 
4.7.1 UV-VIS spectra 
 
The optical absorption spectra of pressed pellets prepared from composite powders and 

composite films deposited on ITO substrates were measured using Perkin Elmer 340 

spectrophotometer with diffusion reflexion technique.  

 
4.7.2 Photocurrent measurements 
 
Photocurrent measurements of the semiconducting / oxide composites were performed 

using lock-in technique [173]. The equipment is shown in Fig.4.3.  

 

 

 
 
 

1 

2

 

 
6 

 
8 5

7

3

4

Fig.4.3. Schematic arrangement for photocurrent measurements using lock-in technique 
1) Light source 2) Chopper 3) Monochromator 4) Lens  

5) Electrochemical cell 6) Potentiostat 7) Lock-in 8) Out-put  
 

The light was chopped by a chopper (2, PAR 197) for a periodic modulation of light 

intensity. A frequency of 400 Hz was used for the chopper. With a monochromator (3, 

Zeiss, aperture a = 0.5), the light of suitable wavelength (range 250-1000 nm) was selected 

from a UV lamp (1, Müller-Elektronik, P = 1000 W) to illuminate the working electrode. 

The photocurrent signal with relatively small amplitude (nA-µA) was registered by a Lock-

in amplifier (7) and a phase sensitive rectifier. A quartz glass collecting lens (4) focussed 

the light. The electrochemical equipment consisted of the potentiostat (6, HEKA D 6734 

Potentiostat –Galvanostat). Small and stable basic currents (1 µA – 10 µA) could be 

obtained by deoxygenation of the electrolyte because in case of the cathodic polarisation of 

the working electrode (producing a depletion layer in the p-type semiconducting polymer), 

a rather high reduction current is occurred from very small amounts of dissolved oxygen in 
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the electrolyte. The time constant of the photocurrent measurements was set to 3 s on the 

lock-in amplifier. The wavelength range was switched in steps of 50 nm, as well as 10 nm 

or 5 nm in the spectral range of 300-800 nm.  

 
4.7.3 Photoelectrical and electrical characteristics 
 
For the photoelectrical and electrical measurements, the samples were prepared as 

described in Fig.4.4.  

 

ITO or Au 

Glass 

Al 
 

Composite 

 

 

 

Fig.4.4 Sandwich structure of the sample under study 

 
The photoelectrical measurements (in this case, ITO was used) were made under steady 

state illumination conditions using a Xenon lamp (Müller-Elektronik, P = 75 W) and a 

Jobin Yvon H25 monochromator, with the photodiode (EG&G HUV-1100 B) in the 

reference beam, in the serial connection of the sample, power supply (Keithley 230) and 

electrometer (Keithley 617). The electrical measurements were made with an electrometer 

Keithley 236 and a Xenon lamp (Müller-Elektronik, P = 150 W). In this case an Au 

electrode was used.  

 
4.7.4 Cyclic voltammetry  
 
Cyclic voltammograms (CV) of the deposited composite layers on platinum were made 

with EG & G potentiostat model 264 A. Platinum sheets were used as counter electrodes. 

The saturated calomel electrode (SCE) was used as a reference electrode. The CV curves of 

the composite layers were measured in CH3CN containing 0.5 M LiClO4 with a scan rate of 

10 mV/s between 0 and 0.9 VSCE.  

 
4.7.5 Electrochemical impedance spectroscopy [174, 175] 
 
When a sinusoidal voltage is applied across the electrode / electrolyte interface 
 
                                               )sin( Emt tEE ϕω +=                                                        (4.3) 
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where Et is the potential at time t, Em is the amplitude of applied potential, ω  is the 

frequency ( fπω 2= , in radians), then the corresponding current is given by: 

 
                                               )sin( Imt tII ϕω +=                                                       (4.4) 
 
With a phase shift IE ϕϕϕ −=  is observed. For further calculation, Et and It can be written 

as complex numbers.  

[ ])(exp, Emt tjEE ϕωω +=                                             (4.5) 

 [ ])(exp, Imt tjII ϕωω +=                                              (4.6) 

From (4.3) and (4.4), impedance Z is defined as: 

)exp(
)sin(
)sin(

)( ϕ
ϕω
ϕω

ω jZ
tI
tE

jZ m
Im

Em =
+
+

=                                  (4.7) 

 
It is composed of a real (Z’) and an imaginary part (Z’’): 

                       
           Z(jω) = Z’ + jZ’’                                                           (4.8) 

 
This is illustrated in Fig.4.5. 

RCT

|Z| 
Z‘‘ 

Im(Z) 

φ

RS

   CH
Z‘ Re(Z)

         Fig.4.5 Imaginary and real part of impedance                 Fig.4.6 Equivalent circuit for 
a                                          simple electrochemical system 

 
In the simplest case the solid – liquid interface can be described by a charge transfer 

resistance RCT and a capacitance in parallel (Helmholtz capacitance for metal electrodes, 

CH and a space charge capacitance for semiconductor electrodes, CSC). A resistance RS 

takes into accounts the resistance in the electrolyte or other Ohmic components (Fig.4.6).  

|Z| and φ are defined by: 

   22 )''()'( jZZZ +=                                              (4.9) 
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'
''tan

Z
Z

=ϕ                                                             (4.10) 

 
The Bode plot (Fig.4.7) has some advantages over the plot in Fig.4.5. Since frequency 

appears as one of the axes, it is easy to understand from the plot how the impedance 

depends on the frequency. The plot uses the logarithm of frequency to allow a very wide 

frequency range to be plotted. The Bode plot also shows the magnitude (|Z|) on a log axis 

so that it is

 

 
Fig.4.7 Bode plot for a si

 easy to plot wide impedance ranges on the same set of axes. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

mple electrochemical system 

                                              
he log |Z| vs. log ω curve can be used to determined values of RS and RCT. At the highest 

equencies shown in Fig.4.7, the Ohmic resistance dominates the impedance and log RS 

an be read from the high frequency horizontal plateau. At the lowest frequencies, RCT also 

ontributes, and log(RCT + RS) can be read from the low frequency horizontal plateau. At 

termediate frequencies, this curve should be a straight line with a slope of -1. 

xtrapolating this line to the log |Z| axis at ω = 1 (log ω = 0) yields the value of CH from 

e relationship: 

|Z| = 1/CH                                                       (4.11) 

he Bode plot als uency limits, the 

hase angle is nearly zero. At the intermediate frequencies, the phase angle increases as the 

log|Z| phase 

φmax

RS + RCT

RS 

- 900|Z| = 1/CH 

00

logω 

 
  
T

fr

c

c

in

E

th

 

 
T o shows the phase angle, φ. At the high and low freq

p

imaginary component of the impedance increases. 

 
Although the simple equivalent circuit can be relatively straightforward analyzed, typical 

electrochemical systems yield more complicated plots. These complexities arise because 
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the simple equivalent circuits do not fully describe the physical phenomena of an 

electrochemical system. The simple equivalent circuit models are frequently good 

approximations of real systems and the data can often be fitted to yield results of 

reasonable accuracy.  

In this study, EIS were recorded w site 

omposite layer were measured in the 

otential range between 0 and 1.0 V (vs. SCE) in steps of 50 mV. Each measurement took 

 
ith the IMd5 system (Zahner-Elektrik). The compo

layers deposited on a platinum plate were used as a working electrode. Platinum was used 

as a counter-electrode and the saturated calomel electrode (SCE) was used as a reference 

electrode. Impedance spectra of the deposited c

p

30 min. The electrolyte was 0.5 M LiClO4/CH3CN.  
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Part V Results and discussion 

.1 Morphology and chemical characterization of nanocomposites 

.1.1 Morphology of nanocomposite particles 

he morphology of the obtained composite particles was investigated by SEM and TEM 

chniques. A SEM micrograph of the surface of a pressed pellet, made from TiO2 (P25) 

overed by PTh (in reduced state), is shown in Fig.5.1. The average size of the composite 

article was around 30 nm while the average TiO2 particle size was only 21 nm. This 

dicates that the surface of the TiO2 particles was covered by a PTh shell of 4.5 nm 

ickness. However, the average size was 23-27 nm showing that the coverage was not 

gular and the composite particles were not fully covered by PTh.  

 
 
 
 

 

Fig.5.1 SEM-micrograph of pressed PTh/TiO2 composite pellet, magnification: 30,000 

 Fig.5.2, the TEM micrograph of a single nanocomposite particle is presented. The 

learly visible diffraction pattern represents the anatase modification of TiO2. The lighter 

on-patterned cloud on the left-hand side of the oxide core belongs to the PTh shell. It is 

veral nanometres thick. The structure relatively well corresponds to the theoretical 

alculation, predicting 4-5 nm thick polymer shells. In reality, the coverage of the oxide is 

omplicated by aggregation of the oxide particles before and during the polymerization, 

nd the composite is to be contaminated by granules of pure polymer formed in the bulk of 
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the solution. Nonetheless, the TEM observation gave the direct evidence that the covering 

f TiO2 via oxidative polymerization of thiophene is in principal possible.  

 

on: 1.100.000 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

aphic technique of the SEM measurements showed the electron density of the 

TiO2 anoparticle and PT shell (Fig.5.3). In this technique, the phase shift of the electron 

beam was caused by the interaction of the electron within the semiconductors. Therefore, 

the electron density in the semiconductors could be observed. The region (I) shows the 

electron density of the PTh shell. The thickness of this region is 5 nm, in agreement with 

the result presented in Fig.5.2. The region (III) shows the electron density of the TiO2 core. 

o
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Fig.5.2 TEM-micrograph of TiO2 covered with reduced PTh, magnificati

TiO2

PTh 

 
 
 

Fig.5.3 Electron density in the PTh/TiO2 nanocomposite particle 
 

The hologr

Region I Region II Region III

 n

 

 



Obviously, the electron density of the n-type semiconductor (TiO2) is higher than that of 

the p-type semiconductor (PTh). The region (II) shows the p/n heterojunction in the 

boundary of the TiO2 core and the PTh shell. The width of the p/n heterojunction was 5 nm 

(Fig.5.3). 

5.1.2 Chemical characterization of the nanocomposites 
 
Fig.5.4 shows Raman spectra of the reduced and oxidized PTh/TiO2 composites. The 

assigments of the Raman bands of PTh in the composites, listed in Tab.5.1 (both oxidized 

state and reduced state of PTh), are in agreement with previous reports [176, 177]. In the 

oxidized state, the peak at 1420 cm  has been attributed to the quinoid units (radical 

-1. This band showed a 

little shift to lower frequency [176]. The second band of C-S-C deformation (704 cm-1) in 

-1

cations). On the other hand, in reduced state this peak disappeared and a new peak at 1455 

cm-1 was found, attributed to the Cα= Cβ ring stretching of the neutral PTh.  

 
The bipolaron absorption, proposed to be at 1400 cm-1 in the oxidized state [176] was not 

observed while the peak at 1420 cm-1 was found, supporting that the oxidized PTh is 

mainly a radical cation. This is in agreement with the results presented in Ref. [176] and 

the schematic representation for the state change of PTh (Fig.5.5).  

 

Fig.5.4 Raman spectra of PTh/TiO2 composite 
a) oxidized state and b) reduced state 
 

The band of Cβ-H bending (in oxidized state) appears at 1049 cm
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the reduced PTh shifts positively (vs. 693 cm-1[176]), while that in the oxidized state (688 

cm-1) shifts negatively (vs. 693 cm-1[176]). An additional small peak at 1463 cm-1 (in the 

oxidized PTh) could not be attributed.  

Fig.5.5 Structu
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5.2 Elec rophoretic

5.2.1 Properties of suspensions 

5.2. tivity of nsions 
 
As .5.6, the tivities of ns in etha 6 %) an ol 

increased when the concen ation increas ncrease p

p rge carriers. But this increa t linea is was explained by 

part tion. In th  of butan ncentratio her than he 

c nstant .6). When ature incr the cond so 

increased as shown in Fig.5.6.  

 

 

 

 

 

In order to study the stability of the suspension, UV-VIS spectra were measured. The 

absorption of the PTh/TiO2 (1.16 %) suspension in ethanol (96 %) was measured at 530 nm 

(corresponding with the absorption maximum of PTh in the suspension). The absorption 

dependence of the PTh/TiO2 (1.16 %) suspension on time is shown in Fig.5.7. The 

absorption of the suspension with high concentration (1 g.l-1) decreased faster than the 

absorption of the suspension with low concentration (0.25g.l-1). The time dependence of the 

absorption could be explained by the coagulation phenomena similar to conductivity.  

t  deposition 

1.1 Conduc suspe

shown in Fig conduc  suspensio nol (9 d in butan
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Fig.5.6 Conductivity of the PTh/TiO2 (1.16 % PTh) suspension vs. concentration 
 

5.2.1.2 Stability of suspensions 
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Fig.5.7 Absorption vs. time of the PTh/TiO  (1.16 %) suspension in ethanol (96 %)  

 

on 

 
Fig.5.8 SEM-micrographs of PTh/TiO2 (1.16 %) nanocomposite; magnification: 50,000 

A: in a pressed pellet and B: electrophoretically deposited layer 
 

metal oxide composites could be deposited by EPD on different substrates (platinum, 

luminium, ITO, mild steel) from different solvents (absolute ethanol, ethanol 96 %, 

utanol, isopropanol, water) with current densities of several hundreds µA.cm-2 (at 100 V 

ith a concentration of 5gl-1). In other solvents (ethylacetate, toluene, glycerol) composites 

t very low current densities (some µA.cm-2) could not be deposited. 

2
measured at 530 nm 

5.2.2 Electrophoretic depositi
 

B A 

PTh / 

a

b

w

a
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After deposition, the surface structure of the composite layers was investigated by scanning 

lectron microscopy (SEM). SEM micrographs of the pressed pellet and of the EPD layer 

re shown in Fig.5.8. The pressed layer was denser with almost no pores. The 

elec in 

haracteristics of such a porous laye rea and high light scattering. 

eposition 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

2 (1.16 %) 

s applied. In 

last 60 seconds (at 30 V). In the first seconds, the mass plot vs. time is linear (Fig.5.10), in 

1]). For longer periods of deposition 

me the mass was linearly depending on the square root of time, in agreement with Will’s 

equation (Eq.2.18, Ref. [112]), as shown in Fig.5.11. The deposited particles consisted of 

the oxide core and the PTh shell and were not conducting. Therefore, the origin of the self-

e

a

trophoretically deposited layer possessed “foamy” porous structures. The ma

c r were high surface a

5.2.3 Kinetics of electrophoretic d
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Fig.5.9 Mass-time dependence during EPD 
of the PTh/TiO2 (1.16 %) colloidal suspension (0.5 g/l) in ethanol (96 %) 

 
To study the kinetics of the EPD, a combined experimental arrangement of EPD and a 

quartz crystal microbalance (QCM) was developed. In these experiments, the colloidal 

concentration of 0.5 g/l was used. As shown in Fig.5.9, the EPD of the PTh/TiO

colloidal suspension in ethanol (96 %) immediately started after dc voltage wa

the first period the deposited mass increased very fast, the composite particles formed a 

first layer on the gold surface. With increasing time, the deposition speed decreased. The 

totally deposited mass was gradually decreasing. For example, 5.3 µgcm-2 of the mass 

increment was obtained for 120 seconds while only 1 µg.cm-2 of that was deposited for the 

agreement with Zhang’s observation (Eq.2.6, Ref. [11

ti
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inhibiting nature of the process could be a linear variation of the field gradient at the 

ace with increasing film thickness. 

 
 
 
 

 

 

Fig.5.11 Plot of mass vs. t1/2 (data received as in Fig.5.9) 
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Fig.5.10 Plot of mass vs. time (data received as in Fig.5.9) 
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Fig.5.12 Curren 6 %) colloidal 
suspension (0.5 g/l) in ethanol (96 %) 

Fig.5.13 Mass-time dependence during EPD 
of the PTh/TiO2 (1.16 %) colloidal suspension (0.5 g/l) in butanol 

 
The time dependence of the current during deposition, corresponding with the depo in 

Fig.5.9 is presented in Fig.5.12. In the beginning of deposition, the current decreased 

rapidly with time. The deposition current is proportional to the composite concentration, 

e electric field and the reciprocal value of the viscosity of the solvent. When a higher dc 

otential was applied, the current increased and the speed of deposition increased (Fig.5.9 
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and Fig.5.12). During deposition the growing layer formed an increasing resistance at the 

electrode, decreasing the electric field in the solution, the driving force for the 

lectrophoretic movement as well as for the coagulation on the surface of the growing 

omposite layer.  

 butanol, the EPD of the PTh/TiO2 (1.16 %) colloidal suspension of the same 

oncentration as in ethanol (96 %) was faster (Fig.5.13). The value of 3.5 g was received 

fter 30 s at 30 V. This could be explained by the differences of the zeta potential of the 

olloidal particles (ζ), of the viscosity of solvent (η) and of the dielectric constant of solvent 

). According to Hamaker, the rate of deposition can be calculated by the following 

quation: 

 

e

c

 
In

c

a

c

(ε

e

CSEf
dt

oretic mobility which depends on the z

dW ....µ=                                                (2.2) 

µ is the electroph eta potential [178]:  

    

In which, 
 

ε
µηζ

2
.3

=                                                            (5.2) 

   
rom (2.2) and (5.2), the rate can be calculated as: 

 
F

 

η
ζε

3
.....2 CSEf

dt
dW

=                                          (5.3) 

here, f is the correction factor of deposition, S is the surface area of electrode, C is the 

oncentration of the suspension. Parameters measured during EPD of PTh/TiO2 (1.16%) in 

thanol (96 %) and in butanol are shown in Tab. 5.2. Taking these parameters into Eq.5.3, 

e deposition rate in butanol was higher than that in ethanol (96 %).  

Tab.5.2 Parameters of the PTh/TiO2 (1.16 %) colloidal suspensions  

 
 

 
w

c

e

th

 

in ethanol (96 %) and in butanol 

  

Ethanol (96%) Butanol 

Zeta potential (mV) 34.7 28.9 

Viscosity (mPa.s) 1.2 3.0 

Dielectric constant 24.3 17.8 
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Even in water, the EPD was possible (Fig.5.14). The deposited layers were not smooth and 

not dense (Fig.5.21a). The mass increase measured with the QCM was discontinuous.  
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g.5.15 Mass-time dence during EPD 
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Fig.5.14 Mass endence during EPD 
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(96 %). Similar to the results shown in Fig.5.9, the EPD started immediately after dc 

voltage was applied (Fig.5.15). With increasing time, the deposition speed decreased. 
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deposite 2 system, 

r longer periods of time the mass depended linearly on the square root of time, obeying 

ill’s equation (Eq.2.18, Ref. [112]), as shown in Fig.5.16.  

 
 

Fig.5.16 Plot of mass vs. t1/2 (data received as in Fig.5.15) 
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Fig.5.17 Mass-time dependence during EPD of the PMT/TiO2 (1.2 %) suspension 
 in comparison with that of the PTh/TiO2 (1.16 %) suspension 

(Condition: in ethanol 96 %, C0 = 0.5 g/l, at 30 V) 
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Fig.5.18 Conductivity of PMT/TiO2 (1.2 %) suspension compared with 
 that of PTh/TiO2 (1.16 %) suspension (Condition: 240C, in ethanol) 

 
he mass – time dependence during EPD of the PMT/TiO2 (1.2 %) suspension in 

omparison with that of the PTh/TiO2 (1.16 %) suspension is shown in Fig.5.17. Both two 

xperiments wer g.l-1, at 30 V). 

bviously, the deposition rate of the PTh/TiO2 system is higher. The deposition would be 

fluenced by the nature of the polymer shell or the zeta potential of the composite 

articles, for example. Fig.5.18 shows the conductivity – concentration dependence of the 

MT/TiO2 suspension compared with that of the PTh/TiO2 suspension. It shows that for the 

me concentration, the conductivity of the PMT/TiO2 colloidal suspension was always 

aller than that of the PTh/TiO2 system. Conductivity and different zeta potentials might 

e the origin of the different rates in agreement with Zhang’s equation (Eq.2.6, Ref. [111]).  

.2.4 Mechanism of electrophoretic deposition  

s discussed in the part II, the value of zeta potential of particles in the colloidal 

spension is a condition for a stable dispersion. The theory of the suspension stability was 

iscussed in Ref. [179, 180]. In nonaqueous dispersions the dissociation / ionization of 

surfa eric 

stabilization) a surfaces have 

 large concentration of surface amphoteric hydroxyl groups that can react to yield both 

T

c

e e made for the same conditions (in ethanol, C0 = 0.5 

O

in

p

P

sa

sm

b
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su

d

ce groups (electrostatic stabilization) and adsorption of ionic surfactants (electrost

re pos xide sible mechanisms for dispersion stabilities [180]. O

a
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positively or negatively charged particles according to the pH of the medium [180]. E.g., 

r positive charging in ethanol a three-step mechanism was suggested [180]:  

(i) Adsorption of the ethanol molecules in undissociated forms on the basic surface 

sites of the oxide particles. 

(ii) Dissociation of these ethanol molecules by H+ transfer to the basic surface 

states. 

(iii) Desorption of the EtO- anions.  

his mechanism explains the situation for metal oxide particles as well as for metal oxides 

ot fully covered by thin PTh shells [181]. Counter ions from the solvent form a charge 

loud around a charged particle masking their surface charge. This ionic atmosphere is 

alled the diffuse-double layer. When an external electric field is applied, the ions in the 

iffuse-double layer and the particles move in opposite directions. However, the effective 

charge of e diffuse 

double lay (ζ) or the 

fo
 

 
T

n

c

c

d

 the particle depends on the shear plane between the particle and th

er. The potential of the shear plane is called the zeta potential 

electrokinetic potential. It is experimentally determined by the measurement of the 

electrophoretic mobility (µ) [180] and can be obtained from Eq.5.2 [178]: 
 

                                                           
ε
µηζ

2
.3

=                    (5.2)  

                                                            
where, ε is the dielectric constant and η is the viscosity of the liquid medium. The speed of 

the particle during EPD is not determined by the surface charge but by the effective charge 

represented by the zeta-potential. Therefore, the value of the zeta potential is a significant 

figure for the EPD. Zeta potentials of the PTh/TiO2, PMT/TiO2, PTh/Al2O3 (D), PTh/Al2O3 

(C) and PTh/SiO2 composites in ethanol (96 %) were +34.7, + 32.4, + 54.5, + 41.3 and       

– 20.2 mV, respectively. The small, negative zeta potential of PTh/SiO2 particles might be 

dependence is studied (Fig.5.19). It is in agreement with findings from Hamaker (Eq.2.18).  

the reason that no deposition was possible.  
 
According to Eq.5.2 and Eq.2.18, the value of zeta potential is connected with the 

deposited mass. This is shown in Fig.5.17. It describes the EPD process of the PTh/TiO2 

and PMT/TiO2 systems studied by QCM. Obviously, the higher zeta potential of the 

colloidal particle is, the higher deposited mass is.  
 

To have more understanding of the EPD mechanism of our systems, the mass – charge 
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rated suspension  

.0 g.l-1) was used, the current efficiency calculated for 60 s was 0.66 mC/µg (higher). 

sion of 0 in wa r gave a current efficiency for    

his calculation, the hydrolysis reaction of water in 

f 10-3 M AlCl3. From electrolyte of 4.10-4 M 

2 3 + 3/2 H2           (5.3) 

 
 
 
 
 
 
 
 

Fig.5.19 Mass – charge dependence during EPD in ethanol (96 %) 
 

The current efficiencies of the deposition at different deposition times were determined 

(Tab.5.3). As can be seen from Tab.5.3, the current efficiency was decreased from 60 s 

(1.38 mC/µg) to 180 s (2.87 mC/µg). In addition, when a more concent
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0

1
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EPD of a PTh/TiO2 (1.16 %) suspen .5 g/l te

60 s of 7.6 mC/µg (lower). From t

ethanol (96 %) was expected to include in the EPD process. Some experiments were done 

to understand that assumption. Two suspensions of PTh/TiO2 (5 gl-1) in ethanol (96 %) 

were prepared. In the first suspension, AlCl3 was added to be 4.10-4 M. And AlCl3 was put 

inside the second suspension to become a concentration of 10-3 M. The EPD was carried 

out with these dispersions at 20 V and in 2 min. The deposited composite layers on the 

cathode were analyzed by energy dispersive spectroscopy (EDS). The Al(OH)3 amount of 

5.1 % was found when using electrolyte o

AlCl3, 1.16 % Al(OH)3 was found in the deposited composite layers. Reactions could be 

expected at the cathode to produce Al(OH)3. Water in ethanol was reduced and Al(OH)3 

was formed: 

 
   Al3+ + 3 H O + 3e                           3 Al(OH)
 
At concentrations of AlCl3 (10-2 M), gas bubbles could be seen on the cathode. These 

experiments showed that the charge connected with the hydrolysis of water in ethanol.  
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Tab.5.3 Current efficiency of EPD of PTh/TiO2 (1.16 %) suspension in ethanol (96 %) 
calculated from QCM results 

 
Time, 60 s 

 

 
Time, 90 s 

 
Time, 180 s 

 
 

l 

Q60 
(mC) 

W60 
(µg) 

Q90 
(mC) 

W90 
(µg) 

Q180 
(mC) 

W180 
(µg) 

Potentia

 
5 V 

 
0.59 

 
0.43 

 
1.23 

 
0.58 

 
2.41 

 
0.78 

 
 

10 V 
 

1.86 
 

1.3 
 

3.14 
 

1.67 
 

6.32 
 

2.62 
 

 
30 V 

 
5.2 

 
3.76 

 
9.4 

 
4.67 

 
19.67 

 
6.36 

 

 
 

 
H60 = 1.38 mC/µg 

 
H90 =2.0 mC/µg 

 

 
H180 = 2.87 mC/µg 

 
In another experiment, the EPD was performed with the PTh/TiO2 (1.16 %) suspension in 

absolute eth  suspension anol. It lasted 30 min at 100 V with two platinum electrodes. The

after deposition was filtered to eliminate composite particles. The solvent (absolute 

ethanol) was analyzed by Mass Gas Chromatography. No products of oxidation of ethanol 

could be detected. It means that during EPD the organic solvent was not oxidized.  

 
Tab.5.4 Conductivity of some suspensions 

 
 

Suspension 
 

 

Conductivity (µS.cm-1) 

 

PTh/TiO2 (1.16 %) suspension in water 
 

120.00 
 

PTh/TiO2 (1.16 %) suspension in ethanol (96 %) 
 

10.14 
 

PTh/TiO2 (1.16 %) suspension in absolute ethanol 
 

6.50 
 

PTh/SiO2 (~ 1%) suspension in ethanol (96 %) 
 

2.96 
 

PTh/TiO2 (1.16 %) suspension in glycerol 
 

1.70 

 
The influence of solvent on EPD was studied with the stainless steel electrodes (4 cm2), at 

2 

.16 %) in water, PTh/TiO  (1.16%) in ethanol (96 %), PTh/TiO  (1.16 %) in absolute 

2

100 V. The current – time dependence is shown in Fig.5.20. For suspensions (PTh/TiO

(1 2 2

ethanol, PTh/TiO2 (1.16 %) in glycerol and PTh/SiO2 (~ 1 %) in ethanol (96 %)), PTh/TiO  

could be deposited in water, in ethanol (96 %) and in absolute ethanol. Despite the fact that 
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the current in absolute ethanol was only around 0.1 mA/cm-2 (Fig.5.20) deposition 

ol (96 %) could not be deposioccurred. PTh/SiO2 in ethan ted maybe because the zeta 

potential of PTh/SiO all and negative as discussed above.  

 
The PTh/TiO2 suspension in glycerol gave no deposition. One explanation could be the 

high viscosity of glycerol. The different ts cou  explained by the different 

conductivities of the suspensions. Fo  exper al con s (300

conductivities of the studied suspensions are listed in Tab.5.4.  

 
 
 
 
 

 
 
 
 

Fig.5.20 Current – time dependence during deposition in different solvents 
5 g/l, stainless steel electrodes) 

 
The influence of solvent on the morphology was studied by optical microscope (Fig.5.21). 

A 20 V and using plati  working 

e appeared on the surface of the layer. 

These bubbles are proposed to be hydrogen produced from hydrolysis of water. When 

d ure of ethanol and water (1:1), the surface 

of the obtained composite layer was rough (Fig.5.21 b). Some small holes appeared on the 

f ld be seen. In ethanol (96 %), the obtained 

1.0

2 particles was sm

 curren ld be

r the iment dition C), the 
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ll experiments were carried out for 2 min at num as

lectrode. In water, after EPD many gas bubbles 

rying, cracks appeared (Fig.5.21 a). In the mixt

ilm. However, after EPD no bubbles cou

composite layers were very homogeneous, smooth and compact (Fig.5.21 c and d). If the 

drying process was fast, again cracks appeared (Fig.5.21 c). The layer prepared in butanol 

was very smooth as deposition in ethanol (Fig.5.21 g). Composite layer prepared in ethanol 

(96 %) with AlCl3 (4.10-4 M) added showed cracks. It was assumed that these cracks were 

again caused by hydrogen evolution.  
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     c) In ing) 
 

                         a) In water                                                b) In ethanol / water (1:1) 

 
ethanol 96 % (fast drying)                                  d) In ethanol 96 % (slow dry

 
     e) In ethanol (96 %) + AlCl3 (4.10-4 M)                                  g) In butanol 
 

Fig.5.21 Optical micrographs of the deposited PTh/TiO2 composite layers prepared in 
different solvents (magnification: 45) 
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5.3 Characterization of PTh/TiO2 nanocomposite films prepared 
by electrophoretic deposition  

5.3.1 UV-VIS spectra 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 

 
Fig.5.22 shows the optical spectra of PTh/TiO2 (1.16 %) composites in pressed pellets and 

electrophoretically deposited composite layers. The absorption maxima occurred around 

30 nm, belonging to the absorption maximum of PTh. The optical spectra in the reduced 

e 

pressed pellet (b) in comparison with that of the deposited layer (c) is explained by 

different film thickness and film structure obtained by the different preparation techniques.  

The curve (a) presents the UV-VIS spectrum of the oxidized PTh/TiO2 pressed pellet. 

Obviously, it shows a wide and strong absorption in the near-IR spectral region which is 

explained by the polaron absorption.  
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Fig.5.22 UV-VIS spectra of PTh/TiO2 (1.16 %) nanocomposites 
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state did not absorb in the near-IR region (> 700 nm). The larger absorption intensity of th
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5.3.2 Photocurrent measurements 
 
 

2
(20 V, 2 min from a suspension of 5 g/l in ethanol 96 %) 

2 composites and of pure TiO2 layers at -0.3 VSCE
(deposited on ITO at 20 V, for 2 min and from suspensions of 5 g/l in ethanol 96 %) 

 
hotocurrents of the reduced form of PTh in the charge depletion region of the PTh/TiO2 

.2%) composite are shown in Fig.5.23. The composites show much higher photocurrents 
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Fig.5.23 Photocurrent spectra of the PTh/TiO  (1.2 %) composite layer deposited on ITO 
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Fig.5.24 Photocurrent spectra of PTh/TiO
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than previously observed photocurrents with PTh/TiO2 film electrodes [45]. The previously 

ublished photocurrent spectra were measured on films prepared on Pt by rubbing the 

nts in the present paper were measured with films deposited 

y EPD on transparent electrodes with different film thickness and different film structure. 

gher photocurrents.  

 stable photocurrent was only obtained after 10-30 min relaxation time. Reversibility of 

e photocurrent-voltage dependence is achieved if the potential was kept well below the 

at-band potential of PTh in order to avoid over-oxidation. Anodic as well as cathodic 

hotocurrents were observed in Fig.5.23, similar to the results in Ref. [45]. The origin of 

e anodic photocurrent in the film is explained by light absorption in the TiO2 particles. In 

e electrolyte it is the oxidation of H2O (Eq.5.4). The cathodic photocurrent in the film is 

xplained by light absorption by the PTh shell. In the electrolyte it is connected with the 

duction of oxygen (Eq.5.5). 

   
 
 

2 2            (5.5) 

 
hen the polarization decreased (from + 0.3 VSCE to -0.3 VSCE) the cathodic photocurrents 

t about 500 nm increased while the anodic photocurrents at 340 nm decreased. At -0.3 

SCE, an additional negative photocurrent was found at λ = 390 nm with i = 1.6 µA.cm-2. 

o determine the origin of this peak, the dependence of the photocurrent on the 

omposition of the material was studied: (i) PTh/TiO2 nanocomposite with low amount of 

Th (1.16 %), (ii) PTh/TiO2 nanocomposite with high amount of PTh (4.6%) and (iii) pure 

iO2. The layers were deposited on the ITO electrodes at equal conditions in order to get 

e same thicknesses of the layers. The photocurrent spectra at - 0.3 VSCE of PTh/TiO2 (4.6 

), PTh/TiO2 (1.16 %) and pure TiO2 layer are shown in Fig.5.24. Obviously, the cathodic 

eak at 340 nm comes from TiO2. It is observed at negative electrode potentials (- 0.3 

SCE) in the vicinity of the flatband potential of TiO2 and might be connected with surface 

ates.   
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   2 H2O + 4 h+ = O2 + 4 H+                                            (5.4) 
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From Eq.3.8, the flatband potential (Efb) can be obtained when plotting the photocurrent as

nction of applied voltage (E) as shown in Fig.5.25 for 530 nm. The values Efb = 0

VSCE and Efb = 0.55 VSCE were found for PTh/TiO2 composites with PTh content 4.6 % and 
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1.16 %, respectively. Obviously, the photocurrent depends on the TiO2 content. The origin 

of this is still not clear.  
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Fig.5.25 Photocurrent-potential dependence, measured at 530 nm 
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Fig.5.27 (Iphhν)1/2 vs. hν plot of PTh/TiO2 (4.6%) for determining Eg

indi of PTh 
 

he spectrum measured at a fixed potential is a useful tool to determine the bandgap value 

f a semicon ergy, Eg can 

e determined from the linear plot (iphhν) vs. hν or (iphhν)  vs. hν. These plots are shown 

 F .5.26 and Fig.5.27. The photocurrent spectrum was measured with PTh/TiO2 (4.6%) 

omposite at – 0.5 VSCE. The (iphhν)2 vs. plot shows a better fit to the experimental data.. 

bviously, the direct electron transition dominates. The curve was extrapolated to the x-

xis to determine the bandgap energy. The value Eg
di = 2.0 eV (for the direct electron 

ansition) corresponds to that obtained from the absorption edge in the optical spectra 

81] and shows a good agreement with the values for polymethylthiophene (Eg = 1.9 eV, 

ef. [182]) and polybithiophene (Eg = 2.03 eV, Ref. [177]).  

.3.3 Cyclic voltammetry (CV) 

ig.5.28 shows the CV curves of and PTh/TiO2 (4.6%) nanocomposite layers deposited on 

latinum at 100 V. The observed oxidation potential of PTh (+ 0.8 VSCE) is in good 

greement with values published in the literature (+ 0.76 VSCE) [9, 10]. The anodic peak 

urrent-density decreased only slightly with the cycle number. The reduction potential of 

Th wa V

xidation potential of PTh was + 0.6 VSCE. It was determined by an extrapolation of the 

near part of the CV curve to zero current.  
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Fig.5.28 Cyclovoltammogram of PTh/TiO2 (4.6 %) composite layer prepared  
 (E = 100 V, 3 m
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Fig.5.29 Cyclovoltammogram of PTh/TiO2 (1.16 %) composite layer prepared  
by EPD on platinum (E = 100 V, 3 min)  
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the PTh/TiO2 (4.6%). The onset potential of oxidation was slightly smaller (around +0.55 

SCE). The anodic peak current decreased from 0.45 mA.cm2 in the first cycle to 0.35 

A.cm2 in the 10 th cycle.  

.3.4 Electrochemical impedance spectroscopy 
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Fig.5.30 Bode plot of the impedance measurements of the PTh/TiO2 (4.6 %) composite 
layer prepared by EPD on platinum (20 V, 2 min) in the potential region of 0.4-1.0VSCE; 

a) Impedance and b) Phase  
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Fig.5.30 shows the electrochemical impedance spectra (EIS) of the PTh/TiO2 (4.6 %) layer 

deposited on platinum. Differences with older results [45] are explained by different film 

thickness and film structure obtained by the different preparation methods.  

 
nalyzing the impedance data. It 

onsists of the electrolyte resistance RS and two R-C combinations, corresponding to the 

TiO2 core at low frequencies (< 5 Hz) and the PTh shell at higher frequencies (5–1000 Hz). 

In the potential range of 0 to 0.55 VSCE, the resistance of PTh/TiO2 system did not change, 

indicating that in this potential regime PTh was in the reduced state. From 0.6 to 1.0 VSCE, 

the PTh resistance reduced, supporting that PTh in the composite changed from reduced 

semiconducting form to oxidized conducting one. Consequently, the impedance of the 

whole composite layer decreased. It means that the PTh shell of the nanocomposite film 

was still electrochemically active after EPD at high potential (20 V).  

 

Fig.5.31 Equivalent circuit for a PTh/TiO2 layer 

 
However, the capacitance of PTh did not change during the oxidation of PTh shell in the 

potential range of 0.6 to 1.0 VSCE (Fig.5.30 a and b). The reason may be that the am nt of 

PTh was too low and the PTh shell was too thin in order to influence the total measured 

capacitance of the PTh/TiO2 system.  

 

For films of PTh/TiO2 (1.16 %) composition, EIS curves are shown in Fig.5.32. Obviously, 

if the amount of PTh was low, the change of the impedance of the entire composite system 

w

 

The equivalent circuit shows in Fig.5.31 was used for a

c

ou

RS 

RPTh RTiO2

CPTh CTiO2

as small when PTh changed from reduced state to oxidized one.  
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Fig.5.32 Bode plot of the impedance m ents of the PTh/TiO2 6 %) composite 
layer prepared by EPD on platinum (20 V, 2 min) in the potential region of 0-1.0VSCE 

 

5.4 Characterization of PMT/TiO2 nanocomposite films prepared 
by electrophoretic deposition 

5.4.1 Photocurrent measurements  
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Fig.5.33 Photocurrent spectra of the PMT/TiO2 (1.2 %) composite layers 
deposited on ITO at 20 V from a suspension of 
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Fig.5.35 Photocurrent spectra of the PMT/TiO2 composites at – 0.3 VSCE

he photocurrent measurements were made at the same conditions of the measurements of 

e PTh/TiO2 composite layers. Anodic as well as cathodic photocurrents are shown in 

ig.5.33 
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Fig.5.34 Photocurrent spectra of the PMT/TiO2 (5.3 %) composite layers  
deposited on ITO at 20 V from a suspension of 5 gl-1
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for PMT/TiO2 (1.2 %) and Fig.5.34 for PMT/TiO2 (5.3 %). It is similar to the 
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results obtained fro eased (from + 0.3 

SCE to – 0.5 VSCE) the cathodic photocurrents at about 530 nm increased while the anodic 

hotocurrents at 340 nm decreased. Analogously to the interpretation of the photocurrents 

f the PTh/TiO2 composites, the origin of the anodic photocurrents was the light absorption 

f TiO2 and the origin of the cathodic photocurrents was the light absorption of PMT. At 

00 nm and + 0.3 VSCE, near the flatband potential of PMT, very weak and negative 

hotocurrents were found. For the negative polarization potentials, cathodic photocurrents 

ppeared at 350 nm were observed.  

he photocurrent spectra of different composites were compared in Fig.5.35. With 

ecreasing PMT content the photocurrents at 500-550 nm decreased while the cathodic 

hotocurrents at 350 nm increased. Obviously, the origin of the photocurrents at 350 nm 

as TiO2.  

 
 

 

rom Eq.3.8, the flatband potential, Efb, can be obtained when plotting the photocurrent as 

 function of applied voltage (E) as shown in Fig.5.36 for 530 nm excitation wavelength. 

he valu posites with 

MT contents of 5.3 % and 1.2 %, respectively. Fig.5.36 shows different slops of the 
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Fig.5.36 Photocurrent – potential dependence of the PMT/TiO2 composites at 530 nm
 
F

a

T es Efb = 0.38 VSCE and Efb = 0.35 VSCE are found for PMT/TiO2 com

P

curves. It means that the photocurrents depend on the amount of PMT in the composite.  

When the amount of PMT was high, it fully covered the surface of the TiO2 particles and 

shielded the TiO2 core. On the contrary, when the amount of PMT was low, it did not fully 
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cover the surface of the oxide particles and more light was absorbed at the TiO2 core 

surface.  
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Fig.5.37 (Iphhν)2 vs. hν plot of PMT/TiO2 (5.3 %) for determining Eg
di of PMT 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.5.38 (Iphhν)1/2 vs. hν plot of PMT/TiO2 (5.3 %) for determining Eg
indi of PMT 

 
As discussed in the part III, the bandgap energy, Eg can be determined from the linear part 

of (iphhν)2 or (iphhν)1/2 vs. hν plots. These plots are shown in Fig.5.37 and Fig.5.38. The 

photocurrent spectrum was measured for PMT/TiO2 (5.3 %) composites at – 0.5 VSCE.  
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The (iphhν)2 vs. hν plot is a better fit to the experimental data. The value for Eg = 1.90 eV 

(for the direct electron transition case) is similar as the value obtained from the absorption 

dge in the optical spectra [181] and is the same value previously determined for PMT (Eg 

 1.9 eV, Ref. [183]). This behavior is in agreement with the behavior of PTh as discussed 

 part 5.3.  

ther experiments were made with solid state cells. A PMT/TiO2 (5.3 %) composite layer 

as electrophoretically deposited on an ITO electrode. Then an Al counter electrode was 

eposited on the composite layer to make a solid state sandwich cell. The short circuit 

hotocurrent spectrum of such cell under vacuum, compared with the UV-VIS spectrum of 

e electrophoretically deposited layer, is shown in Fig.5.39. A shoulder at 600 nm 

elonged to the absorption of PMT and a peak in the UV region to the optical adsorption of 

iO2. A large absorption maximum at 450 nm could be explained by the p/n heterojunction 

etween TiO2 core and PMT shell and the mechanism presented in Fig.5.40. An excitation 

rmed from the photon absorption in the PMT shell dissociated into holes and electrons 

and we 4].  

he photocurrent generation in a p/n heterojunction is shown Fig.5.41. In the prepared 

aterial, this process was complicated by the contacts within the composite particles as 

ell as the contacts between particles and electrode.  

 
 

Fig.5.39 Short circuit photocurrent of an ITO // PMT/TiO2 (5.3 %) composite // Al 
easured under vacuum, compared with UV-VIS spectra of composite layer 
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In comparison with the photocurrents measured in electrolyte, the strange absorption at 340 

nm disappeared (Fig.5.35).  

 
 
 
 
 
 
 
 
 
 
 
 

 

Fig.5.40 Free charge carrier photogeneration mechanism in the p/n heterojunction of the 
composite particle 
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Fig.5.41 Schematic energy diagram and photocurrent generation of p/n junction [184] 

 
The photocurrent spectra of different composites were compared in Fig.5.42. Analogously 

to the results obtained in electrolyte (Fig.5.24 and Fig.5.35), the photocurrents of the 

complete solid cells measured under vacuum depended on the amount of PMT. The values 

of the peaks at 340 nm and at 450 nm increased with the increase of the PMT content. For 

composites with low amount of PMT (1.2 % and 1.9 %), the shoulder at 600 nm 

disappeared.  It showed that the peak at 600 nm belonged to PMT (Fig.5.39).  

 

Electrode 
e 

 
 
 
 

h

Depletion 

p-type n-type

hγ

 91



Short circuit photocurrents of an ITO // PMT/TiO2 (5.3 %) composite // Al sandwich cell in 

the air and under vacuum are shown in Fig.5.43. The photocurrent in the air was higher 

an that under vacuum. It could be explained by influence of the humidity in the air.  

 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 

Fig.5.42 Short circuit photocurrents of ITO // PMT/TiO2 composite // Al sandwich cells 
measured under vacuum 

 
 
 
 
 
 
 
 
 

 
 
 

Fig.5.43 Short circuit photocurrents of an ITO // PMT/TiO2 (5.3 %) composite // Al 
sandwich cell measured in the air and under vacuum 
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5.4.2 Current - voltage curves of solid cells  
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Current - voltage curves (in the dark) of an solid Au//PMT/TiO2(5.3%)//Al cell in a range 

o  

fact that gold formed an Ohmic ed a blocking contact with 

e composite, similar to [185]. Fig.5.45 shows the I/V characteristics on a semi-

logarithmic scale. The rectification ratio of 102 (at ± 4 V) was found.  
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Fig.5.44 Current – voltage curve of the Au//PMT/TiO (5.3%)//Al cell 

f ± 4 V, are shown in Fig.5.44. The typical Schottky diode behaviour is explained by the

contact while aluminium form
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Fig.5.45 Current – voltage curve of the Au//PMT/TiO2(5.3%)//Al cell 
(data from Fig.5.44) 
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Fig.5.46 p/n junction: I) equilibrium condition II) forward bias and III) reverse bias [186] 

 
he rectification in a p/n junction can be explained as following [186]. An n-type 

miconductor material contains mobile negative charges (electrons) and an equal 

oncentration of fixed positive charges (ionized donors). Meanwhile, a p-type 

semicondu e charges 

onized acceptors). With the two regions in contact, the mobile electrons and mobile holes 

gion and a negative 

otential to the n region, the effect is as shown in Fig.5.46 (II). The potential barrier 

etween two regions is lowered and the forward currents of both holes and electrons are 

reatly increased. The current arising from the generation of minority carriers remains the 

me and so there is a net flow of current across the junction with contributions from both 

oles and electrons. If the p region is made negative with respect to the n region, the 

otential barrier becomes much higher and the forward flow drops to a very low value for 

oth kinds of carriers Fig.5.46 (III).  

rom plotting on a semi-logarithmic scale under forward bias, four different regions can be 

istinguished as indicated in Fig.5.47. First, there is the ideal diode region (0.3 – 0.75 V) 

here the diode junction quality is quantified using its ideal factor, n. The ideal factor can 

e obtained from the slope of the curve on a semi-logarithmic scale using [187]: 

T

se

c

ctor material contains mobile positive charges (holes) and fixed negativ

(i

can flow across the heterojunction to recombine together, leaving the n-type region with a 

net positive charge and the p-type region with a net negative charge, thus establishing a 

field in a direction which opposes further flow and bringing the Fermi level in the n and p 

region to the same level. The band bending is connected with the charging of the interface 

is shown in Fig.5.46 (I). If a positive potential is applied to the p re
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where the slope is in units of V/decade, q is the electronic charge, B is the Boltzmann’s 

constant and T , n = 1. In the 

study, n of 4.4 is calculated. The larger value is obtained due to the presence of non-ideal 

effects. In our case it can be explained by the soft structure of the deposited composite 

layer as well as by the bad contact between the composite particles and the electrode 

surface. To the left of the ideal diode region there is the region where the current is 

dominated by the trap-assisted recombination in the depletion region. To the right of the 

ideal diode region, the current becomes limited by high injection effects and by the series 

resistance. High injection occurs in a forward biased p-n diode when the injected minority 

c  

lowest doped region of the diode since that r inority carrier density. 

 i temperature (in degree Kelvin). For an ideal junctions the 

arrier density exceeds the doping density. High injection will therefore occur first in the

egion has the highest m

For higher forward bias voltages, the current no longer increases exponentially with 

voltage. Instead, it increases linearly due to the series resistance of the diode. This series 

resistance can be due to the contact resistance between the metal and the semiconductor, 

due to the resistivity of the semiconductor or due to the series resistance of the connecting 

wires. These four regions can be observed in most p-n diodes although the high-injection 

region rarely occurs, as the series resistance tends to limit the current first. 
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Fig.5.47 Current-voltage characteristic of a Au//PMT/TiO2(5.3%)//Al cell under forward 
bias (data from Fig.5.44)  
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Fig.5.48 Current – voltage characteristic of the solid ITO//PMT/TiO2(5.3%)//Al cell 
a) in the dark and b) under illumination 

 
Current – voltage characteristics for the solid state ITO//PMT/TiO2(5.3%)//Al tested both 
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ig.5.48.

A.cm-2 and 0.2 V, respectively.  

 

 

Fig.5.49 I/V characteristic of photoelectrochemical PMT/TiO2 (5.3 %) cell deposited on 
ITO in I2/I3

- electrolyte 
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Current – voltage characteristics for the photoelectrochemical PMT/TiO2 cell in the I2/I3
-

lectrolyte system recorded both in the dark and under light illumination through ITO using 

 Xenon lamp (75 W, 10 mW/cm2) are shown in Fig.5.49. In the dark, the current remains 

latively constant for a range of – 0.4 V – + 0.8 V. During illumination, a cathodic 

hotocurrent is observed at cathodic potentials, which indicates that the neutral PMT 

ehaves as a p-type semiconductor. The short circuit current (JSC) and the open circuit 

oltage (VOC) are determined to be 0.06 mAcm-2 and 0.45 V, respectively. The fill factor 

F) for the cell, which is a measure of the squareness of the out put characteristic, is 

alculated to be 0.5.  Obviously, these values are higher than in the case discussed above 

olid state cell) in spite of using the lamp with lower intensity. This indicates that the high 

sistance of the solid cell was leading to small photocurrents.  

.4.3 Cyclic voltammetry  
 
Fig on 

latinum at 20 V. The onset SCE ic peak 

posites, the TiO2 core showed no electrochemical 

ctivity.  
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.5.50 shows the CV curves of PMT/TiO  (1.2 %) nanocomposite layers deposited 2

p potential of oxidation was 0.35 V , the observed anod

potential of PMT was + 0.67 VSCE, both in agreement with values published in the 

literature [188]. The anodic peak current-density decreased from 0.37 µAcm-2 in the first 

cycle to 0.33 µA.cm-2 in the 10 th cycle. The reduction potential of PMT was + 0.65 VSCE. 
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Fig.5.50 Cyclovoltammogram of PMT/TiO2 (1.2 %) composite layer prepared by EPD on 
platinum (E = 20 V, 3 min)  
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ation potential and the observed anodic peak potential of PMT were 0.4 VSCE and 

0.7 VSCE, respectively.  Both values were higher than that for the PMT in the PMT/TiO2 

.2 %) composites. The anodic peak current decreased from 0.65 mA.cm-2 in the first 

ycle to 0.6 mA.cm-2 in the 10 th cycle.  

.4.4 Electrochemical impedance spectroscopy  

he Bode plots of PMT/TiO2 composites can be explained with the same equivalent circuit 

sed for PTh/TiO2 composites (Fig.5.31). The impedance at low frequencies (<5 Hz) was 

ttributed to the TiO2 core, the impedance at higher frequencies (5 -1000 Hz) was attributed 

 the PMT shell (Fig.5.52). In the potential range of + 0.1 to + 0.3 VSCE, the impedance of 

MT/TiO2 did not change, indicating that in this potential regime PMT was present in the 

duced state. From + 0.35 to + 0.75 VSCE, the PMT impedance was decreasing, PMT in 

e composite changed from the reduced semiconducting form to the oxidized conducting 

ne. This is in agreement with the results from CV (Fig.5.51) and photocurrent-potential 

easurements (Fig.5.36). In the highest potential range (+ 0.8 to + 0.9 VSCE) the impedance 

 
 
 
 
 
 
 
Fig.5.51 Cyclovoltammogram of PMT/TiO2 (5.3 %) composite layer prepared by EPD on 

platinum (E = 20 V, 3 min)  
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o  

MT shell is electrochemically active as in the case of PTh shell. However, a change of 

apacitance of PMT during oxidation could be observed. A possible explanation was 

lready presented for PTh/TiO2 composite pellets [45].  

 
 

 

f the PMT/TiO2 was constant (Fig.5.52). The impedance measurements show that the
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Fig.5.52 Bode plot of the impedance measurements of the PMT/TiO2 (5.3 %) composite 
layer prepared by EPD on platinum (20 V, 2 min) in the potential region of -0.1 - 1.0VSCE; 

b) Impedance and b) Phase  
 

100m 1 10 100 1k 10k 100k
100

1k

10k

Im
pe

da
nc

e 
/ Ω

a)

 0.1 VSCE

+ 0.9 VSCE

Frequency / Hz

-60

-75

-90

100m 1 10 100 1k 10k 100k

Frequency / Hz

0

-15

-30

-45

Ph
as

e 
/ ϕ

b)
 0.1 VSCE

+ 0.9 VSCE

 99



 
 

 

5.5 Characterization of PTh/ZnO nanocomposite films prepared 
by electrophoretic deposition 

.5.1 Morphology of composite particles 

ig.5.53 shows SEM pictures of the pure ZnO and the composite powders. The pure ZnO 

articles are crystalline (A) with a size range varying from several nanometers to several 

undred nanometers. After reaction, the crystalline metal oxide core was covered by the 

morphous PTh shell (B). As shown in Fig.5.53 (B), the coverage of the oxide particles 

as not complete. The coverage was limited by aggregation of the oxide particles before 

nd during the polymerization. Moreover, granules of the pure polymer were formed in the 

ulk of the dispersion. However, the SEM observation gives the direct evidence for the 

xidative polymerization of thiophene on ZnO particles. 
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Fig.5.53 SEM micrographs of ZnO (A) an

2 UV-VIS spectra  

.54 shows the optical spectra of PTh/ZnO 

posite layers, respectively. A broad absorptio

aximum around 530 nm corresponds to the

Th. The UV absorption edge corresponds to 

tronic structure of both com

 

The optical spectra do not show any absorp

 was in the reduced state. It follows from

ponents of the

100
B

d PTh/ZnO composite powder (B) 

particles in pressed pellets and deposited 

n band in the visible spectral region with 

 absorption maximum of the reduced form 

the optical absorption of ZnO at about 380 

g t 

oes not change during the 

tion in the near-IR re ion, supporting tha

 the optical absorption spectra that the 

 composite d



electrophoretic deposition. Higher absorption values can be explained by a more dense 

ructure in the case of pressed pellets. 

  

 
 

composite layer (full line)  
and the pressed pellet (dashed line) 

5.5.3 Photocurrent measurements 
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Fig.5.54 UV-VIS spectra of the electrodeposited 
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Fig.5.55 Photocurrent spectra of the PTh/ZnO composite layer deposited on ITO at various 

potentials vs. SCE 
 
Photocurrents of the reduced form of PTh/ZnO composites are shown in Fig.5.55. Both 

anodic and cathodic photocurrents were observed depending on the applied potential, 

similarly to the cases of the PTh/TiO  and PMT/TiO  nanocomposites discussed before. A 
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large cathodic peak at 370 nm and -0.3 VSCE was caused by ZnO absorption. The 

photocurrent maximum at 530 nm corresponds to the absorption maximum of PTh. At + 

.6 VSCE, near the flatband potential of PTh, the cathodic photocurrent of PTh disappears. 

otocurren

otential of PTh was Efb = + 0.53 VSCE. Reversibility of the photocurrent-voltage 

ependence was observed if the potential was kept well below the flat-band potential of 

Th in order to avoid over-oxidation. 

 
 
 
 
 
 
 
 

 
 

 
 

Fig.5.56 Photocurrent –potential dependence measured at 530 nm 
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Fig.5.57 Cyclovoltammogram of the PTh/ZnO layer 
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Fig.5.57 shows the CV of a PTh/ZnO compo te layer electrodeposited on a platinum 

electrode at a potential of 100V. The anodic peak potential of PTh was +0.75 V

si

m

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig.5.58 Electrochemical impedance spectra of the PTh/ZnO layer 

EIS were measured at different pot SCE g time 

tial value of 50 mVSCE. Fig.5.58 shows the EIS of the 

PTh/ZnO layer deposited on a platinum electrode at applied 100 V. The analysis of the 

impedance spectra of the composite layer was made with the same equivalent circuit used 

for PTh/TiO2 composites (Fig.5.31). The impedance of the ZnO core is observed at low 

frequencies (<5 Hz) and the impedance of the PTh shell at higher frequencies (5-1000 Hz). 

The impedance of the electrolyte is shown in the frequency range of 10 - 100 kHz 

(Fig.5.58). In the potential range of 0 to + 0.5 VSCE, the impedance of PTh/ZnO system 

does not change, indicating that in this potential regime PTh was still in the reduced state. 

From + 0.55 to + 0.9 VSCE, the PTh impedance decreased, PTh in the composite was 

oxidized. Consequently, the impedance of the whole composite layer decreased. This is 

agreement with the results obtained from the CVs (Fig.5.57) and flatband potential 

measurements (Fig.5.56). Within this potential range, ZnO showed the electrochemical 

SCE and was 

reversible. The anodic peak current decreases from 0.19 mA/cm2 in the first cycle to 0.16 

mA/cm2 in the 10th cycle. The onset oxidation potential of PTh was approximately + 0.5 

VSCE. Again, the core showed no electroche ical activity.  

5.5.5 Electrochemical impedance spectroscopy 
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properties of a semiconductor and it did not influence the impedance of the system. In the 

highest potential range tested (+ 0.9 to + 1.0 VSCE) the impedance of the PTh/ZnO system 

was constant. The PTh shell had achieved doping saturation and its impedance did not 

change. Concerning the constant capacitance no Mott-Schottky could be found. Therefore, 

the charge carrier density (ND) and flatband potential (Efb) of PTh could not be determined 

via EIS measurements, similar to results reported before for other composites. The 

explanation was presented on page 78.  

5.6 Characterization of PTh/Al2O3 nanocomposite films prepared 

5.6.1 UV-VIS spectra  
 
Fig.5.59 shows the optical spectra of pressed pellets of PTh/Al O (D) composite particles 

and composite layers. In the UV spectra, th  (2.3 

2O3(D) composite layer (full line) and of 
the pressed pellet (dashed line) 

 
 

by electrophoretic deposition 

2 3

e absorption maxima are around 530 nm

eV) belonging to the absorption maximum of PTh. The optical spectra do not show any 

observable absorption in the near-IR spectral region, supporting that the PTh is in the 

reduced state. The results of the optical spectra are also in agreement with the spectroscopic 

data of the PTh film obtained by electrochemical polymerization [189].  

 

 
  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.5.59 UV-VIS spectra of the deposited PTh/Al
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5.6.2 Photocurrent measurements 
 
 

 

 

 

 

 

 

 

 

 

 

 

Fig.5.60 Photocurrent spectra of PTh/Al2O3(D) composite layers 
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For inactive Al2O3(D) as core, only the cathodic photocurrent of PTh was found (Fig.5.60). 

The intensity of the photocurrent depends on the polarization potential. When the potential 

increases from –0.5 V to +0.2 V, the photocurrent at 500 nm decreases from i = 1.2 µA to 
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Fig.5.61 Photocurrent – potential dependence of PTh/Al2O3(D) c
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0.3 µA. The maximum of the cathodic photocurrent at 500 nm was in agreement with the 

absorption spectrum obtained by UV-VIS spectroscopy. 

he different photocurrent behaviour of TiO2 and Al2O3 is explained by the different 

hotoelectrochemical properties of the oxide core. In TiO2 with its band gap of 3.2 eV 

hotoelectrons and photoholes can be excited in the near UV spectral region. In Al2O3 as a 

pical insulator with a much larger bandgap photoexcitation in the experimental region is 

ot possible (Fig.5.60).  

he photocurrent-potential dependence of the PTh/Al2O3(D) composite layers at 500 nm is 

own in Fig.5.61. From these results, the flat-band potential of PTh, EFB = 0.53 VSCE was 

etermined. The value is similar to the onset potential of the photocurrent of PTh and 

grees also with the onset oxidation potential of PTh observed with cyclic voltammetry. 

i f

different if compared with ig.5.61). The Al2O3 is a 

hotoelectrically inactive material so that it is not influencing the photoelectrochemical 

ehaviour of PTh. Otherwise; the TiO2 core is photoelectrochemically active and obviously 

teracts with the polythiophene. The mechanism of this interaction is not yet clear. 

.6.3 Cyclic voltammetry 
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Fig.5.62 Cyclovoltammograms of a PTh/Al2O3(D) composite layer prepared by EPD on 
platinum (E = 100 V, time = 3 min, i = 0.2 – 0.3 mA/cm
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Fig.5.63 Bode plot of the impedance measurements of a PTh/Al2O3(D) composite layer 

The observed onset potential of oxidation of PTh was + 0.75 VSCE, in good agreement with 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

prepared by EPD on platinum (E = 100 V, time = 3 min, i = 0.2 – 0.3 mA/cm2) in the 
potential region of 0.4 – 0.9 VSCE; a) Impedance Z and b) Phase φ 

 

Fig.5.62 shows the CV of a PTh/Al2O3(D) composite layer deposited on platinum at 100V. 

100m 1 10 100 1k 10k
100

1k

10k
Im

pe
da

nc
e 

/ Ω

0.4 VSCE

0.9 VSCE

a) Impedance Z

Frequency / Hz

-90

-80

-70

-60

100m 1 10 100 1k 10k

Frequence / Hz

0.4 VSCE
-50

-40

-30

-20

0.9 VSCE
0

-10

b) Phase ϕ

Ph
as

e 
/ ϕ

 107



values given in the literature (+0.76 VSCE) [45]. The onset oxidation potential was 

estimated from CVs by an extrapolation of the linear part of the CV curve to the zero 

current value.  The anodic peak current decreased from 0.9 mA (about 0.45 mA/cm2) in the 

 mA/cm2) in the 10 th cycle.  

5.6.4 Electrochemical impedance spectroscopy 

pedance spectra of a PTh/Al2O3(D) composite layer were measured every 30 min in the 

SCE in steps of 50 mV. Each measurement took 30 min. 

he impedance spectra for 0.4-0.9 VSCE are shown in Fig.5.63. The spectra are similar to 

ectra of PTh/TiO2 composite layers (Section 5.1). Differences with older results [45] are 

explained by different film thickness and film structure obtained by the different 

reparation methods. The equivalent circuit of Fig.5.31 was used for analysing the 

pedance spectra. The impedance of the Al2O3 core dominated at low frequencies (<1 Hz) 

nd the impedance of the PTh shell at higher frequencies (1-1000 Hz). The capacitance did 

not change with the potential. This behaviour could be explained in the same manner as for 

Th/TiO2 composites with the small amount of PTh in the composite (around 1%) and the 

sm  

constant in the w ossible and the 

charge carrier density (ND) and the flatband potential (EFB) of PTh in the composite could 

not be determined by EIS measurements. Otherwise the resistance of the film was changing 

with increasing potential, PTh in the composite changed from the reduced semiconducting 

for  to the conducting oxidized form in agreement with the results from CV (Fig.5.62). 

ain result of these experiments (CV and EIS) that the electrochemical activity of 

 survived EPD despite the application of the high voltage of 100 V.  

.7 Electrophoretic deposition of poly (3-octylthiophene) 

 Ref. [151, 152, 153, 154], some soluble polythiophene thin films were prepared by the 

PD procedure. In this study, regiorandom poly (3-octylthiophene) (P3OT) was used. The 

spension was made through a simple pouring method: 1 unit of 1 g/l chloroform solution 

f P3OT was poured into 9 units of acetonitrile. In acetonitrile P3OT was insoluble. 

herefore, a suspension of 0.1 g/l colloidal P3OT particles in chloroform / acetonitrile (1:9) 

ixture was formed. The EPD was carried out at 50 V. The P3OT film was deposited on 

e cathode. It indicates that the P3OT colloidal particles were positively charged. Since 

P3OT is a p-type semiconductor and no surfactants were used in the suspension, this result 

first cycle to 0.7 mA (about 0.35
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seems reasonable. However, the zeta potential of the P3OT in the suspension is very small 

ecause it could not be deposited at a potential lower than 30 V. The absorption spectrum 

f P3OT colloidal suspension was different from that of the chloroform solution as shown 

 Fig.5.64. The absorption spectrum of the suspension is almost the same as the solid 

olymer film.  
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Fig.5.64 Optical absorption spectra of a P3OT solution, suspension and of a deposited layer 
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Fig.5.65 Cyclovoltammograms of the deposited and drop-casting P3OT films 
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urrent obtained from the film prepared by casting. The current density and 

hotocurrent of the deposited P3OT film were always higher than that of the drop-casting 

3OT film. This can be explained by the higher thickness of the deposited film. From CV 

urves, the flatband potential of P3OT of approximately 0.4 VSCE and the bandgap energy 

f the P3OT of approximately 1.82 eV were determined.                                                                                
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Fig.5.66 Photocurrent of the deposited and cast P3OT films at – 0.5 VSCE
 
CVs of the P3OT films prepared on platinum by EPD and by drop-casting are shown in 

Fig.5.65. The CVs of the electrodeposited film was very similar to that of the cast P3OT 

film. Two oxidation peaks at 0.5 and 0.8 VSCE were observed, corresponding to the 

regioregular P3OT. The current density of the deposited film was higher because it was 

thicker than the film prepared by casting (see Fig.5.65). Photocurrent spectra of the 

deposited P3OT film prepared on ITO are shown in Fig.5.66. Its magnitude was higher 

than the photoc
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Conclusion and future work 

onducting polymers, nanocomposites of conducting 

ers with oxide particles are a promising solution. The chemical preparation of these 

f monomers in suspensions of nano-sized oxide particles was used. A shell of a 

onducting polymer matrix was formed around a metal oxide core, generating conducting 

olymer composites with core shell structure.  

orphological structure of the synthesized composite particles was determined by 

icroscopy and electron transmission microscopy. Scanning electron 

icroscopy shows that the coverage of the oxide particle with the conducting polymer is 

plete. Transmission electron microscopy technique shows that the crystalline oxide 

 thick amorphous conducting polymer shell. The thickness of 

. The chemical structure of the composites was studied by 

man spectroscopy. The dark conductivity of PTh/TiO2 and PMT/TiO2 composites, 

easured on the pressed-pellets at 300 K using the van der Pauw four-point method shows 

ers are in the semiconducting neutral form. The ratio of 

er mass determined by thermogravimetrical analysis gave values between 

1 and 5 % polym

 
The electrophoretic deposition process was used to prepare nanocomposite layers. 

uspensions of different core-shell nanoparticles in ethanol, ethanol/water, water, butanol, 

ropanol, glycerol and ethylacetate were prepared. Composite layers with higher qualities 

ere deposited at higher potentials (10 up to 100 V).  Composites could be deposited on 

ifferent substrates (platinum, gold, aluminium, ITO, mild steel) from different solvents 

thanol, ethanol/water, water, butanol, isopropanol) with a concentration between 0.5 and 

g.l-1. Almost of the formed composite layers were mechanically stable. In other solvents 

thylacetate, toluene, glycerol) composites could not be deposited. No deposition of 

Th/SiO2 composites was possible.  

or investigating the kinetics of EPD, a QCM was used. Although QCM is a generally used 

ethod to study the electrochemical deposition of various materials, until now it has not 

een applied for in-situ studies of the EPD procedure. The method is based on the 

equency shift of a quartz sheet during deposition.  

 
To broaden possible applications of c

polym

composites is easy even on a large scale. In the investigation, the oxidative polymerization 
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It was found that:  

- T

omposite particles and nature of conducting polymers.  

he films were investigated using the following methods: 

UV-VIS optical absorption spectra of pressed pellets and electrodeposited composite 

yers showed the absorption peaks of the conducting polymer shells and of the oxide 

ores. In the case of an Al2O3 core, only the absorption of the conducting polymers was 

observed. The deposited layers did not show  

which would have be

ained electrochemically active also after 

lectrophoretic deposition at high potentials (10 - 100 V). The core showed no 

 
he deposited mass was proportional to the square root of deposition time. 

 
-  The rate of deposition depends on the conductivity of the colloidal suspension. 

 
- The rate of deposition depends on the zeta potential of the composite particles. The 

metal oxide (TiO2, Al2O3, ZnO) composites possessed high and positive zeta 

potentials, with these composites EPD was possible. On other hand, the silicon 

composites had small and negative zeta potentials, no deposition occurred.  

 
- The hydrolysis of water might be influent on the EPD process.  

 
Many effects influence the mechanical properties of the deposited layers. Effects 

investigated were potential, solvent, character, substrate, the deposition time, and size of 

c

 
T

 
- 

la

c

 optical absorption in the near-IR region,

en expected for the oxidized state of the polymer.  

 
- The electrochemical behaviour of the composite layers was investigated by cyclic 

voltammetry and electrochemical impedance spectroscopy. The redox behaviour of the 

conducting polymers was reversible and stable. The oxidation potential of the conducting 

polymer components was determined by cyclic voltammetry. The oxidation process was 

studied in more detail by electrochemical impedance spectroscopy. The impedance data 

show that the conducting polymer shell rem

e

electrochemical activity in the positive potential range of the investigation.  

 
- The photoelectrochemical properties of the deposited composite layers were studied by 

photocurrent spectroscopy. With semiconducting cores (TiO2 and ZnO) positive as well as 

negative photocurrents were observed in the oxide absorption region around 340 nm.  
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Negative photocurrents at 500-530 nm belonged to the conducting polymer component. 

Using insulating Al2O3, only cathodic photocurrents were observed.  From the photocurrent 

measurements, the flatband potential and the bandgap energy of the conducting polymers 

could be determined. 

 
- A sandwich cell composed of PTh/TiO2 nanocomposite layers between ITO and Al (or 

u) electrodes was developed. An absorption at 400 nm was found. It was contributed to 

nce of possible applications.  

 

 

 

 

 

 

A

the p/n junction of the composite material. The ideality factor of the diode was 4.4. 

 
The results from electrochemical and photoelectrochemical investigations showed that the 

conducting polymer remained active after deposition. Therefore, the electrophoretic 

deposition is a suitable process to prepare stable films of conducting polymer / metal oxide 

composite materials. So far the composite preparation and the deposition process were not 

optimized. Nevertheless, the qualities of the layers were sufficient for testing 

photoelectrically active devices. In the future, the conditions of the composite preparation 

must be improved for a best performa
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