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Abstract 
 
Potential electrolytes for dye-sensitized photoelectrochemical solar cells have been 
synthesized and their applicability has been investigated. Different experimental 
techniques were used in order to characterize the synthesized electrolytes, such as 
elemental analysis, electrospray ionisation/mass spectrometry, cyclic voltammetry, 
dynamic viscosity measurements, as well as impedance, Raman and NMR 
spectroscopy. Some crystal structures were characterized by using single crystal 
X-ray diffraction.  
 In order to verify the eligibility of the ionic compounds as electrolytes for 
photoelectrochemical solar cells, photocurrent density/photovoltage and incident 
photon-to-current  conversion efficiency measurements were performed, using 
different kinds of light sources as solar simulators. In electron kinetic studies, the 
electron transport times in the solar cells were investigated by using intensity-
modulated photocurrent and photovoltage spectroscopy. The accumulated charge 
present in the semiconductor was studied in photocurrent transient measurements.  

 The ionic liquids were successfully used as solar cell electrolytes, especially 
those originating from the diethyl and dibutyl-alkylsulphonium iodides. The highest 
overall conversion efficiency of almost 4 % was achieved by a dye-sensitized, 
nanocrystalline solar cell using (Bu2MeS)I:I2 (100:1) as electrolyte (Air Mass 1.5 
spectrum at 100 W m-2), quite compatible with the standard efficiencies provided by 
organic solvent-containing cells. Several solar cells with iodine-doped metal-iodide-
based electrolytes reached stable efficiencies over 2 %. The (Bu2MeS)I:I2-containing 
cells showed better long-term stabilities than the organic solvent-based cells, and 
provided the fastest electron transports as well as the highest charge accumulation. 

Several polypyridyl-ruthenium complexes were tested as solar cell sensitizers. 
No general improvements could be observed according to the addition of 
amphiphilic co-adsorbents to the dyes or nanopartices of titanium dioxide to the 
electrolytes. For ionic liquid-containing solar cells, a saturation phenomena in the 
short-circuit current densities emerged at increased light intensities, probably due to 
inherent material transport limitation within the systems. 

Some iodoargentates and -cuprates were structurally characterized, consisting 
of monomeric or polymeric entities with anionic networks or layers.  

A system of metal iodide crownether complexes were employed and tested as 
electrolytes in photoelectrochemical solar cells, though with poorer results. Also, the 
crystal structure of a copper-iodide-(12-crown-4) complex has been characterized. 
 
Keywords: electrolyte, ionic liquid, trialkylsulphonium, iodide/triiodide, dye-sensitized, 
nanocrystalline, photoelectrochemical solar cell 
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Sammanfattning 
 
Potentiella elektrolyter till fotoelektrokemiska solceller har syntetiserats och deras 
användbarhet undersökts. Olika experimentella metoder har tillämpats för att 
karakterisera elektrolyternas egenskaper såsom elementaranalys, elektrospray 
joniseringsmasspektrometri, cyklisk voltammetri, dynamisk viskositetsmätning, samt 
impedans-, Raman- och NMR-spektroskopi. Genom röntgendiffraktion har ett antal 
kristallstrukturer bestämts.  
 I syfte att undersöka de syntetiserade produkternas lämplighet att användas 
som elektrolyter i fotoelektrokemiska solceller utfördes mätningar av elektrisk 
strömdensitet/spänning samt effektiviteten att omvandla ljusfotoner till elektrisk 
ström. Olika ljuskällor användes som solljussimulatorer. Genom sinusmodulering av 
ljusintensiteten vid mätningar av elektrisk ström/spänning kunde elektronkinetiken 
studeras samt tidskonstanter för laddningstransport bestämmas. Även den 
ackumulerade totalladdningen i halvledarmaterialet kunde uppskattas. 
 Totalt 23 olika trialkylsulfonium jodider syntetiserades och analyserades. Till 
ett urval av dessa tillsattes koppar- eller silverjodid i olika proportioner, vilket 
resulterade i ytterliggare 16 elektrolyter. Genom tillsats av jod erhölls starkt färgade 
vätskelösningar innehållande polyjodider.  
 De syntetiserade jonvätskorna kunde framgångsrikt användas som elektrolyter 
i fotoelektrokemiska solceller, i synnerhet de som tillretts utifrån dietyl och dibutyl-
alkylsulfoniumjodider. Den bästa effektiviteten att omvandla ljus till elektrisk energi, 
ca 4 %, uppnåddes av en färgämnessensiterad nanokristallin solcell med 
(Bu2MeS)I:I2 (100:1) som elektrolyt (Air Mass 1.5 spektrum, 100 W m-2), vilket ligger 
i paritet med standardresultat från liknande solceller med elektrolyter baserade på 
organiska lösningsmedel. Åtskilliga solceller innehållande elektrolyter med tillsats av 
metalljodider samt jod gav reproducerbara effektivitetsresultat på över 2 %. Vid 
långtidsmätningar visade (Bu2MeS)I:I2-baserade solceller bättre stabilitet än de celler 
som innehöll organiska lösningsmedel. Vid elektronkinetiksstudier uppmättes såväl 
den snabbaste laddningstransporten som den högsta ackumulerade laddningen inom 
halvledarmaterirutenium-polypyridyl komplex testades som färgämnen för solceller. 
Tillsatser av amfifila adsorbenter till färgämnet alternativt nanopartiklar av 
titandioxid till elektrolyterna medförde inga påtagliga effektivitetsförbättringar. Vid 
ökad ljusintensitet uppvisade de solceller som innehöll jonvätskor ett 
mättnadsfenomen rörande strömdensiteten. Denna mättnad är troligen relaterad till 
samt förorsakad av materietransportbegränsningar inom dessa solcellssystem.  
 Kristallstrukturen för några jodargentater och kuprater samt ett kopparjodid-
kroneterkomplex kunde bestämmas. Ett flertal metalljodid-kroneter komplex 
testades som elektrolyter till solceller, tyvärr utan att ge några goda resultat.  
  
Nyckelord: elektrolyt, jonvätska, trialkylsulfonium, jodid/trijodid, färgämne, 
nanokristallin, fotoelektrokemisk solcell 
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Chapter 1 

 

Introduction 

 
Solar power has a great potential as source of renewable energy, which 

explains the intense research activity in this field. In photoelectrochemical 

(PEC) solar cells, light energy may be converted into electrical and/or 

chemical energy, see Figure 1. The performance and effectiveness of a solar 

cell device mainly depend upon its design and the properties of the 

photovoltaic materials included, especially the light absorbers and their 

connections to the external circuit. The choice of the charge mediator 

involved may also be crucial. 

 Light can be pictured as a stream of photons, energy packages of definite 

size, or quantums of electromagnetic wave energy, whose energy depends 

upon the frequency or colour. Whenever light is absorbed by matter, photons 

transfer their energy and electrons are excited to higher energy states, usually 

followed by relaxation to their ground state. In a photovoltaic device, the 

relaxation may be avoided as the energy stored in the excited electrons are 

here quickly transferred to an external circuit, in order to do electrical work.  

 In 1972, Honda and Fujishima managed to split water into hydrogen and 

oxygen by illuminating titanium dioxide semiconductor electrodes [1]. Since 

titanium dioxide absorbs light mainly in the ultraviolet (UV) wavelength 

region, the efficiency in converting light energy to chemical and electrical 

energy is low. In order to form an efficient solar energy converter the 

semiconductor should have an energy band gap optimised for the spectral 
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distribution of solar radiation and also exhibit chemical resistance against 

corrosion and dissolution. One way to increase the spectral response is to 

sensitize the semiconductor material with dye molecules.  

 

 

 

 

 

 

Figure 1. The process of light-to-electrical energy conversion in a photoelectrochemical 

(PEC) solar cell, where Red and Ox are the reduced and the oxidized species, respectively, 

in the electrolyte and R represents the resistance in the external circuit or load. 

 

Solar cells based on dye-sensitized networks of mesoscopic 

semiconductors have shown high photon-to-electricity conversion 

efficiencies. These may compete with those attained by conventional 

inorganic photovoltaic devices, but with the possibility to be produced at 

considerably lower cost.  

In 1991, Grätzel and O’Regan presented an efficient dye-sensitized PEC 

cell containing a highly porous nanocrystalline titanium dioxide electrode 

sensitized with a monolayer of a ruthenium complex [2,3]. By this invention, 

high light absorption was achieved in the visible part of the solar spectrum. 

The working electrode consisted of nanometer-sized, interconnected titanium 

dioxide particles, which formed a three-dimensional network. In comparison 

to planar, single-crystal or polycrystalline films, they provided great advantages 

such as a large surface area, high porosity and enhanced light-harvesting 

capacity of the adsorbed dye, resulting in improved electrical and optical 
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properties. The three-dimensional, nanoporous morphology facilitates the 

penetration of the electrolyte through the film down to the supporting 

conducting substrate and thus enables every single particle to be in contact 

with the electrolyte. 

Dye-sensitized, nanocrystalline solar cells (nc-DSCs), also known as 

Grätzel cells, have obtained overall light-to-electricity conversion efficiencies 

of about 12 % in diffuse daylight. At a light intensity of 1 sun (1,000 W m-2; 

 25 oC) providing a global AM1.5 spectrum, efficiencies of 11 % have been 

achieved while illuminating an area < 0.2 cm2 and 10 % for an area > 1 cm2 

[4-6]. The choice of electrolyte material and its composition is crucial in the 

efforts to obtain optimized overall efficiencies of nc-DSCs.  

For long-term operation the usage of liquid electrolytes containing 

organic solvents is sensitive to negative stability effects, caused by evaporation 

or decomposition. Several attempts have been made to find substitutes for the 

liquid electrolyte by introducing hole-transporting materials, polymers, and p-

type semiconductors [7-11]. Room-temperature molten salts, also called ionic 

liquids, display qualities that make them attractive and suitable as potential 

alternative electrolytes. Desirable features such as a high electrical 

conductivity, non-volatility, good ionic mobility and electrochemical stability 

make them preferable to organic solvent-based electrolytes. Quasi-solid state 

electrolytes containing liquid dialkylimidazolium salts with additional polymer 

gels have also been successfully used in solar cells [12-18].  

Alternative redox mediators to the ubiquitous iodide/triiodide couple 

have been introduced, based on series of modified cobalt complexes. Several 

nc-DSCs incorporating these components have reached overall efficiencies of 

8 % (in 100 W m–2, AM1.5), certainly highlighting promising candidates for 
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further investigation [13]. Also other halide/polyhalide and corresponding 

pseudohalide systems have been tested with good results [19-22].  

In long-term measurements performed under different conditions 

regarding acceleration of the ageing process, organic imidazolium or nitrile-

based solar cells showed persistently good stabilities. The most critical feature 

was elevated temperatures. However, after about 1,000 h solar cell efficiencies 

of 5 % were achieved at 45 oC and 1,000 W m-2 illumination, and even 8 % at 

85 oC and darkness [6, 23-26]. Improved stability against UV radiation was 

obtained by the addition of magnesium iodide, or by the modification of the 

TiO2 surface by insulating oxide layers [27]. 

In this work, new electrolyte materials for dye-sensitized, 

photoelectrochemical solar cells have been developed and investigated. A 

series of room-temperature molten salts consisting of trialkylsulphonium 

iodides, differing in length of the alkyl groups, were synthesized. Some 

selected salts were doped with iodides of the coinage metals (CuI, AgI). 

Polyiodides of the electrolytes were prepared by the addition of iodine. The 

effects of applying an additive of 4-tert-butylpyridine to the working electrode 

of the solar cell were also studied.  

Results from the solar cell measurements can be found in Papers I and 

II. During the studies some relevant compounds were isolated and structurally 

characterized, presented in Papers III and IV.  

Another electrolyte series has also been investigated, based on metal-

iodide-containing crown ether complexes, doped with iodine. Solar cell 

measurements were performed while using the prepared electrolytes in nc-

DSCs. A new compound was found whose crystal structure is presented in 

Paper V.  
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The long-term stability of ionic liquid-containing solar cells and their 

collaboration with different polypyridyl-ruthenium-based sensitizers are 

presented in Papers VI and VIII, respectively. Paper VII is focused on 

electron kinetics, namely the effect of ionic liquid electrolytes on the charge 

carrier transport and electron life-time within the nanoporous semiconductor 

network. 

This thesis is divided into eight chapters. Following the introduction, a 

general background of photoelectrochemical concepts and dye-sensitized, 

nanocrystalline solar cells are given in chapters 2 and 3. In chapter 4 the 

experimental techniques used are described. The new ionic liquid systems 

developed, characterized and used as electrolytes in photoelectrochemical 

solar cells are presented in chapters 5-7. Finally, chapter 8 summarizes the 

results obtained with some concluding remarks.  
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Chapter 2 
 

Photoelectrochemical concepts 
 

2.1 Semiconductor and electrolyte 
 

The electronic energy levels in a semiconductor can be described by using a 

band structure model, arising from combinations of the atomic energy levels. 

In large crystallites, the energy levels lie close enough to essentially form 

continuous bands. Valence electrons fill the valence band (VB) of the solid 

completely. They can be thermally excited into the conduction band (CB), 

thus producing vacancies (positive holes) in the VB. A presence of electron-

rich dopants gives rise to donor levels (donators of electrons) in the band gap 

and results in an n-type extrinsic semiconductor.  

The electronic and optical properties of a solid material depend on the 

size of the energy band gap, between the top of the VB and the bottom of the 

CB. The Fermi distribution function, f(E), expresses the probability of an 

energy level E being occupied by an electron: 

 

 
1

Fexp1)(
−















 −

+=
kT

EE
Ef  (1) 

  

where EF is the Fermi energy, k is Boltzmann’s constant and T is the absolute 

temperature. The Fermi energy is the electrochemical potential of the 

electrons in a solid, also described as the energy level where the probability of 

being occupied by an electron is ½ [28]. The Fermi level can also be defined 
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as the highest occupied molecular or crystal orbital (HOMO). For metals, the 

valence band is only partly filled with electrons. In semiconductors, all bands 

are either completely filled or empty (disregarding thermal excitations), and 

therefore the Fermi level is placed in the band gap between VB and CB, and 

the conducting ability is low [29-30]. For solar cells, the size of the band gap 

will affect the upper limitations for their conversion efficiencies. In case the 

band gap is very large, only light of short wavelengths will be absorbed, 

resulting in low photocurrents. If too small, the chances for large 

photocurrents are increased, but probably in combination with small voltages 

and low efficiency results.  

In PEC cells, the electrolyte contains cations and anions for ionic 

conduction as well as a redox couple. A distribution of energy levels in a 

solution is shown in Figure 2. The probability of electron transfer between the 

electrode and the electrolyte depends on the energy levels of the species 

involved at the instant of the charge transfer process. The probability that the 

energy of a component of the redox couple has changed to another level, due 

to thermal fluctuations in the polarization, is represented by the function 

W(V). The most probable energy levels of an oxidized agent (electron 

acceptor) and a reduced agent (electron donor) are qVox and qVred, 

respectively, where q is the charge. The intersection point of the distribution 

of oxidized and reduced species in the electrolyte, assuming equal 

concentrations, can be interpreted as the electrochemical potential, qVredox, or 

the Fermi level of the electron in the liquid phase, where  

 

 2/)( redoxredox qVVqV +=  (2) 

 

The redox potential of the electrolyte, Vredox, is determined by 
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where V0
redox is the standard redox potential, Rg is the common gas constant 

and n is the number of electrons transferred. The chemical activities of the 

oxidized and reduced species in equilibrium are represented as {ox} and 

{red}, respectively, whereas νox and ν red are their stoichiometric factors. In 

electrochemical measurements the normal hydrogen electrode (NHE) is 

defined as a reference point at certain standard conditions, while in 

semiconductor crystals the vacuum level is taken as the zero point [31-33]. 

 

 
Figure 2. Energy levels of redox species in an electrolyte. W(V) represents the probability 

of finding a species with energy qV at a certain energy level, thus showing the distribution 

of filled and vacant levels in the solution.   
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2.2 Semiconductor/electrolyte interface  
 

A photoelectrochemical (PEC) solar cell is composed of a working electrode, 

which in the case of n-type semiconductor electrodes will constitute the anode 

and a counter electrode, consequently called the cathode. The two electrodes 

are interconnected via an external circuit. An electrolyte is applied to the solar 

cell, acting as a conducting mediator between the electrodes. The working 

electrode can be composed of a semiconductor material, polycrystalline or 

nanocrystalline, which is attached to a conducting substrate.  

When n-doped semiconductors are brought into contact with an 

electrolyte, current will flow until their electrochemical potentials are equalized 

and equilibrium is attained. The absorption of photons with an energy 

exceeding the band gap generates electron-hole pairs close to the 

semiconductor electrolyte interface. In case the Fermi level (EF) lies above the 

standard redox potential (Vo
redox), electrons will be withdrawn from the 

semiconductor to the electrolyte, leaving positive charges behind. A 

chargeseparation will occur when the holes reach the surface and react with 

the electrolyte. The potential drop obtained between the surface and the bulk 

of the semiconductor creates an electric field, which is distributed in a charge-

polarized surface layer (space charge layer) and represented by a so-called 

band bending, see Figure 3. The electric field is important regarding the 

separation process of the photogenerated electron/hole pairs. The charge 

ordering in the electrolyte is often described in the terms of Helmholtz and 

Gouy-Chapman layers [31], which will not be further discussed here.  
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.  

 

Figure 3. Formation of a charge-polarized surface layer in (a) a planar (polycrystalline) 

semiconductor and (b) a nanometer-sized semiconductor particle, in equilibrium with a 

redox pair in an electrolyte.  

 

In three-dimensional nanoporous systems every particle will desirably be in 

contact with the electrolyte. The short distances provided within in these 

systems, will have a positive effect on the feasibility of the migration process 

of the holes. For nanometer-sized semiconductor particles the maximum 

potential drop (∆φSC) within the semiconductor is expressed by 
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where LD is the Debye length (which depends on the density of ionized 

dopants in the particle), ro is the particle radius and q is the elementary charge 

[34-35]. The drop in electrical potential between the surface and the centre of 

the particle will, because of their small size, be too low in order to develop a 

charge polarized surface layer. For example, using typical values, achieving a 

potential drop of about 50 mV in a TiO2 nanoparticle with a radius of 6 nm 

will require a concentration of 5 × 1019 cm-3 of ionized donor impurities. 

Considering the use of undoped semiconductors, charge carrier 

concentrations of this high level are not to be expected. In the absence of an 

internal electric field within a single particle, there is neither any macroscopic 

electric field present in the film that can act as a driving force for the electrons 

to travel through the semiconductor towards the layer of the conducting 

material in the electrode. In nanoparticle systems, the charge separation will 

instead mainly occur due to kinetics, thus independently of the negligible 

contributions of the electric field.  

 The motion of charge carriers in the nanostructured network is 

described by a random walk process or diffusion, which is a mechanism 

dominated by trapping in band gap defect states. The electrons diffuse due to 

the concentration gradient present in the TiO2 film and the rate constant of 

this transport is of the same order of magnitude as the diffusion of cations in 

the electrolyte [36-38]. The diffusion length of an electron, L, describes the 

distance that the charge carrier can diffuse during its lifetime, τ, given by 

 

 L=(Dτ)1/2  (5)  

 

where D is the diffusion coefficient. There are risks that electrons may get lost 

in the system due to recombination processes. At radiative recombinations, 
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the excitation energy is lost by the emission of luminescent photons. The 

electrons can recombine non-radiatively, through trap states (recombination 

centers) caused by crystal imperfections or in reactions with scavengers at the 

electrode-electrolyte interface [39-41]. Illumination energizing the solar cell 

will thus be wasted in case the absorption occurs on a distance from the 

junction that exceeds the diffusion length, which is the average distance an 

electron may diffuse before being captured by a positive hole. 

The width of the energy band gap is a measure of the chemical bond 

strength. TiO2 is thus stable under illumination due to its wide band gap 

(3.2 eV), but unfortunately only absorbs the ultraviolet part of the solar 

spectrum while showing insensitivity to visible light. By sensitizing the 

semiconductor with a substrate (a dye) that absorbs visible light and also 

transfers the charge carriers across the semiconductor-electrolyte junction, the 

light-harvesting efficiency is increased [6].  

Dye-sensitized semiconductors differ from other conventional devices in 

the separation of the processes of optical absorption and charge-transfer 

generation, and because of this the risks of recombination losses are 

decreased.  
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Chapter 3 

 

The dye-sensitized nanocrystalline solar cell  

(nc-DSC) 
 

3.1 Concepts and energy conversions 

 
A nanocrystalline dye-sensitized solar cell (nc-DSC), also known as a Grätzel 

cell, is basically composed of a working electrode (WE) and a counter 

electrode (CE), connected by an external circuit in order to offer a pathway 

for electric current. An electrolyte mediates the charge carrier transport 

between the electrodes. 

 A great advantage of dye-sensitized systems, with respect to other 

nanostructured PEC solar cells, is that the electron-hole recombination in the 

bulk of the crystal is excluded as a path for electron losses. By combining a 

wide band-gap semiconductor, preferably composed of titanium dioxide, with 

a sensitizer (dye), the process of optical absorption is separated from the 

charge-carrier transport [42].  

 In nanoporous materials a large number of dye molecules can be 

adsorbed onto the oxide surface due to the high internal area (Figure 4). The 

excited lifetime of the dye is, in the absence of electron injection, typically on 

a nanosecond scale. Just a very thin layer of the dye is actually active in the 

light absorption process and thus necessary in order to provide an efficient 
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charge injection, meaning that thicker layers would not add proportionally to 

the total electric output of the solar cell.  

 

 
 

Figure 4. Energy conversions in a dye-sensitized nanocrystalline solar cell (nc-DSC), also 

called a Grätzel cell. 

 

Photoexcitation of the adsorbed dye is followed by ultrafast electron 

injection (femto-second level) into the conduction band of the 

semiconductor. In nanostructured materials the particles are interconnected, 

which enables electron transport through the network to the conducting 

substrate, to which the semiconductor is attached. An accumulation of 

electrons in the particles is suppressed, since the conducting layer acts like a 

current collector and sink for the electrons, thus lowering the probability of 

electron-hole recombinations in the bulk of the interconnected particles. The 

probability of collecting the photogenerated electrons decreases with 

increasing travelling distances in the nanostructured film.  
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The electrons are withdrawn and exploited in an external circuit and 

returned into the system from the counter electrode by reduction of the 

oxidized component of the redox couple (triiodide ions, I3
-) in the electrolyte. 

Subsequently, regeneration of the oxidized dye is accomplished by acceptance 

of electrons from the reduced redox component, most often iodide ions, in 

the electrolyte. The overall process comprising photon-to-electricity 

conversion is then completed and ideally no overall chemical changes have 

occurred in the system.  
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3.2 Solar spectrum 
 

The solar spectrum and the irradiance provided are often described by the Air 

Mass (AM). One Air Mass (AM1) refers to the thickness of the atmosphere, 

here noted as datm. The angular elevation above the horizon, also called the sun 

elevation, is the angle between the centre of the solar disc and the horizontal 

plane or the angle of incidence of the solar rays at the Earth’s surface. When 

the sun is positioned at an angular elevation θ, the altitude or the distance that 

the solar light has travelled through the atmosphere when reaching the Earth’s 

surface is longer and thus the denotation supplemented with a factor nAirMass, 

in comparison to when the sun is positioned directly overhead (θ = 90 oC), 

see Figure 5. The Air Mass factor is calculated from 

 

 nAirMass=1/sin θ  (6) 

θ

datm

datm nAirMass

θ

datm

datm nAirMass

 
 

Figure 5. When the sun is positioned at an elevation angle  θ,  the solar light will travel a 

distance datmnAirMass, where nAirMass = 1/sin θ, until reaching the Earth’s surface.  
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The resulting total light path will be given by datmnAirMass. It is notable that the 

distance solar light travels thrugh the atmosphere both affects the quantity 

and the quality (spectrum) of the light eventually reaching the planet’s surface. 

 The standard spectrum and light output used for solar cell measurements 

is AM1.5 illumination, corresponding to an angle of elevation of about 42o. 

Outside the atmosphere (AM0), the solar spectrum is described by Planck’s 

blackbody wavelength distribution, based on the sun’s surface temperature (Ts 

= 5,743 K) with an irradiance of 1,365 W m-2. At AM1.5 illumination, the 

solar spectrum will be attenuated, due to the increased atmospheric distance, 

thus resulting in a mean intensity of about 900 W m-2. For convenience, the 

standard AM1.5 spectrum is usually normalized to a total power of 1,000 W 

m-2. The spectral distribution of the black-body and AM1.5 illumination is 

shown by plots in Figure 6 (a), for data see Refs. [43-44].  

 The number of photons that can produce electrons in a solar cell can be 

determined by converting the wavelength (λ) scale on the irradiation spectrum 

into photon energy, since the photon energy = hc/λ [eV], where h is Planck’s 

constant and c is the speed of light in vacuum. When the photon energy (e) at 

each wavelength is known, the y-axis in the light spectrum in Figure 6 (a) can 

be transformed into the photon flux density (Γ ), the number of photons per 

second per unit area and photon energy. The photon flux is calculated from 

the relationship 

  

 
ee

P
de
d

d
d

de
d λλ

λ
ΓΓ λ ⋅=⋅=  (7) 

 

where Pλ  represents the solar irradiance at a certain wavelength. The resulting 

plot, corresponding to AM1.5, is shown in Figure 6 (b), data from Ref [43]. 
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(a) 

 
(b) 

 
Figure 6. (a) Solar spectrum at AM1.5 illumination (continuous line) and from the Planck 

black-body relation (dashed line). (b) Photon flux corresponding to the AM1.5 spectrum. 

All plots are normalized to a total power of 1,000 W m-2, from Ref. [43].  
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3.3 Photosensitizers 
 

For photovoltaic cells, an ideal sensitizer should absorb incident light of all 

wavelengths. Preferably, the energy level of the excited state corresponds to 

the conduction band of the semiconductor, and the ground state potential 

matches the redox level of the redox couple in the electrolyte, in order to 

avoid energetic losses during the processes of electron transfer and 

regeneration. The dye is usually anchored to the surface of the nanostructured 

semiconductor via its ligands, most often provided by carboxylate or 

phosphonate groups. However, for ligand-free organic sensitizers alternative 

attaching strategies are known [22].  

 In this work, the performance of nc-DSCs sensitized with polypyridyl 

ruthenium dyes named N-719, Z-907 or a β-diketonato complex, and 

containing ionic liquids or standard organic solvent-based electrolytes, have 

been studied. The effects from adding a co-adsorbent of HDMA to the dye, 

or TiO2 nanoparticles (P25) to the electrolyte were also investigated. 

 

 

3.3.1 Polypyridyl-ruthenium dithiocyanates  
 

Titanium dioxide electrodes have successfully been sensitized with different 

polypyridyl-ruthenium complexes. Several nc-DSCs sensitized with dye N3, a 

cis-dithiocyanato-bis(4,4’-dicarboxyl-2,2’-bipyridine)ruthenium(II) complex, or 

other similar compounds, have shown a high incident photon-to-current 

conversion efficiency (IPCE) and provided an overall light-to-electricity 
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conversion efficiency of about 10-11 % (AM1.5, 100 mW cm-2), see Refs. [2-

6].  

The amphiphilic dyes N3, N-719 and Z-907 contain two thiocyanates, 

but have different electron-donating ligands attached to their bipyridyl-groups. 

Here N and Z are abbreviations for the inventors of the dyes, M. K. 

Nazeeruddin and S. M. Zakeeruddin, respectively. The chemical formulas of 

N-719 and Z-907 are [cis-Ru(II)(H2dcbpy)2(NCS)2(TBA)2] and [cis-

Ru(II)(H2dcbpy)(dnbpy)(NCS) 2], respectively, where dcbpy is 4,4’-dicarboxyl-

2,2’-bipyridine, dnbpy is 4,4’-dinonyl-2,2’-bipyridine, NCS (or SCN) is 

thiocyanate and TBA is tetra-n-butylammonium.  

In N-719, the protons on two of the carboxylate groups that are attached 

on the bipyridyls in N3, have been replaced by two tetra-n-butylammonium 

(TBA) groups. In Z-907, two carboxylates have been replaced by amphiphilic, 

long-chained nonylgroups, thus increasing the hydrophobic character of the 

dye. The molecular structures of N-719 and Z-907 are presented in Figure 7. 

The purpose of the substitutions is to improve the stability of the solar cell 

performance, emerging from the water insolubility of the dye.  

Solar cells sensitized with Z-907 have previously reached an overall 

conversion efficiency of 5.3 % and with a quasi-solid-state polymer gel 

electrolyte more than 6 % (AM1.5, 100 mW cm-2). Such cells also showed 

excellent stability under long-term experiments at 55 oC in full sunlight [45-

46].  

As co-adsorbent, the amphiphilic hexadecyl malonic acid, HDMA, was 

added, see Figure 8. HDMA-containing Z-907-sensitized solar cells have 

generated improved results as compared to the cells lacking the additive, 

achieving an overall conversion efficiency of 7.8 % (AM1.5) [47]. 

 



 23

(a) 

 

 
 

(b) 

 
 

 

Figure 7. Molecular structures of the dyes (a) N-719 and (b) Z-907.  
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Like the dyes N-719 and Z-907, HDMA contains two carboxylate 

groups, by which it may be anchored to the light harvesters. By co-grafting on 

the TiO2 surface, the amphiphiles may all together form an insulating 

hydrophobic spacer or barrier for the unwanted back transfer of electrons 

from the semiconductor to the oxidizing species in the electrolyte.  

 

 
 

Figure 8. Molecular structure of the co-adsorbent HDMA. 

 

 

3.3.2 The Polypyridyl-ruthenium diketonato complex  
 

A series of polypyridyl-ruthenium complexes in which the two thiocyanates 

have been replaced by strongly electron-donating β-diketonatos as ancillary 

ligands have shown good light absorption over the whole visible spectrum 

extending into the near-infrared (IR) region, resulting in good performance in 

photoelectrochemical solar cells [48]. Interestingly, the one-electron oxidation 

of the bidentate diketonato complexes proved to be reversible, in contrast to 

the irreversible process occurring in monodentate dithiocyanate compounds; 

certainly a desirable feature of dye molecules, offering an improved 

electrochemical stability of the solar cells. The chelating structure of the 

β-diketonato ligand may prevent and minimize the risks of possible ligand loss 

processes.  
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 Long-chained hydrocarbon substituents have been introduced to the 

β-diketonato ligands in order to suppress unwanted aggregation of dye 

molecules on the TiO2 surface [49]. 

 In this work, a β-diketonato Ru complex with two bipyridyl groups was 

prepared for the use as a light harvester in solar cells, see Figure 9. The 

chemical formula of the synthesized compound is 

[(dcbpy)2Ru(acetylacetonate)]Cl-. 

 

 
 

Figure 9. The molecular structure of the β-diketonato-ruthenium complex. 
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3.4 Electrolyte systems 
 

An electrolyte is a chemical system that provides an electrolytic contact 

between the solar cell electrodes, and may exist in solid, liquid or solution 

form. The electrolytes usually employed in photoelectrochemical solar cells 

are based on salts dissolved in organic solvents, since the dye degenerates in 

the presence of water. For long-term operation these organic liquid-based 

electrolytes display many stability problems due to solvent evaporation, 

sensitivity to air and water, as well as elevated temperatures.  

 The nc-DSC is a photoelectrochemical solar cell that requires a suitable 

electrolyte containing an adapted and electrochemically suitable redox couple. 

The iodide/triiodide redox couple (I-/I3
-) has given the best overall results so 

far. 

 

 

3.4.1 The iodide/triiodide redox couple and polyiodides 
 

The most suitable mediator known so far, to be used in dye-sensitized solar 

cells, consists of the iodide/triiodide redox couple (I-/I3
-). The mediator is 

active in the transfer of electrons from the external circuit, where triiodide 

ions are reduced to iodide ions at the counter electrode; a reaction catalysed 

by a layer of platinum. After the injection of photoexcited electrons into the 

semiconductor, the oxidized dye is regenerated by iodide ions, which in the 

process are the converted back to triiodide ions. Iodide ions and triiodide ions 

are thus consumed at the working electrode (the anode) and the counter 

electrode (the cathode), respectively.  
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 In 1811, the scientist Curtois was the first to discover elemental iodine, 

while washing seaweed with sulphuric acid, in order to manufacture potassium 

nitrate for the Napoleon’s armies. The violet-coloured fumes caused 

corrosion on the copper equipment and not surprisingly, iodine was later 

named after the Greek word for violet. The blue starch-iodine complex, well 

known to all chemistry students as an analytical test for iodine, consists of 

polyiodide chains incorporated into the helical structure of starch molecules.  

 Polyiodides, such as triiodide ions, are formed when iodine is added to a 

solution of iodide ions, developing a deep red-brown colour. They are Lewis 

acid-base couples, where I- and I3
- are the bases and I2 the acid. Triiodide ions 

can interact with other iodine molecules to give larger polyiodides with the 

formula [(I2)n· I-], which form either long chains, layers or low-dimensional 

networks [50]. The structures of the polyiodides are sensitive to the nature 

and size of the counter ion. Stable complexes have been formed with rather 

large cations such as [N(Me)4
+], [Me3S+] and [Et3S+] [51-52].  

 Solid iodine is a semiconductor, but under high pressure it exhibits 

metallic conductivity. Polyiodides have shown good electrical conductivities 

and also superconducting abilities. The conductivity mechanism is a relay 

mechanism, in which a net transport of charge is achieved without any net 

transport of mass; also called a Grotthus mechanism [52-53]. An effective 

migration of an iodide ion along a polyiodide chain is obtained by shifting 

long and short bonds within the chain:  

 

 I3
- + I2 " I2 - I-···I2 " I2···I- - I2 "  I2 + I3

-  (8) 

 

This migration model is similar to the one used to explain conducting 

properties in ice and water through the relay transport of protons. 
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 Trialkylsulphonium iodides with rather large asymmetric cations 

(R2R’S)+, where R and R’ represent similar or different alkyl groups, should be 

well suited to stabilize polyiodide chains and the I-/I3
-redox couple, and thus 

eligible as good electrical conductors (electrolytes) for solar cell applications.  

 

 

3.4.2 Ionic liquids  

 
Ionic liquids, also called room-temperature molten salts, can be defined as 

salts with a melting point below the boiling point of water. Their melting 

points are often hard to predict, since they are considered to be “notorious” 

glass-forming materials. They feature a very wide liquid range, due to the large 

temperature span between the melting point and the boiling point [54]. 

 In general, ionic liquids are composed of an organic cation and an 

inorganic polyatomic anion, and their potential number is consequently huge. 

However, to develop and investigate qualitative preparation and purification 

methods, as well as to determine their compositions, characteristics and 

usefulness can be quite challenging. The first preparation method concerning 

ionic liquids, exemplified with ethylammonium nitrate, was reported as early 

as 1914, which is therefore considered to be the starting point of the story of 

ionic liquids [54]. 

 Ionic liquids are attractive as alternative electrolytes for 

photoelectrochemical solar cell applications, and have several advantages 

compared to organic solvent-based electrolytes. They display high electrical 

conductivities, non-volatility, low vapor pressure, non-flammability, high ionic 

mobility and good electrochemical stability. However, one disadvantage is 
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their high viscosity resulting in low diffusion coefficients. This has been 

shown to affect the oxidized form of the redox couple. Several types of ionic 

liquids have been applied in nc-DSCs: dialkyl imidazolium iodides [14, 55], 

thiocyanates and selenocyanates [21], hexaalkyl-substituted guanidinium 

iodides [56], and mixtures of other ionic liquids with iodides [22, 57]. 

 Several ionic liquids based on dialkylimidazolium iodides have been 

developed and used as electrolytes in PEC solar cells. The nc-DSCs with 1-

hexyl-3-imidazolium iodide, (HxMeIm)I, and 1-methyl-3-propyl-imidazolium 

iodide, (MePrIm)I, with the addition of polymer gelators, have achieved 

overall conversion efficiencies of 5.0 and 5.3 %, respectively [16, 45].  

 Room-temperature molten salts, or ionic liquids, of trialkylsulphonium 

iodides represent an interesting alternative system to the dialkylimidazolium 

iodides as electrolytes in dye-sensitized PECs. The effects from the addition 

of metal iodides, especially concerning chemical structures, electrical 

conductivities and viscosities are discussed in more detail in Chapter 6.  

 

 

3.4.3 Superionic and mixed conductors 
 

Superionic conductors have shown extraordinary high conductivities due to 

large concentrations of mobile ion species as well as low energy barriers for 

ion migration. The existence of empty sites available for mobile ions within a 

crystal structure is a prerequisite [29, 58]. Silver and copper-iodide-containing 

superionic conductors are structurally composed of polymetal entities, 

forming a rigid anionic framework, which mediates the cationic conduction 

[59]. These kinds of materials are also called framework electrolytes.  
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 The insertion of polyiodides into systems of iodometallates, such as 

silver- and copper iodides, could promote the employment of mixed 

conductors, in which both electronic and ionic conduction simultaneously 

occur. Featuring these highly desired properties, mixed conductors are certainly 

attractive to investigate as new electrolyte materials for solar cell applications. 

However, results described in Chapter 6 rather indicate that the main effect 

on sulphonium-based ionic liquids is a lowering of viscosity.  
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Chapter 4 

 

Experimental procedures 
 

4.1 Preparation of solar cells 
 

4.1.1 The nc-DSCs with glass electrodes 
 

Solar cells containing two electrodes merged into a sandwich-type 

construction have been prepared. The working electrode (WE) was composed 

of a transparent, dye-sensitized, nanocrystalline and porous titanium dioxide 

(TiO2) film (12 µm thickness, average particle size 12 nm). The titanium 

dioxide film was compressed on a conducting, fluorine-doped tin dioxide 

(FTO) glass substrate, see Figure 10.  

 The counter electrode (CE) consisted of a thermally platinized 

conducting glass. The active, illuminated electrode area was typically 0.8-1 

cm2. The dyes used were mainly polypyridyl-ruthenium complexes. The 

electrodes were prepared following a modified version of the procedure first 

presented by Nazeeruddin and co-workers in 1993 [3, 60].  

 In 2001, Hagfeldt and co-workers presented a compression technique in 

order to manufacture nanostructured porous layers of the semiconductor 

material already at room temperature, a method offering shorter time as well 

as more flexibility compared to sintering, and which can also be applied in a 

continuous manner. For more details, see Refs. [61-62].  
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Figure 10. The nanocrystalline and porous titanium dioxide (TiO2) film.  

 

 A sandwich model solar cell was constructed by placing a transparent CE 

on top of a WE. In the sealed solar cells, the electrodes were separated using a 

thermoplastic thin film (Surlyn frame) as a spacer. The electrolyte was applied 

to the CE through prefabricated, drilled holes. After being covered by Surlyn 

and a microscope cover plate, the holes were laminated and a sealed solar cell 

thus prepared. Finally, silver paint was applied on the conducting side of each 

electrode. A more detailed presentation of the dye sensitization as well as 

electrode and solar cell preparations are presented in Papers I-II and VI-VIII.  

 

 

 

 
      300 nm 
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4.1.2 The nc-DSCs with polymer foil electrodes 
 

The polymer foil working electrodes, composed of polyethylene terephthalate 

(PET) coated with indium tin oxide (ITO), were prepared by low-temperature 

sintering, adapted to the flexible substrates. This may affect their overall 

performance in solar cells, mainly because of the risk of insufficient 

connection between the TiO 2 particles. The counter electrodes were 

composed of tin dioxide (SnO2) covering a plastic substrate, without any 

catalysing layer of platinum applied. Since polymeric foils are not inpenetrable 

to gases, oxygen or water vapour from air may enter the solar cell through the 

polymer structure. The electrodes were laminated (Surlyn), an electrolyte 

applied, and after silver painting the solar cells were ready for use.  

 

 

4.1.3 Dye solutions 
 

The applicability of selected photosensitizers in ionic liquid-containing solar 

cells has been studied, using polypyridyl-ruthenium complexes with different 

electron-donating ligands. The sensitizers were purchased from Solaronix S.A, 

but a batch of Z-907 was also provided as a gift from S. M. Zakeeruddin at 

the Swiss Federal Institute of Technology or Ecole Polytechnique Fédérale de 

Lausanne (EPFL), Switzerland, synthesized as previously described in 

literature [46].  

A polypyridyl-ruthenium complex with a strongly electron-donating 

β-diketonato ligand, [(dcbpy)2Ru(acetylacetonate)]Cl-, was synthesized 

according to the procedure described in Ref. [63].  
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For dye solutions containing N-719 or the β-diketonato complex ethanol 

was used as solvent, and for Z-907 solutions a mixture of acetonitrile and 

t-butanol in a volume ratio 1:1, see Table 1, was used.  

As co-adsorbent, the amphiphile hexadecylmalonic acid, HDMA, 

(Solaronix S.A.) was applied to the sensitizers, with the purpose to minimize 

the risks of unwanted recombination reactions. 

 

 

Table 1. The dyes used as photosensitizers in nanocrystalline solar cells.  

 

Dye  Chemical formula  Dye solution 

N-719 [cis-Ru(II)(H2dcbpy)2(NCS)2(TBA)2] 500 µM dye in EtOH 

N-719+HDMAa  500 µM dye+125 µM HDMA in EtOH 

Z-907 Sol [cis-Ru(II)(H2dcbpy)(dnbpy)(NCS)2]300 µM dye in AN/t-BuOHb  

Z-907 Sol+HDMA  300 µM dye+75 µM HDMA in AN/t-BuOH

Z-907 Zak [cis-Ru(II)(H2dcbpy)(dnbpy)(NCS)2] 300 µM dye in AN/t-BuOH  

β−diketonato [(dcbpy)2Ru(acetylacetonate)]Cl-  500 µM dye in EtOH 

β−diketonato+HDMA  500 µM dye+125 µM HDMA in EtOH 
a HDMA = Hexadecyl malonic acid 
b AN = Acetonitrile, Volume ratio of solvents 1:1 
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4.1.4 Electrolytes 
 

Electrolytes are chemical compounds or mixtures that mediate electrical 

conduction in solid, liquid or dissolved form. The choice of electrolyte for 

solar cell applications, specifically concerning its significant characteristics 

such as the electrochemical properties, is crucial since it affects the overall 

solar cell performance and the energy conversion efficiency.  

 In this work, in total 23 different trialkylsulphonium iodide electrolytes 

were successfully prepared by combining dialkylsulphides with metal iodides. 

By using a selection of these as raw material, 16 metal-iodide-containing 

electrolytes with different compositions were formed. Elemental iodine was 

added to all electrolytes, in varying proportions, in order to achieve the 

iodide/triiodide redox couple. Another 12 electrolytes, containing metal-

iodide-crown ether complexes, were prepared and doped with different 

contents of iodine. 

 All electrolytes synthesized were applied to nano-crystalline dye-

sensitized solar cells in order to study their influence and impact on the 

overall performance under operation. Also two standard, organic solvent-

based electrolytes were prepared as references. In Table 2, some examples of 

the electrolytes successfully tested in the solar cell measurements are 

presented, together with their diffusion coefficients.  

 The effect of dispersing titanium dioxide nanoparticles (Degussa P25, 

spherical with a diameter of 25 nm) in the electrolyte, thus forming a gel 

phase, was studied for N-719-sensitized solar cells. The purpose of the 

nanoparticle dispersion was to reduce the resistance of the electrolyte, thus 

improving the performance of the solar cells.  
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4.1.4.1 Room-temperature ionic liquids 

 

The iodine-doped ionic liquid electrolytes were prepared by mixing organic 

sulphonium- or imidazolium-based iodides with elemental iodine, typically in 

an iodide-to-iodine molar proportion of 100:1. The organic sulphonium and 

imidazolium iodides were prepared according to methods described in more 

detail in Papers I-II and VI-VIII. 

 

 

 

Table 2. Some of the prepared electrolytes are listed, as well as their diffusion coefficients. 

The electrolytes were successfully studied in dye-sensitized nanocrystalline solar cells. The 

sulphonium iodide-based electrolytes, no. 1-6, are here listed with respect to the size of 

their cations, and thus the length of the alkyl groups attached, starting with the shortest.  

 

 

Electrolyte 
 

 Composition 
 

D(I3
-) 

(cm2 s-1) 
1. (Me2EtS)I:I2 100:1  (Me2EtS)I=dimethylethylsulphonium iodide  

2. (Et2MeS)I:I2 100:1  (Et2MeS)I=diethylmethylsulphonium iodide 3.0 × 10-7 

3. (BuEt2S)I:I2 100:1  (BuEt2S)I=butyldiethylsulphonium iodide  

4. (MePr2S)I:I2 100:1  (MePr2S)I=methyldipropylsulphonium iodide  

5. (Bu2MeS)I:I2 100:1  (Bu2MeS)I=dibutylmethylsulphonium iodide 7.3 × 10-8 

6. (Bu2EtS)I:I2 100:1  (Bu2EtS)I= dibutylethylsulphonium iodide  

7. (HxMeIm)I:I2 100:1  (HxMeIm)I=hexylmethylimidazolium iodide 7.9 × 10-8 

8a.Standard (glass electrode)  0.5 M LiI, 50 mM I2 in 3-MPNa,b 4.0 × 10-6 

8b.Standard (polymer electrode)  0.5 M LiI, 50 mM I2 in PEG 200b,c   
a MPN=methoxypropionitrile.  
b In Paper I-II: addition of 0.5 M 4-TBP (tert-butyl-pyridine) and in Paper VI-VII: addition of 0.5 M 1-MBI 

(methyl-benzimidazole) 
c PEG =  polyethyleneglycol 
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4.1.4.2 Organic solvent-based electrolytes 

 

The standard electrolytes (8a, 8b) were prepared by grinding the chemicals 

into fine particles before dissolution in an appropriate solvent at room 

temperature. Regarding the solar cells with polymer foil electrodes, PEG 200 

was used as a solvent for the standard electrolyte, instead of 

methoxypropionitrile (MPN), which is otherwise most applicable for nc-DSCs 

with glass electrodes. PEG 200 is a polymeric compound of polyethylene 

glycol with a molecular mass of 200. 
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4.2 Synthesis of electrolytes 

 

4.2.1 Trialkylsulphonium iodides 
 

Trialkylsulphonium iodides, (R2R' S)I, where R and R' represent different or 

similar alkyl groups, were synthesized at ambient conditions from combining 

dialkylsulphides (Me2S, Et2S, Pr2S, Bu2S, DodMeS) and alkyl iodides (MeI, EtI, 

1-PrI, 1-BuI, 1-PeI, 1-HxI, 1-DodI) in a reaction such as  

 

 R2S + R' I → (R2R' S)+ I-   (9) 

 

Equimolar amounts of the reactants were dissolved in acetone (dried) in a 

light-protected bottle, which enclosed an inert reaction atmosphere that was 

kept free from oxygen and water.  

 In total 23 different trialkylsulphonium iodide electrolytes were 

successfully synthesized. The resulting products consisted of crystalline solid 

precipitates, or room-temperature molten salts (ionic liquids), see Table 3. 

They were repeatedly washed and/or recrystallized by using diethyl ether and 

acetone. Any possible remaining traces of solvent were slowly evaporated 

under dynamic vacuum.  

 A selection of trialkylsulphonium iodides were doped with coinage metal 

iodides, such as copper iodide (CuI) and silver iodide (AgI), in the 

sulphonium-to-metal iodide proportions 1:0.03 and 1:0.3, forming 16 liquid or 

quasi-solid electrolytes, see Table 4. At this addition the white solid salts 

turned yellow, while the yellow liquids shifted to darker and more orange 

colour.  
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Polyiodides were prepared by adding elemental iodine in different 

sulphonium-to-iodine proportions, without any use of other solvents and 

under moderate heating. The viscosities of the red-brownish polyiodide 

mixtures decreased in proportion to the amount of added iodine. 

 

Table 3. Synthesized trialkylsulphonium iodides, (R2R’S)I. Melting points are given within 

parentheses.  
 

  Me2S Et2S Pr2S Bu2S DodMeS 

MeI 

 

white solid 

(187 oC ) 

yellow liquid 

 

white solid 

(95 oC) 

orange liquid 

 

white solid 

(68 oC) 

EtI 

 

white solid 

(30 oC) 

white solid 

(120 oC) 

yellow solid 

(112 oC) 

yellow liquid 

 

white solid 

(46 oC) 

1-PrI 

 

white solid 

(172 oC) 

white solid 

(133 oC) 

white solid 

(70 oC) 

white solid 

(80 oC)  

1-BuI 

 

white solid 

(160 oC) 

yellow liquid 

 

white solid 

(85 oC) 

yellow solid 

(77 oC)  

1-PeI 

 

white solid 

(87 oC) 

yellow liquid 

  

yellow liquid 

  

1-HxI 

 

white solid 

(162 oC)     

1-DodI 

 

white solid 

(68 oC)     

 

The dimethyl-alkyliodide compounds were prepared from equimolar 

amounts of dimethylsulphide (Me2S) and alkyl iodides (alkyl chain: C1-C6, C12), 
and are all white solids at room temperature with high melting points, except 

for (EtMe2S)I with Tm = 30 oC. Dodecyldimethylsulphonium iodide was 

prepared both from Me2S:DodI and DodMeS:MeI, where the latter 
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combination provided the highest yield, about 90 %. After addition of silver 

and copper iodide, the white salts turned more yellow.  

 The diethyl-alkylsulphonium iodides are yellow liquids or solids at room 

temperature. The synthesis of (Et2MeS)I sometimes resulted in yellow crystals, 

but since the melting point is close to room temperature they almost 

immediately melt.  

 The dipropyl-alkylsulphonium iodides are white solids at room 

temperature, except the yellow (EtPr2S)I. After addition of metal iodide they 

were converted to yellow solids or, with higher contents of metal iodides, to 

yellow liquids. 

 The dibutyl-alkylsulphonium iodides show a variety of aggregation at 

room temperature, since they are either white or yellow solids or else yellow 

or orange liquids.  

 

 

Table 4. Synthesized metal-iodide-containing (R2R’S)I electrolytes. Melting points are 

given within parentheses.  
 

   CuI 1:0.03 CuI 1:0.3 AgI 1:0.03 AgI 1:0.3 

(DodMe2S)I white solid  

(68 oC) 

white solid 

(43 oC) 

yellow solid 

(48 oC) 

white solid 

(43-51 oC) 

yellow solid 

(43-51 oC) 

(Et2MeS)I yellow liquid yellow liquid orange liquid yellow liquid yellow liquid 

(MePr2S)I white/yellow 

solid(95/93 oC)  

yellow solid orange liquid yellow solid yellow liquid 

(Bu2MeS)I orange liquid orange liquid orange liquid orange liquid orange liquid 
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4.2.2 Metal-iodide-crown ether complexes 

 
Crown ethers are composed of macrocyclic polyethers. Their selectivity as 

complexing agents depends on the definite size of the crown cavity, which 

only admits cations of comparable ionic radii. For example, the crown cavity 

of 18-crown-6 has an estimated diameter size of about 2.6-3.2 Å (1 Å = 10-10 

m) and is thus most suitable to form complexes with cations, such as K+ or 

NH4
+, with ionic diameters of 2.66 and 2.86 Å, respectively.  

  In this work, a few crown ether polyiodides have been prepared and 

structurally characterized. The purpose was to prepare metal-iodide-

containing crown ether complexes as potential building blocks for new 

polyiodide compounds. 

 

     
  

(a)  (b)    

 

 

 

 

 

 

         (c)                (d) 

 

Figure 11. The chemical structures of (a) 12-crown-4, (b) 15-crown-5, (c) 18-crown-6 and 

(d) db-18-crown-6. 
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 The incorporation of a metal iodide into the ring structure of a crown 

ether provides a possible foundation for the formation of polyiodide chains. 

Since polyiodides exhibit good electrical conductivities, iodine-containing, 

metal-iodide-crown ether-systems could provide new potential electrolyte 

materials for solar cells.  

 Metal-iodide-containing crown ether complexes were formed from 

combining zink iodide (ZnI2), silver iodide (AgI) or copper iodide (CuI) with 

different crown ethers, such as 12-crown-4, 15-crown-5, 18-crown-6 and 

db-18-crown-6, at ambient conditions, see Figure 11.   

 Ethanol and acetone were used as solvents. An exception was the db-18-

crown-6 complexes, for which chloroform (CHCl3) was used instead. In order 

to dissolve silver and copper iodide, a small addition of potassium iodide was 

required, thus transferring the iodides into iodo complexes in solution.  

 The metal-iodide-crown ether complexes synthesized are white or yellow 

solids at room temperature with high melting points, all exceeding 100 oC, see 

Table 5. Polyiodides were prepared by adding iodine in the crown ether-to-

iodine proportions 100:1, 50:1 and 10:1, whereas dark-red-coloured and less 

viscous (more fluid) mixtures were obtained. 

 

 

Table 5. Some of the synthesized metal-iodide-containing crown ether complexes and 

their melting points. 

 

 ZnI2 CuI AgI 

15-crown-5 160 oC 175 oC 156 oC 

18-crown-6 137 oC 165 oC 135 oC 

db-18-crown-6 105 oC   
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4.3 Characterization 

 

Structural characterizations of the products were performed, and some 

physical as well as chemical properties determined by using different 

experimental techniques, such as melting point determination, elemental 

analysis, viscosity measurements, Raman spectroscopy, Nuclear Magnetic 

Resonance (NMR) spectroscopy, electrospray ionization/mass spectrometry 

(ESI/MS) and single crystal X-ray crystallography.  

 

 

4.3.1 Physical and chemical characterizations 

  

Melting-point determinations were performed for the electrolytes using 

glass capillary tubes into which the samples were inserted. The equipment 

used was a Stuart Scientific SMP 10.  

 

Elemental analyses of C, H, N and S were performed in order to 

determine the content of each element present in the sample by pyrolysis. The 

method is based on the principle of combustion. The samples, in duplicate, 

and a standard substance, are weighed in tin capsules and placed in an auto 

sampler. By injecting oxygen, the capsules are oxidized and the temperature 

momentarily increased up to about 1,800 oC, ensuring complete combustion. 

The combustion gases are swept into a reduction chamber, separated 

chromatographically and then quantified by using a hot wire detector.  
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 The elemental analyses were performed at Mikro Kemi AB in Uppsala, 

Sweden. The experimental results obtained for each element (in wt.%) are 

compared with the calculated theoretical values.  

 

Dynamic viscosity. The viscosity of a fluid is a measure of its resistance to 

flow or deform under shear stress, which is determined by the 

adhesive/cohesive or frictional properties. The resistance is caused by 

intermolecular friction exerted when layers of fluids attempt to slide. The 

dynamic viscosity describes the tangential force per unit area required by the 

fluid in order to move one horizontal plane with respect to another plane at 

unit shear strain velocity, meanwhile maintaining a unit distance. Dynamic 

viscosity is commonly expressed using the unit Poise, where 1 Poise = 100 cP 

= 1 g cm-1s-1 = 0.1 Pa s. The dynamic viscosity measurements were performed 

at 35 oC using a Brookfield DV-III Rheometer with cone and plate geometry.  

 

 

4.3.2 Structural characterization 
 

Raman spectroscopy employed a laser source of visible or near-infrared 

monochromatic light to irradiate the sample. When a part of the scattered 

radiation is shifted from the irradiation frequency, the result is a so-called 

Raman shift. This shift (in wavelength) depends upon the chemical structure 

of the scattering molecule and its internal, molecular vibration modes. In case 

these vibrations cause any changes of the polarizability of the molecule, the 

shifts will provide a unique pattern (a visible fingerprint) as peaks in a Raman 

spectrum.  



 45

 Two different kinds of equipments were used. Spectra of crystalline 

sample solutions were recorded using a Bio Rad FTS 6000 equipped with a 

Raman accessory, a 2 W Nd:YAG laser (λ = 1,064 nm), a quartz beam splitter 

and a liquid nitrogen-cooled solid state Ge detector. For solid crystalline 

materials, spectra were also obtained using a Renishaw System 1000 

spectrometer equipped with a DMLM Leica microscope, a diode laser 

(λ = 780 nm) and an air-cooled CCD detector  

 
1H and 13C NMR spectroscopy was routinely used and recorded on a 

Bruker DMX 500 MHz spectrometer. In the NMR spectra both chemical 

shifts and spin-spin-couplings reflect the chemical environment of the nuclei, 

which provide information about molecular structure.  

 

Electrospray ionization/mass spectrometry (ESI/MS) was used for some 

selected electrolytes in order to verify their ionic composition, using 

acetonitrile or 1-propanol as solvents. Large-sized charged droplets are 

produced by pneumatic nebulization, as the analyte solution is forced through 

a needle and via an applied potential disperses into a very fine spray of 

charged droplets, all at similar polarity. Repeated evaporation of the solvent 

will entail shrinking sizes of the droplets and increased charge concentration 

at their surface. Eventually, they will explode due to the surface tension and 

smaller, lower charged droplets will be formed. Finally, the charged ions are 

characterized by using a connected mass analyser.  

 Measurements of the electrolytes in acetonitrile (AN) were performed on 

a PE-Sciex API III+ triple-quadrupole mass spectrometer with an IonSpray 

(pneumatically assisted electrospray) interface (PE-Sciex, Concord, Canada), 

while the measurements in 1-propanol were performed on a PE-Sciex API 
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365 triple-quadrupole mass spectrometer with an IonSpray interface 

(PE-Sciex, Concord, Canada); in both cases using a continuous infusion of 

5 µL/min.  

 The silver and copper iodide anions and cations in the electrolytes were 

identified with the help of isotopes in different abundances using negative and 

positive ionization potentials, respectively. The ESI/MS results are discussed 

in Paper II. 

 

Single crystal X-ray diffraction (XRD) provides detailed information about 

bonding distances, geometry and positions of the atoms in a crystalline 

compound. The single crystals were mounted into Lindemann capillaries and 

then irradiated by monochromatic X-ray radiation from all directions, 

resulting in a unique diffraction sphere. The XRD data for the single crystals 

obtained in this work were collected using a Bruker Nonius KappaCCD 

diffractometer. 

 More details about the crystal structure determinations performed in this 

work, regarding the crystallographic analyses, the data collection as well as 

structure refinement calculations, can be found in Papers II, IV and V.  
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4.4 Electrochemical measurements 
 

4.4.1 Impedance measurements 

 

The conductivity of the electrolytes was determined using alternative current 

(ac) impedance spectroscopy in the frequency interval 1-10,000 Hz and 

performed at room temperature. The impedance (resistance) of the electrolyte 

was changed while varying the frequency. From impedance plane plots (semi-

circular arcs), the high-frequency resistance (R8 ) was obtained and the 

conductivity (κ ) determined since 

 

 
∞

=
AR

d
κ  (10) 

 

where A is the cross-section area of the cell electrodes, d is the distance 

between them and the quotient d/A constitutes the cell constant. The set-up 

consisted of a two platinum electrode conductivity cell connected to an 

EG&G PAR model 263 A potentiostate/galvanostate with impedance 

capability, see Figure 12. A cell constant of 1.23 cm-1 was determined from an 

aqueous potassium chloride (KCl) standard solution.  

[mm] 

  

 
 

 

 

 

Figure 12. Geometry of the  two-platinum electrode conductivity cell.  

2  

5,9  

2,75 
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4.4.2 Cyclic voltammetry 

 

The diffusion-limited photocurrents within photoelectrochemical solar cells 

were determined by cyclic voltammetry using a slow scan rate. As steady state 

conditions were obtained, the diffusion coefficients of triiodide in the 

different electrolytes could be determined. Cyclic voltammetry was performed 

using a two-electrode cell consisting of two platinized conducting glass 

electrodes separated at a fixed distance d (50 µm) and connected to a 

potentiostat (CH Instruments 660). The diffusion coefficient (D) for triiodide 

follows from the limiting current density Jlim, according to the following 

equation: 

 

 Jlim = dNIcInqD /)()(2 A33
−− = dIcIFD /)()(4 33

−−  (11) 

 

where n is the number of electrons, q is the elemental charge, c (I3
-) is the 

concentration of triiodide ions, NA is Avogadros constant and F is the Faraday 

constant (96,485 C mol-1) [64]. The concentration of triiodide was presumed 

to be equal to the added concentration of iodine. 
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4.5 Photoelectrochemical measurements 

  

4.5.1 Photocurrent density-photovoltage (J-V) measurements 
 

In a simple electric circuit, a solar cell may replace and play the role of a 

battery. When the solar cell-containing circuit is switched on by light, a 

voltage is developed, which under infinite load resistance is called the open-

circuit voltage, Voc. By connecting the terminals, thus closing the circuit, the 

so-called short-circuit current, Isc, is obtained. In order to compare the 

current-voltage characteristics for different solar cells, independently of the 

illuminated area measured, the short-circuit current density Jsc is introduced 

and most often preferred. 

 The overall photoelectric conversion efficiency of a solar cell is generally 

characterized by the ratio between the maximum power output and the power 

of the incident sunlight. The performance can also be described by the so-

called fill factor, representing the ratio of the maximum power output to the 

product of the short-circuit current and the open-circuit voltage. The energy 

conversion efficiency was experimentally determined by measuring the 

photocurrent density–photovoltage ( J-V) characteristics of a dye-sensitized, 

nanocrystalline solar cell at room temperature. J-V diagrams were monitored 

and recorded using a Keithley Model 2400 source unit.  

From J-V diagrams the short-circuit current ( JSC) and the open-circuit 

voltage (VOC) were obtained, see Figure 13. The fill factor (FF) and the overall 

energy conversion efficiency (η) could be determined using the following 

definitions, where PS means the power of the incident (solar) light (W m-2) [65] 
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 FF =
OCSC

MAX)(
VJ

JV  (12) 

 

 η = 
S

OCSC FF
P
VJ

 (13) 

 

 
Figure 13. J-V diagram showing the short-circuit current ( JSC), the open-circuit voltage 

(VOC) and an exemplified maximum power (JV)MAX from which the fill factor is calculated. 

 

 

The value of the maximum power point, (JV)MAX, represents the largest 

area of a rectangle possible under the J-V curve. The product of JSC and VOC, 

being points of intersection with the axes, is the area of a rectangle formed 

outside the J-V curve. The fill factor, defined as the quotient between these 

two rectangles, is itself independent of the area of the illuminated solar cell 

device.  
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 The solar cells were irradiated by two different kinds of light sources, 

employed as solar simulators, through an infrared blocking filter. A sulphur 

plasma lamp, Light Drive 1000, calibrated to the solar spectrum, provided 

AM1.5 illumination and a light intensity of 100-1,000 W m-2 (0.1-1 Sun). The 

light intensity was measured using a pyranometer.  

 Fluorescent light was also used, in order to investigate the possibility of 

applications in indoor power supplies of the solar cells. The light intensity, 

ranging between 170-200 Lux, was measured using a Lux-meter.  

The influence of working temperature was investigated by constructing a 

furnace to which the solar cells were attached. The furnace contains heating 

elements (power resistors) and a Pt-100 sensor, regulated by a PID 

thermostate, see Figure 14. The studies were performed from ambient 

conditions up to +80 oC. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 14. The furnace constructed and used for the temperature-dependent 

measurements.  
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4.5.2 Long-term stability measurements 
 

Highly reproducible and perfectly feasible manufacturing processes, focused 

on the encapsulation techniques, are important requirements in order to 

achieve and guarantee reliable results at long-term stability measurements. 

Good quality sealing materials are required, which are preferably totally inert 

towards the iodine-based electrolyte. In this work, the solar cells were 

encapsulated using a thermoplastic, typically of Surlyn, forming a sealed unit, 

designed to prevent the impending risks for intrusion of oxygen and water as 

well as leakage or evaporation of the solvent in the electrolyte.  

 Long-term stability tests and the ageing of sealed, sandwich-modelled 

dye-sensitized solar cells were carried out at ambient conditions (room 

temperature). Fluorescent light was used as light source, providing an 

illumination of 2 W m-2 and < 200 Lux, thus comparable to indoor light but 

including UV wavelengths. The light intensity was measured and controlled 

using a Lux-meter. The solar cells were continuously irradiated and J-V 

characteristics monitored as a function of time, using a Keithley 2400 

source/meter.  

 In the first study, comprising 475 days (11,400 h), sulphonium iodides 

were compared to a standard, organic liquid-based electrolyte. It included 

solar cell modules made of either glass or polymer foil electrodes. The second 

study constituting 262 days (6,300 h) included nc-DSCs with ionic liquids of 

sulphonium or imidazolium iodides, using the standard electrolyte as a 

reference. For each electrolyte two samples of sealed cell assemblies were 

identically prepared. 
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4.5.3 Incident photon-to-current conversion efficiency (IPCE) 

measurements 
 

The short-circuit current density of a solar cell can not be predicted only from 

its absorptivity, since a part of the electron-hole pairs created from the 

absorption of light may recombine or diffuse before reaching the external 

contacts. Obviously, there are additional factors that need to be considered, 

such as the current-collection quantum efficiency and the photon flux 

provided.  

 The incident, monochromatic, photon-to-current conversion efficiency 

(IPCE), in general represents the ratio between the amount of electrons that 

flow through the external circuit, being the photogenerated current, and the 

incident photon flux that irradiates the solar cell. In a dye-sensitized 

nanocrystalline solar cell, the processes of light absorption and the charge 

carrier transport occur in different media. According to this, the injection 

efficiency, describing the probability of a photoexcited electron to be 

transferred from the light-harvester to the semiconductor, has to be included 

while determining the external quantum efficiency. For nc-DSCs, IPCE is the 

product of the quantum absorptivity (ae), the injection efficiency (φinj) and the 

current collection quantum efficiency (ηc), given by the following equation 

 

 IPCE = cinjea ηφ  (14) 

 

The quantum absorptivity is the fraction of the illumination at a given photon 

wavelength that is absorbed by the sensitizer to produce an excited state. The 
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injection efficiency depends on the injection rate constant and the lifetime of 

the excited dye measured in the absence of electron injection. [43-44]. 

From the photoresponse and the light intensity, IPCE was calculated 

according to 

 

 IPCE=
S

ph

Pq

hcJ

λ
= 

S

ph

P

J

λ

1240
  (15) 

 

where Jph is the photocurrent density (A m-2), λ is the wavelength of 

monochromatic light (nm), and PS is the light power density (W m-2) [66]. The 

constants h, c and q are Planck’s constant, the speed of light in vacuum and 

the elementary charge, respectively.  

 IPCE was experimentally determined as a function of illumination 

wavelength in the interval 400-800 nm for a two-electrode solar cell using a 

computerised set-up. The solar cell was illuminated by a 300 W xenon-arc 

lamp, whose beam passed through an infrared blocking filter into a high- 

intensity monochromator preceeded with a UV cut-off filter and a focusing 

quartz lens, see Figure 15. Part of the light was reflected towards a 

photodetector (diode) placed perpendicularly to the incident beam, where the 

short-circuit current was measured by using a Keithley source/meter.  

 In order to calibrate the set-up, the power of the defocused beam was 

determined using a calibrated silicon photodiode, which was placed at the 

same position as the solar cell and connected to an Optical Power Meter 

1830-C (Newport). 
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Figure 15. Experimental set-up for the IPCE measurements. 
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4.5.4 Intensity-modulated photocurrent or photovoltage 

spectroscopy (IMPS, IMVS) 
 

At the electron kinetic studies a diode laser with variable power and 

modulation control was used as light source, and a silicon photodiode for 

intensity measurements. Intensity-modulated photovoltage spectroscopy 

(IMVS) and photocurrent spectroscopy (IMPS) were performed under open-

circuit or short-circuit conditions, respectively. In IMVS, the output of the 

solar cell was directly connected to a lock-in amplifier, but in IMPS this 

connection was established using a current amplifier. For IMVS, a sinusoidally 

ac modulation constituting an intensity of about 1 % of the total light intensity 

output was added. The amplitude and the phase of the sinusoidal 

current/voltage response were measured while the frequency was stepped 

logarithmically in the range of 0.5-1,000 Hz. Time constants were obtained 

from graphs showing the frequency minimum result in the imaginary response 

[τ =(2πνmin)-1] and also, by using a least-squares fitting procedure.  

 The IMPS time constant, τIMPS, was determined by both the transport 

time for the electrons to move from the place where they are generated to the 

conducting back contact (τtr) and the electron lifetime (τe). The following 

relation has been derived [67] 

 

 ( ) ( ) ( ) 1
e

1
tr

1
IMPS

−−− += τττ  (16) 

 

The amount of accumulated electrons in the semiconductor is much higher 

under open-circuit than under short-circuit conditions. In our studies, the 

electron lifetime was determined by IMVS, which turned out to be 
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consistently longer than the lifetime that was determined by IMPS, 

consequently τe   = τIMVS > τIMPS. From this, it was reasonable to treat τIMPS as 

the electron transport time (τtr). 

 

 

4.5.5 Photocurrent transient measurements 
 

The electron transport time depends strongly on the accumulated charge in 

the porous TiO2 film. The light intensity dependence of the transport time in 

the nanostructured network is claimed to occur according to a 

trapping/detrapping process. The photoexcited electrons can be trapped in 

localized energy states, distributed below the conduction band edge, but may 

be released (detrapped) by thermal excitation. A multiple trapping/detrapping 

process will slow the transport down significantly, while increased light 

intensities entails a filling of traps and thus faster electron transport 

 Photocurrent transients were recorded in order to estimate the total 

charge present in the illuminated TiO 2 electrode under steady-state, short-

circuit conditions. After illuminating the solar cell at a certain light intensity, 

the laser diode was switched off. The photocurrent decay was recorded within 

a few seconds and integrated in order to obtain the charge present in the 

mesoporous TiO2. Corrections for the offset of the instrument were 

performed by  subtracting the charge recorded in absence of laser excitation.  
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Chapter 5 
 

Spectroscopical characterization and crystal 

structures  
 

5.1 Spectroscopical results 

 

5.1.1 Trialkylsulphonium iodides 
 

The Raman spectra of pure and metal-iodide-doped trialkylsulphonium 

iodides, changed upon addition of iodine, are shown in Figure 16; exemplified 

with different electrolytes, all based on (Et2MeS)I.  
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Figure 16. Raman spectra of some (Et2MeS)I-based electrolytes. 
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New peaks emerged at 110 and 145 cm-1, both typical for compounds 

containing polyiodide ions, such as I3
- and I5

- [68-70]. It can therefore be 

assumed that polyiodides are formed in the electrolytes. 

 

 

5.1.2 Metal-iodide-crown ether complexes 

 
In the Raman spectra obtained of the mixtures of zinc iodide and 15-crown-5, 

18-crown-6 or db-18-crown-6, new peaks emerged at 166 cm-1, 161 cm-1 and 

168 cm-1, respectively. In literature, a linear ZnI2 entity is characterized by 

exhibiting a symmetric stretch (giving rise to a strong peak in a Raman 

spectrum) at 163 cm-1 [71]. Obviously, we can presume that all three mixtures 

contain a crown ether compound with a linear ZnI2 group. However, it is not 

possible to determine whether the Zn2+ ion has been incorporated into the 

crown ether ring structure or not.  

The Raman spectrum obtained for the copper-iodide-(15-crown-5) 

mixture revealed a new peak at 119 cm-1, and for the copper-iodide-(18-

crown-6) mixture at 148 cm-1. In literature, a linear CuI2
- is expected to show a 

Raman peak at 148 cm-1 [72]. Consequently, the copper-iodide-(18-crown-6) 

mixture probably contains a compound of 18-crown-6 and a CuI2
- . 

For the silver-iodide-containing crown ether complexes, the Raman 

spectrum showed a peak at 132 cm-1. From literature, this peak does not fit to 

any symmetrical stretches characteristic of a linear AgI2
-, indicating that the 

ions present form another, here unidentified, silver-ion-containing structure 

[71]. 
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5.2 Crystal structures 
 

5.2.1 Iodoargentates and iodocuprates 
 

The dodecyldimethylsulphonium cation, (DodMe2S)+, has an amphiphilic 

structure comprising a polar, sulphur-based ending of (Me2S)+ and a long-

chained, hydrophobic alkyl group (C12H25). From electrolyte mixtures of 

(DodMe2S)I and metal iodides, with and without additional iodine, different 

crystalline compounds were obtained. The crystal structures were determined 

by single crystal X-ray diffractometry (XRD).  

 

 

5.2.1.1 Monomeric structures 

 

[DodMe2S]2[MI3] is formed from a mixture of (DodMe2S)I with copper iodide 

(CuI) or silver iodide (AgI), see Figure 17. Concerning the Ag+-containing 

compound an addition of iodine was required. [DodMe2S]2[MI3] crystallises in 

the orthorhombic crystal system and consists of almost trigonal planar anions 

(MI3
2-) encapsulated between laminar layers of parallel dodecyl chains of the 

sulphonium cations. The composition of the (MI3
2-) anion reveals that iodide 

ions seem to prefer copper and silver ions as Lewis acids to iodine molecules, 

since triiodide ions (I3
-) should else be formed.  

 From iodine-doped, copper-iodide-containing (DodMe2S)I mixtures two 

different compounds were formed, both consisting of monomeric entities. 

The first identified compound of [DodMeS]4[Cu4I4] (Figure 18) was eventually 

transformed to [DodMe2S][Cu3I4][DodMeS]3 (Figure 19). 
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Figure 17. The crystal structure of [DodMe2S]2[MI3] (M = Ag, Cu). 
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Figure 18. The crystal structure of [DodMe2S]4 [Cu4I4]. 
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Figure 19. The crystal structure of [DodMe2S][Cu3I4][DodMeS]3. 
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Polymeric structure 

 
In the absence of iodine, (DodMe2S)I and silver iodide form a new structure, 

[DodMe2S+][Ag2I3
-]. This structure crystallizes in the triclinic crystal system 

and contains a polymeric structure comprising one-dimensional, infinite Ag2I3 

chains, which are placed in between layers of the long-chained 

alkylsulphonium cations (Figure 20). The low-dimensional compound could 

potentially express good electrical conductivities due to ionic conduction. A 

polyiodide of this polymer may provide a mixed conductor, with combined 

good electrical and ionic conducting abilities.  

 

 
 

Figure 20. The crystal structure of [DodMe2S][Ag2I3]. 
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5.2.2 Metal-iodide-crown ether complexes 

 
5.2.2.1 Metal-iodide-(12-crown-4)complex  

 

From a solution of potassium iodide, copper iodide and 12-crown-4 in 

acetone, high-quality crystals were obtained, consisting of the metal-iodide-

containing complex [(12-crown-4)2K]2[Cu4I6]. The crystal structure is shown 

in Figure 21.  

 The crystalline compound contains two crystallographically independent 

[(12-crown-4)2K]+ complex cations and an anion of [Cu4I6]2-. Each cation 

constitutes an organic cryptate, in which a metal cation, here a potassium ion 

(K+), is enclosed within the organic cage structure of the crown ether. 

 

 

 

 

Figure 21. The crystal structure of [(12-crown-4)2K]2[Cu4I6]. 
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The unit cell of [(12-crown-4)2K]2[Cu4I6] is presented in Figure 22, viewed 

along the b axis with the CuI4 tetrahedra in polyhedral representation. 

 

 
 

Figure 22. The unit cell of [(12-crown-4)2K]2[Cu4I6]. 
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5.2.2.2 Metal-iodide-(15-crown-5) or -(18-crown-6) complexes 

 

By performing single crystal X-ray diffractometry on a compound containing 

copper-iodide-(18-crown-6) complex, the crystal structure was shown to 

consist of potassium ions, which are incorporated into the crown ether ring 

structure, and also interconnected by linear CuI2
- groups. The chemical 

formula of the complex is (CuI2)K(18-crown-6). The crystal structure was first 

presented in Ref. [73].  

In the copper-iodide-containing 15-crown-5 complex, the potassium 

ions are attached to the crown ether molecule, but not fully incorporated into 

the ring. The copper iodide forms an anionic, polymeric chain consisting of 

(Cu4I6)2- entities, which explains why no peak relating to a linear CuI2
- 

complex could be observed in the Raman spectrum. The chemical formula of 

the complex is (Cu4I6)K2(15-crown-5)2 and the crystal structure was previously 

reported in Ref. [74].   
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Chapter 6 

 

Ionic liquids of organic sulphonium and 

imidazolium iodides 
 

6.1 Electrochemical measurements 

 
The ionic liquid electrolytes (Et2MeS)I, (Bu2MeS)I, (Bu2EtS)I and (HxMeIm)I 

were doped with elemental iodine (I2) in the same molar iodide-to-iodine-

proportion 100:1 without incorporation of other liquid solvents. The organic 

iodide liquids showed good electrical conductivities, even without the addition 

of iodine.  

 

6.1.1 Organic sulphonium iodides 
 

The (Et2MeS)I ionic liquid showed the highest conductivity of all electrolytes 

synthesized, about 7 mS cm-1 with a viscosity of 270 cP. After addition of 

iodine the conductivity increased, while the viscosity decreased considerably. 

Addition of metal iodides resulted in decreased conductivities, while 

viscosities were almost unchanged. Iodine doping of the metal-iodide-

containing electrolytes did not significantly affect conductivities. 

(Bu2MeS)I and (Bu2EtS)I showed good conductivities of 0.4 mS cm-1, 

which improved at the addition of iodine. (Bu2MeS)I was the most viscous 

synthesized liquid (1,090 cP), but became appreciably more fluid at higher 



 70

contents of iodine. The addition of metal iodides gave impaired 

conductivities, while viscosities were essentially unchanged.  

 

 

6.1.2 Metal-iodide-crown-ether complexes 

 
For the metal-iodide-crown ether mixtures, the electrochemical measurements 

were hard to perform, mainly because of their high melting points. 

Photoelectrochemical studies of solar cells containing these electrolytes gave 

poor results, even though the mixtures were heated up above the melting 

point before being applied. Unfortunately, they solidified too quickly and thus 

failed in penetrating the mesoporous electrode material.  

 The highest overall conversion efficiency, about 0.1 %, was obtained for 

the iodine-containing zinc-iodide-(18-crown-6) mixture as electrolyte in dye-

sensitized solar cells in AM1.5 illumination (100 W m-2). Possibly, an 

improvement may be accomplished by increasing the iodine concentration in 

the electrolyte mixtures in order to decrease viscosities and concommitantly 

lower the melting points, a challenging prospect for future investigations of 

these electrolyte systems. 
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6.2 Photoelectrochemical measurements 

 

6.2.1 Photocurrent density-photovoltage characteristics 

 
For solar cells with ionic liquids, the highest energy conversion efficiencies 

were achieved at different temperatures due to the viscosity of the electrolytes. 

The (Et2MeS)I-based cells were most successful at room temperature, but 

those containing (Bu2MeS)I and (Bu2EtS)I at higher temperatures, such as 50 

and 80 oC, respectively. After adding iodine to the electrolytes, the viscosities 

decreased resulting in best solar cell performances at room temperature. The 

top results obtained from ionic liquid-containing nc-DSCs studied in this 

work are presented in Table 6.  

 

Table 6. The best overall conversion efficiency results achieved by nc-DSCs using (R2R’S)I 

electrolytes in AM1.5 irradiation (100 W m-2). 

 

Electrolyte  Prop. η FF VOC JSC 

    % % V mA cm-2 

(Bu2MeS)I:I2 1:0.01 3.7 62 0.6 1.0 

(Bu2MeS)I:AgI:I2 1:0.03:0.05 3.1 61 0.6 0.9 

(Pr2MeS)I:CuI:I2 1:0.3:0.01 2.9 55 0.6 1.0 

(Et2MeS)I:I2 1:0.01 2.8 60 0.5 1.0 

(Bu2MeS)I:CuI:I2 1:0.03:0.05 2.7 59 0.5 0.9 

Standard electrolytea  5.0-6.0 60-70 0.6-0.7 1.0 
a Standard electrolyte: 0.5 M LiI, 50 mM I2 and 0.5 M 4-TBP in 3-MPN 
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 Doping a selection of the organic sulphonium iodides with small 

portions of iodides of the coinage metals resulted in decreased short -circuit 

current densities and from this reduced conversion efficiencies in the solar 

cells, see Figure 23.  

 However, after the addition of iodine to the electrolytes, the efficiency 

results improved. The silver-iodide-containing electrolytes generally gave 

better results than their copper-iodide-containing congeners. This can 

probably be attributed to their different viscosities or the kind of aggregates 

formed in the mixtures, thus affecting the ionic migration abilities within the 

electrolytes. Also the metal-iodide-containing electrolytes gave improved 

results at the addition of iodine, which was more obvious for the copper-

iodide-containing electrolytes than the silver-iodide-doped ones.  
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Figure 23. Photocurrent density-photovoltage diagram for the (Bu2MeS)I electrolytes in 

nc-DSCs, while illuminated by light providing an AM1.5 spectrum.  
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 The photocurrent density-photovoltage-measurements of dye-sensitized 

nanocrystalline solar cells with dimethylalkylsulphonium iodides as electrolytes 

gave very poor overall results, due to the very high melting points of the salts. 

The nc-DSCs containing electrolytes of (EtMe2S)I, (Me2PrS)I or 

(DodMe2S)I, with and without additional iodine, provided very low 

photocurrents and overall conversion efficiencies, but the photovoltages were 

stable at 0.4-0.5 V within the temperature interval studied.  

In AM1.5 illumination, nc-DSCs with the liquid electrolytes (Et2MeS)I 

and (BuEt2S)I achieved overall conversion efficiencies of 2.0 and 0.5 %, 

respectively. After the addition of iodine to the electrolytes the photocurrents 

increased and nc-DSCs with (Et2MeS)I:I2 100:1 obtained an efficiency of 

2.8 %, see Table 7. 

 

 

Table 7. Results from J-V measurements of nc-DSCs using different solar simulators.  

 

    

AM1.5 

(100 W m-2) 

Fluorescent light 

(170-200 Lux) 

Electrolyte Prop. η FF VOC JSC η FF VOC JSC 

    % % V mA cm -2 % % V µA cm-2 

(Et2MeS)I  2.0 58 0.57 0.6 0.7 42 0.32 33 

(Et2MeS)I:I2 1:0.01 2.8 60 0.49 1.0 0.1 31 0.23 11  

(Et2MeS)I I:AgI 1:0.03 1.8 58 0.62 0.5 0.7 46 0.37 26 

(Et2MeS)I:AgI:I2 1:0.03:0.01 1.9 59 0.48 0.7 0.1 32 0.22 12 

(Et2MeS)I:AgI 1:0.3 0.5 54 0.59 0.2 0.6 41 0.39 25 

(Et2MeS)I:AgI:I2 1:0.3:0.01 2.4 57 0.52 0.8 0.3 41 0.25 20 
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By increased contents of iodine in the electrolyte, beyond 10:1, the conversion 

efficiencies were impaired, probably because iodine lowers the photoresponse 

of the solar cell at all wavelengths. Another explanation may include 

recombination losses of photoinjected electrons from the conduction band of 

the semiconductor (TiO 2) to polyiodide ions in the electrolyte.  

Solar cells with iodine-containing (MePr2S)I provided overall conversion 

efficiencies of 0.6-0.8 % in AM1.5 irradiation. Notably, the (MePr2S)I 

electrolytes were most positively affected by metal-iodide doping among all 

trialkylsulphonium iodides, probably due to decreased viscosities. The 

nc-DSCs with (MePr2S)I:CuI:I2 1:0.3:0.01 achieved a conversion efficiency of 

2.9 %, which was the third best result obtained among all electrolytes studied 

in this work.  

In AM1.5 irradiation, (Bu2MeS)I:I2-containing solar cells achieved the 

highest conversion efficiency of all, 3.7 %, see Table 6. Metal-iodide and/or 

iodine-containing (Bu2MeS)I electrolytes overall provide good results in nc-

DSCs. In total, six different electrolyte mixtures based on 

dibutylalkylsulphonium iodides provided solar cell conversion efficiencies of 

> 2 %. The electrolytes were also stable within the temperature interval 

studied. 

From measurements performed in fluorescent light, the best results 

concerning the short-circuit photocurrent density, open-circuit photovoltage 

and overall conversion efficiency were achieved from using the pure (non-

doped) salts as electrolytes, which is a scenario that was observed for all 

electrolytes studied (Table 7). This may be related to the redox pair in the 

iodine-containing electrolytes, since triiodide ions have absorption bands in 

the UV region, which will affect and impair the absorbing possibilities of the 

dye molecules in nc-DSCs using this illumination source.  
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6.2.2 Incident photon-to-current conversion efficiency  
 

Solar cells containing dibutylalkylsulphonium iodides, achieved IPCE results 

that were stable above 55 % in the wavelength region 400-550 nm, with a 

decrease on the red side of the spectrum (Figure 24). By adding iodine to the 

electrolytes, IPCE improved overall, within the wavelength spectrum studied, 

which was in agreement with the positive effects also noticed from 

conductivity and J-V measurements.  

 

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

400 500 600 700 800
Wavelength (nm)

IP
C

E
 

(Bu2MeS)I 

(Bu2MeS)I:I2
(Bu2MeS)I:AgI 

(Bu2MeS)I:AgI:I2

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

400 500 600 700 800
Wavelength (nm)

IP
C

E
 

(Bu2MeS)I 

(Bu2MeS)I:I2
(Bu2MeS)I:AgI 

(Bu2MeS)I:AgI:I2

 

Figure 24. IPCE spectra for nc-DSCs containing (Bu2MeS)I-electrolytes. 

  

A threshold appears at about 530 nm, which coincides with the spectrum of 

the dye used. At shorter wavelengths, the IPCE was stable for solar cells with 

non-iodine-doped electrolytes. In contrast, those with additional iodine were 

impaired, which was noticed in the spectra by a significant drop of the curve.
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6.3 Variation of the solar cell module 
 

6.3.1 Open or sealed solar cells 
 

Photoelectrochemical measurements of open and sealed nc-DSCs, containing 

iodine-doped (R2R’S)I-molten salts or a standard (organic liquid-based) 

electrolyte, have been performed. The highest overall light-to-electricity 

conversion efficiencies, as well as the highest short-circuit current densities, 

were obtained for the sealed and open solar cells containing the standard, 

organic solvent-based electrolyte (Table 8).  

 Generally, the results obtained for the sealed cells were superior to the 

open-cell analogues. For ionic liquid-based cells, the highest overall 

conversion efficiencies were found for (Bu2MeS)I:I2, while used in the open 

cells, and for (Et2MeS)I:I2 in the sealed cells. In 100 W m-2 illumination, the 

light-to-electricity conversion efficiencies were higher due to higher short-

circuit current densities, meanwhile the open-circuit voltages and the fill 

factors were almost unchanged. The IPCE results were improved by the 

sealing treatment, as (Bu2MeS)I:I2–containing solar cells achieved IPCE of 

about 74 % at 530 nm, which was even superior to the standard electrolyte 

cells. 

Results provided by different samples of identical, sealed solar cells were 

overall more stable as compared to their open-cell analogues, although the 

same batches of chemicals were used. After 2-8 weeks of storage, in absence 

of light, the results turned out to be just moderately impaired by time, the 

exception being the solar cells containing the standard electrolyte. The 

deterioration of the organic liquid-based cells may be caused by a leakage or 

evaporation of solvent during or between measurements.  
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Table 8. Results from J-V and IPCE measurements on open or sealed solar cells using 

glass or polymer foil electrodes. 

 
    

W. E:  

C. E:   

Open cells 

TiO2 on glass 

Platinated glass 

Sealed cells 

TiO2 on glass 

Platinated glass 

Sealed cells 

TiO2 on polymer foil 

SnO2 on polymer foil 

Electrolyte Illum η JSC VOC FF IPCEa η JSC VOC FF IPCEa η JSC VOC FF IPCEa 

  W m-2 % mA cm -2 V %  % mA cm -2 V %  % mA cm -2 V %  

(Et2MeS)I:I2 100 1.7 0.7 0.40 62 0.48 2.9 1.0 0.47 60 0.48  1.1 0.5 0.44 50 0.31 

 1000 2.2 7.3 0.52 59  1.6 3.7 0.57 79   0.8 4.5 0.54 31  

(Bu2MeS)I:I2 100 2.4 0.8 0.46 63 0.60 2.1 0.8 0.52 51 0.71  2.4 0.8 0.55 57 0.50 

 1000 1.3 3.8 0.53 62  0.3 0.7 0.58 73   0.6 4.4 0.60 24  

(Bu2EtS)I:I2 100 0.8 0.3 0.56 49 0.46 1.8 0.6 0.58 50 0.60  1.9 0.7 0.56 50 0.46 

 1000 0.1 0.2 0.48 32  0.3 0.6 0.65 80   0.5 3.4 0.61 22  

Standard b,c 100 3.9 0.9 0.65 68 0.45 4.8 2.2 0.55 60 0.51  1.1 0.8 0.59 30 0.35 

  1000 4.0 8.9 0.75 60  3.3 11.8 0.63 47   0.2 1.5 0.66 18  
a IPCE result at 530 nm 
b Standard electrolyte for glass cells: 0.5 M LiI, 50 mM I2, 0.5 M 1-MBI in 3-MPN  
c Standard electrolyte for polymer foil cells: 0.5 M LiI, 50 mM I2, 0.5 M 1-MBI in PEG 200 

 

 

6.3.2 Glass or polymer foil electrodes 

 
In solar cells composed of polymer foil electrodes the so-called counter 

electrode lacks the catalytic coverage of platinum existing in glass electrode 

cells. For standard organic liquid-based cells, the commonly used organic 

solvent 3-methoxypropionitrile (MPN) was replaced by a polymeric 

compound, polyethylene glycol (PEG 200), in order to avoid possible 

chemical reactions with electrode materials. 



 78

The polymer foil solar cells of the most viscous electrolytes, (Bu2MeS)I:I2 

or (Bu2EtS)I:I2, gave almost the same results with respect to the JSC, VOC, FF 

and ? values, as their glass-cell analogues, see Table 8. The (Bu2MeS)I:I2-

containing polymer foil cells provided the highest conversion efficiency, 2.4 

%, whereas the standard electrolyte cell only achieved an efficiency of 1.1 %. 

The dependence of the conversion efficiency upon the dimensions of 

the photoactive area was studied as J-V measurements of solar cells with an 

illumination area of 0.3-1.5 cm2 were performed. The current density/voltage 

characteristics appeared to be almost indifferent to the area exposed, as the 

conversion efficiencies were just moderately impaired, at least within these 

limits. 
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6.4 Surface modifications 

 
Treating the TiO2 surface with organic adsorbates such as 4-tert-butylpyridine 

has previously been shown to improve the efficiency of nc-DSCs, due to 

increased photovoltages [3, 60, 75]. From recent studies, the surface treatment 

has also provided substantially increased photocurrents. The positive effects 

related to this additive can be explained by:  

 

-  steric blocking of the TiO2 surface  

- deactivation of recombination sites at TiO2 

- formation of complexes with iodine in the electrolyte 

 

 

6.4.1 Effects from 4-tert-butylpyridine (TBP) addition 
 

The short-circuit currents and overall conversion efficiencies of dye-

sensitized, photochemical solar cells improved by treating the working 

electrode with 4-tert-butylpyridine, before applying the electrolyte. The open-

circuit voltages were almost unchanged still showing good values.  

 The IPCE results were moderately impaired by the 4-tert-butylpyridine 

treatment of the working electrodes, for reasons that are still not clear (Figure 

25). In particular since the opposite effect was observed in the AM1.5 

measurements. From literature, negative effects upon 4-tert-butylpyridine 

addition have also been observed for nc-DSCs using other liquid electrolyte 

systems [76]. 
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Figure 25. IPCE spectra using (Et2MeS)I:I2 electrolytes in nc-DSCs and electrodes treated 

or not with 4-tert-butylpyridine (TBP). 
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6.5 Variation of the light intensity 
 

The effect from variation of the intensity of the light upon the overall 

conversion efficiency of dye-sensitized solar cells containing ionic liquid 

electrolytes was studied. The intention was to investigate at what light 

intensity the solar cell efficiency is maximized, or else reaches an optimum. 

 Photoelectrochemical measurements were performed in 100-1,000 W m-2 

illumination (0.1-1 Sun), providing an AM1.5 solar spectrum. At 100 W m-2 

simulated solar light, dye-sensitized solar cells containing (Et 2MeS)I:I2, 

(Bu2MeS)I:I2 or (Bu2EtS)I:I2 gave overall conversion efficiencies of 2.9 %, 

2.4 % and 1.9 %, respectively. The nc-DSCs with (HxMeIm)I:I2 displayed a 

similar open-circuit voltage and fill factor as those cells containing 

(Bu2MeS)I:I2, but lower short-circuit currents, thus resulting in a lower overall 

conversion efficiency, such as 0.9 % (presented in Paper VI).  

Generally, the JSC and VOC results improved upon an increase in light 

intensity and, except for the standard electrolyte cells, the FF values were 

positively affected. At high intensities the conversion efficiencies, representing 

the relation between “power in” and “power out”, were generally found to be 

impaired, since JSC, VOC and FF did not increase in proportion to the 

amplification of the light intensity provided. Concerning the ionic liquid-

containing solar cells, a limitation in the short-circuit current densities, Jlim, 

emerged at increasing light intensities (Figure 26). A scenario of intensity-

dependent current limitation has formerly been reported in the literature on 

solar cells with iodine-doped imidazolium electrolytes [14-15].  
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Figure 26. Double-log diagram showing the short-circuit current density obtained from 

J-V measurements as a function of light intensity. 

 
In this study, the Jlim values were reached at different light intensities, but 

already at 200 W m-2 the short-circuit current density maximum was reached 

for all electrolytes studied. The highest Jlim was observed for the (Et2MeS)I:I2 

cells, while the lowest values were recorded for solar cells containing the most 

viscous electrolytes, (HxMeIm)I:I2 or (Bu2MeS)I:I2. Cells with more viscous 

electrolytes reached the maximum short-circuit current densities at lower light 

intensities indicating a saturation phenomenon. One may assume that the 

current limitation is related to the viscosity of the electrolytes used, or a 

limited diffusion of the triiodide ions, thus resulting in negligible 

concentrations at the counter electrode. 
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6.6 Variation of the illumination direction  
 

The incident photon-to-current efficiency (IPCE) was measured for solar cells 

while positioned in front of the solar simulator in two different ways. Firstly, 

when the working electrode is directed towards the light source, the light 

beam will enter the TiO2film through the conducting glass substrate of the 

working electrode (WE illumination). Alternatively, the radiation may first 

pass through the counter electrode and thereby enter the TiO2 from the 

electrolyte side (CE illumination).  

In between 400 > λ/nm > 700, generally all electrolytes, except for 

(Bu2MeS)I:I2, provide IPCE results that are comparable with the standard 

electrolyte in nc-DSCs (Figure 27). However, in the “red-light region” it is 

notable that the molten-salt electrolytes achieve higher IPCE, which may 

indicate a lower position of the conduction band edge, thus implying a faster 

and more efficient injection of the electrons into the semiconductor electrode 

material.  

At WE illumination measurements, the highest IPCE results were 

obtained by the ionic liquid-based solar cells containing (Bu2MeS)I:I2 (74 % at 

530 nm), thus exceeding those containing the standard electrolyte, and the 

lowest by the (Et2MeS)I:I2 cells. The IPCE action spectrum from the 

(HxMeIm)I:I2 cells is positioned above that of the (Et 2MeS)I:I2 cells, but just 

below the standard electrolyte cells. 

In the J-V experiments, the (Et2MeS)I:I2-containing cells gave the best 

conversion efficiencies and JSC results, but consequently furnished the lowest 

IPCE. This unexpected and contradictory result may be explained by the 

limited short-circuit current densities occurring at higher light intensities. The 

(Et2MeS)I:I2 cells obviously display a higher Jlim value compared to the other 
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ionic liquid-containing cells. However, in the IPCE experiments the light 

intensity used seem to be too low to cause such saturation phenomena.  

Turning the solar cells, thus changing the direction of the light beam 

from WE to CE illumination, entailed a decrease in IPCE results overall and 

most significantly for the (Et2MeS)I:I2-based cells, which were impaired by 

almost 50 %. In the case of CE illumination, the transport route of the 

photoexcited electrons through the porous structure of the semiconductor is 

probably prolonged, since they in theory are created on a distance further 

away from the back contact. The risks that the mobile electrons may react 

with electrolyte species or with the oxidized dye, or else become trapped on 

their journey towards the back contact, are certainly enhanced while using CE 

illumination.  
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Figure 27. IPCE action spectra obtained for nc-DSCs containing different electrolytes. 
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6.7 Electron kinetic measurements 
 

A high-quality nc-DSC requires an efficient collection of the photoinjected 

electrons at the back contact of the working electrode, which depends on the 

electrons’ transport time through the porous structure as well as their lifetime 

within the nanocrystalline film. However, the impact from the choice of the 

electrolyte is not clear. As the semiconductor nanoparticles are surrounded by 

the electrolyte, the mobile electrons within the porous structure are charge-

compensated by its cations. The composition of the electrolyte and its 

concentration of ions will therefore very likely affect both the electron 

transport and lifetime, bearing in mind possible recombination reactions with 

triiodide ions or other charged species in the electrolyte. Clear effects have 

been found when low electrolyte concentrations were used. The electrolyte 

composition, especially the choice of the redox pair, will also determine the 

energy levels of chemical conversion within the solar cell.  

 The effect of ionic liquid electrolytes on the mobile charge carrier 

transport as well as the electron lifetime in dye-sensitized solar cells were 

investigated, the results are presented and discussed in more detail in Paper 

VII. 

 

 

6.7.1 Electron transport, accumulation and lifetime  

 
Ionic liquid electrolytes have rather high viscosities, resulting in low diffusion 

coefficients. In dye-sensitized solar cells, the diffusion coefficient of the 

triiodide ion in the electrolyte, D(I3
-), is usually a limiting factor. The I3

- 
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concentration is usually kept low in order to avoid significant recombination 

losses. D(I3
-) for the investigated electrolytes were experimentally determined, 

where the results obtained for the standard electrolyte and (HxMeIm)I:I2 were 

in agreement with previously published results [14, 36]. For (Et2MeS)I:I2, the 

D(I3
-) value is relatively high (3 × 10-7 cm2 s-1), as a matter of fact one of the 

highest reported so far for a pure iodide ionic liquid. For those solar cells 

containing the most viscous ionic liquid electrolytes, (Bu2MeS)I:I2 or 

(HxMeIm)I:I2, the short-circuit current density leveled off at lower light 

intensities, due to their low triiodide diffusion coefficients, see Table 2. The 

open-circuit potential was found to increase linearly with the logarithm of the 

light intensity, and mostly so for the (HxMeIm)I:I2 cells. 

 In intensity-modulated photocurrent spectroscopy (IMPS), the obtained 

time constants, τIMPS, roughly correspond to the transport time of the injected 

electrons. These systematically decrease with increasing light intensities. 

Generally, no significant difference between the different electrolytes could be 

noticed as τIMPS followed a power-law dependence of the light intensity. 

 The electron transport time in nc-DSCs depends strongly on the 

accumulated charge in the mesoporous TiO2 film, which extends with 

increasing light intensities for all electrolytes studied, see Figure 28 (a). The 

highest charge was accumulated in the (Bu2MeS)I:I2-based cells, which also 

showed a slightly faster electron transport than those cells containing 

(Et2MeS)I:I2 or (HxMeIm)I:I2 at low electron concentrations.  

 From intensity-modulated photovoltage spectroscopy (IMVS) studies, 

the time constants, τIMVS, obtained were presented as functions of the open-

circuit potential, see Figure 28 (b). The plots show that (Et2MeS)I:I2 gives the 

poorest open-circuit potential as well as the shortest electron lifetime, in 
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agreement with results formerly provided from other electrochemical 

measurements. 
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Figure 28. (a) Accumulated charge under short-circuit conditions as function of light 

intensity and (b) IMVS time constant (τIMVS) as a function of open-circuit potential. 
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The mobile electrons in the TiO2 film are charge compensated by cations in 

the electrolytes, whose concentrations may influence the transport and 

lifetimes of the electrons [38, 77]. The ion concentrations are very high, at 

least 5-6 M in the ionic liquids. The retardation of the electron movement due 

to slow diffusion of the compensating cations will therefore have a negligible 

effect according to the ambipolar diffusion model [78]. The electron transport 

will mainly be dominated by the characteristics of the mesoporous TiO2 

structure, which was identical for all the samples studied in this work.  

 Among the ionic liquids investigated, (Et 2MeS)I:I2 shows the highest 

diffusion coefficient for triiodide, thus constituting the most suitable choice 

for application as electrolyte in dye-sensitized solar cells. Unfortunately, it also 

provides the poorest electron lifetime.  

 In a recent investigation, small-sized cations, Li+ and Me2PrIm+, gave 

shorter electron lifetimes than a larger and less adsorptive cation, TBA+ [79]. 

The increased thickness of the electrical double layer in the TBA+-containing 

electrolyte enables a lower concentration of I3
- near the TiO2 surface, resulting 

in the longer electron lifetimes observed. This may be a reasonable 

explanation also for the ionic liquids in this work, where Bu2MeS+ is more 

bulky and probably less adsorptive than Et 2MeS+ and HxMeIm+, therefore 

giving longer electron lifetimes. In contrast, the standard organic electrolyte 

containing Li+ also gave long lifetimes, but this was most likely related to the 

additive in the electrolyte, 1-methylbenzimidazole (MBI), willing to adsorb at 

the TiO2 surface.  

 In conclusion, the electron lifetime seems to depend on the 

characteristics of the cation in the ionic liquid, where a bulky and less 

absorptive cation provides longer lifetimes.  
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6.8 Long-term stability measurements 
 

The long-term stability of a dye-sensitized solar cell is controlled by both 

physical and chemical factors, such as the evaporation of the electrolyte and 

the degradation of the dye or contents of the electrolyte, respectively. The 

degradation of a solar cell illuminated by visible light may be expedited by 

electron recombination reactions with charged species present in the 

electrolyte or with the oxidized dye. The stability is also negatively affected by 

ionic exchange reactions or a bleaching of the electrolyte, due to an 

irreversible consumption of iodine, result ing in reduced concentrations of the 

redox couple.   

 

 

6.8.1 Glass or polymer foil-based solar cells 

 

In the first study, covering 475 days, (Bu2MeS)I-based nc-DSCs provided the 

best long-term stabilities, while those containing the standard electrolyte failed 

within a few weeks. Sealed nc-DSCs with glass electrodes were found to be 

preferable to the polymer foil assemblies for all electrolytes studied, see Figure 

29. Within the first 1,000 h the most efficient (Bu2MeS)I:I2-based solar cell 

achieved JSC values several times higher than the second best cell containing 

(Bu2EtS)I:I2. The VOC result of the most stable (Bu2MeS)I:I2 cell was lower 

than that obtained by the (Bu2EtS)I:I2 cell, but still better than the 

(Et2MeS)I:I2 cells.  

Obviously, solar cells containing any one of the two most viscous 

sulphonium-based molten salts; (Bu2MeS)I:I2 and (Bu2EtS)I:I2, were more 

stable than the cells containing (Et2MeS)I:I2. This was quite surprising with 
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respect to the previously noted photoelectrochemical results, where the 

(Et2MeS)I:I2 cells showed the highest average conversion efficiencies. 

However, these also displayed the lowest IPCE indicating high sensitivity to 

the wavelength spectrum provided.  
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Figure 29. Results from long-term stability tests of nc-DSCs made from glass or polymer 

foil electrodes in < 200 Lux continuous illumination (2 W m-2).  
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6.8.2 Ionic liquid or organic solvent-based solar cells 
 

Solar cells with ionic liquids of organic sulphonium or imidazolium iodides 

were studied using standard, organic solvent-based cells as reference. At 100 

W m-2 illumination, solar cells containing the standard electrolyte were most 

efficient, but in fluorescent light they achieved the poorest results of all.  They 

initially provided the highest open-circuit voltages, which dramatically 

decreased to unmeasurable levels after about 2,000 h.  

 For the ionic liquid-based cells, the short-circuit current densities 

gradually decreased within the time-period studied, meanwhile the open-

circuit voltages were persistently fairly stable. The (Bu2MeSI):I2-based cells 

initially showed the highest short-circuit currents, but were eventually 

surpassed by the (HxMeIm)I:I2–based cells. These relative positions sustained. 

The open-circuit voltage of the (Bu2MeSI):I2 cells were reduced almost 

proportionally, but for the (Et 2MeSI):I2 cells more dramatically. The 

(HxMeIm)I:I2 cells originally provided lower open-circuit voltages than the 

(Bu2MeSI):I2-based cells, which they eventually surpassed, thus providing 

stabile results during the whole time-period of measurement.  

In conclusion, the ionic liquid-based solar cells showed far better long-

term stabilities than those containing the standard electrolyte, with the 

(HxMeIm)I:I2-based cells providing the highest maximum overall power 

(Figure 30). However, it should be noted, that the conclusions are based on 

the results obtained from the studies performed in this work. Unfortunately, 

there are several factors, such as imperfect sealing or evaporation of the 

solvent, that may have a negative impact on the long-term stabilities, especially 

for the organic liquid-based solar cells, and therefore reproducible results are 

hard to fully guarantee.  
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Figure 30. The maximum power output for solar cells that were positioned in 200 Lux 

continuous illumination (2 W m-2).  
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Chapter 7 

 

Polypyridyl-ruthenium photosensitizers  

 

7.1 The dyes N-719, Z-907 and β-diketonato complex  
 

Titanium dioxide electrodes were sensitized with polypyridyl-ruthenium 

complexes named N-719, Z-907 and a β-diketonato complex, in order to be 

used in solar cells. The chemical formulas of N-719, Z-907 and the 

β-diketonato complex are [cis-Ru(II)L2(NCS)2(TBA)2], [cis-Ru(II)LL’(NCS)2] 

and [(dcbpy)2Ru(acetylacetonate)]Cl-, respectively, where L is H2dcbpy or 

4,4’-dicarboxyl-2,2’-bipyridine, L’ is dnbpy or 4,4’-dinonyl-2,2’-bipyridine, 

NCS is thiocyanate and TBA is tetra-n-butylammonium.  

 The amphiphilic dyes N-719 and Z-907 exhibit different degrees of 

hydrophobicity because of the electron-donating ligands attached to their 

bipyridyl groups. In the β-diketonato complex, the thiocyanates have been 

replaced by strong electron donators and long-chain hydrocarbon substituents 

introduced to suppress dye aggregation on the TiO2 surface. 

 The results reported represent calculated average data achieved from two 

identical solar cells, sensitized with the same dye and containing the same 

electrolyte. 
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7.2 Photoelectrochemical properties in nc-DSCs 

 
Solar cells sensitized with dye N-719 showed higher overall light-to-electricity 

conversion efficiencies than those including dye Z-907, because of higher 

short-circuit photocurrent densities and open-circuit voltages, which was 

observed for all electrolytes studied, see Table 9. Also the IPCE results were 

higher for the N-719-sensitized cells. These results were quite unexpected, 

since dye Z-907 is more hydrophobic than N-719, based on the long-chained 

nonyl substituents, and thus supposed to form an insulating hydrophobic 

barrier or spacer for the unwanted back transfer of electrons from the 

semiconductor to oxidizing species in the electrolyte. The consequence is 

expected to be increased current densities due to reduced dark currents.  

 

Table 9. Overall conversion efficiencies (%) of solar cells sensitized with different dyes, 

and also including an addition of HDMA to the dye or P25 to the electrolyte (AM1.5). 
 

Dyes Standard (Et2MeS)I:I2 (Bu2MeS)I:I2 (HxMeIm)I:I2 

  
100 

W m-2 

1000 

W m-2 

100 

W m-2 

1000 

W m-2 

100 

W m-2 

1000 

W m-2 

100 

W m-2 

1000 

W m-2 

N-719 4.1 2.5 1.7 1.8 2.3 0.5 1.4 0.3 

N-719+HDMA 2.9 2.5 1.6 0.9 2.0 0.3 1.3 0.3 

N-719 +P25 4.6 3.3 1.7 1.1 2.3 0.4 1.7 0.3 

Z-907 Sol 3.7 2.2 1.4 0.8 2.0 0.5 1.2 0.2 

Z-907 Zak 3.6 2.5 1.2 0.8 2.2 0.5 1.3 0.2 

Z-907 Sol+HDMA 4.0 2.3 1.4 1.1 2.0 0.5 1.3 0.2 

β−diketonato 2.0 1.7 0.3 0.4 0.7 0.3 0.5 0.3 

β−diketonato+HDMA  2.0 1.7 0.4 0.5 1.1 0.3 0.5 0.2 
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For solar cells sensitized with either dye Z-907 Sol (from Solaronix) or 

Z-907 Zak (from S. M. Zakeeruddin, EPFL), essentially identical results were 

obtained within experimental errors for all electrolytes used. 

 The solar cells sensitized with the β-diketonato complex showed 

impaired photoelectrochemical results in comparison to the N-719 cells. 

However, good overall conversion efficiencies were achieved, especially for 

the organic solvent-based solar cells, reaching at most 2 % (100 W m-2, 

AM1.5). The ionic liquid-containing solar cells showed open-circuit potentials 

and fill factors that were comparable to the results provided by the organic 

solvent-based cells, whereas their short-circuit current densities were poorer, 

thus resulting in lower overall conversion efficiencies.  
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7.3 Additives to the dye or the electrolyte 

 

7.3.1 Effects from co-adsorbent HDMA in the dye-solution 
 

The amphiphile hexadecylmalonic acid, HDMA, was added as a co-adsorbent, 

to dye solutions of N-719, Z-907 and the β-diketonato complex.  

 In Z-907-sensitized solar cells containing organic solvent-based 

electrolytes, the addition of HDMA generated improved overall conversion 

efficiencies compared to Z-907 cells without the co-adsorbent. Thus, these 

attained the highest short-circuit current density in 100 W m-2 illumination of 

all dyes studied in this work. The ionic liquid-based solar cells showed 

essentially the same results, concerning η, Jsc, Voc and FF, whether HDMA 

was added or not. 

 The solar cells with dye N-719, in fact showed reduced overall 

conversion efficiencies by the addition of HDMA, for all electrolytes studied. 

The reason can be traced to a decreas in short-circuit current densities. 

 For the  β−diketonato-sensitized solar cells containing ionic liquid 

electrolytes, the addition of HDMA to the dye generally gave improved 

overall results, concerning the short-circuit current densities, the open-circuit 

voltages, the fill factors, as well as the conversion efficiencies.  

 

 

7.3.2 Effects from TiO2 nanoparticles in the electrolyte 

 

From literature, a dispersion of nanoparticles into imidazolium-based ionic 

liquid electrolytes has resulted in increased viscosities and conductivities [80]. 
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This addition resulted in reduced resistance for the nanocomposite-containing 

electrolytes, in comparison to the pure ionic liquids. In photoelectrochemical 

studies, the performance of ionic liquid-containing nc-DSCs was significantly 

improved by the nanoparticle addition, resulting in increased energy 

conversion efficiencies, photovoltages and/or fill factors. Since the 

nanocomposite-containing electrolytes showed higher viscosities, the 

diffusion of electrons was probably impaired. It was supposed that the 

electron exchange reaction, occurring between the iodide and triiodide ions in 

the electrolyte, was enhanced by nanoparticles. Similar positive effects were 

also observed for ionic liquid-containing solar cells, according the dispersion 

of carbon nanotubes or carbon nanoparticles. 

 In this work, nanoparticles of titanium dioxide was dispersed into ionic 

liquids of organic sulphonium or imidazolium iodides, and an organic solvent-

based electrolyte.   

 For solar cells sensitized with dye N-719, the dispersion of TiO2 

nanoparticles resulted in improved energy conversion efficiencies only for 

those cells containing the standard, organic solvent-based electrolyte or 

(HxMeIm)I:I2. Concerning the organic solvent-based cells, the improved 

η was related to an increase in Voc and fill factors, and for the (HxMeIm)I 

cells due to an increase in Jsc and fill factors. For those solar cells containing 

ionic liquids of organic sulphonium iodides, unfortunately no improvements 

were noticed in the presence of TiO2 nanoparticles in the electrolytes. 
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7.4 Variation of the light intensity 

 
For organic solvent-based solar cells, the short-circuit photocurrent densities 

were almost proportionally increased upon changing the illumination intensity 

from 100 to 1,000 W m-2, for all studied sensitizers. The solar cells sensitized 

with dye N-719 or Z-907 generally showed higher short-circuit current 

densities than the β-diketonato cells. However, for each electrolyte the best Jsc 

results were obtained for solar cells of different dye compositions.  

In 1,000 W m-2 illumination, the organic sulphonium iodide-containing 

solar cells were most efficient with sensitizers based on Z-907, Figure 31 (a), 

whereas the imidazolium iodide electrolytes were instead superior in 

combination with N-719-based dyes, Figure 31 (b). The highest short -circuit 

current densities recorded within the light intensity interval studied, emerged 

from the N-719-sensitized cells containing the TiO2 nanocomposite 

electrolyte.  

For some sensitizers a short -circuit current density saturation 

phenomenon, formerly noticed for N-719 solar cells using sulphonium or 

imidazolium iodides, was observed already at 100 W m-2 illumination. 

However, for the solar cells sensitized with the  β−diketonato complex, no 

general limitation was observed within the intensity interval studied. 

Obviously, the material transport and the diffusion of triiodides are unlimited 

in these systems, due to the fairly low level of their short-circuit current 

densities.  
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Figure 31. The short-circuit current densities at different light intensities for solar cells 

with (a) (Et2MeS)I:I2 or (b) (HxMeIm)I:I2 ionic liquids.  



 100



 101

Chapter 8 

Concluding remarks  
 

Ionic liquid electrolytes from the diethyl- and dibutylalkylsulphonium iodide 

families show high conductivities and provide good photoelectrochemical 

results in dye-sensitized solar cells. The highest overall light-to-electric energy 

conversion efficiency of almost 4 % was recorded for a nc-DSC, using 

(Bu2MeS)I:I2 100:1 as electrolyte (AM1.5, 100 W m-2). This result is quite 

compatible with the standard efficiencies commonly provided by solar cells 

using organic solvent-based electrolytes. Several solar cells with electrolytes 

from a selection of iodine-doped metal-iodide-containing ionic liquids reached 

stable efficiencies over 2 %. 

  The positive effects expected to emerge from the addition of iodine were 

quite modest, probably because the iodine concentrations were too low to 

accomplish the formation of extended polyiodides. However, in the Raman 

spectra new peaks emerged upon iodine addition, indicating the presence of  

discrete polyiodides in the ionic liquid electrolytes. Addition of metal iodides 

provided both monomeric and polymeric building blocks. The poor results 

obtained from using the metal-iodide-based electrolytes in nc-DSCs may be 

related to their high viscosities, and as a consequence, incapability to penetrate 

the porous semiconductor films. 

Solar cells with (Bu2MeS)I:I2 showed better long-term stabilities than the 

organic solvent-based cells and also provided the fastest electron transport as 

well as the highest charge accumulation noted in this study. 

Different polypyridyl-ruthenium complexes were tested as solar cell 

sensitizers. In this study, the highest overall conversion efficiencies and IPCE 
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results were noted for the N-719-sensitized solar cells. Amphiphilic, long-

chained alkyl groups, intended to increase the hydrophobic character, and co-

adsorbents, such as MBI and TBA, were added to the dyes in order to 

decrease the risks for possible electron recombination reactions. In order to 

reduce the resistance within the electrolytes, nanoparticles of titanium dioxide 

were applied. Unfortunately, no general improvements could be noticed with 

these modifications of the solar cell components. 

For ionic liquid-containing cells, a saturation phenomena of the short-

circuit current densities was observed while increasing the light intensity, 

probably due to inherent material transport limitations within these systems. 

Another explanation is that the diffusion of triiodide ions in the electrolyte 

represent the limiting factor. The result will be reduced and perhaps negligible 

triiodide concentrations at the counter electrode, thus affecting the overall 

performance of the solar cell, in particular the current density.  

Some iodoargentates and iodocuprates, consisting of monomeric or 

polymeric entities with anionic networks or layers, and a copper-iodide-(12-

crown-4) complex were structurally characterized. A system of metal iodide 

crown ether complexes were employed and tested as electrolytes in 

photoelectrochemical solar cells, though with poorer results due to their high 

melting points. However, by increased concentrations of iodine, their melting 

points and viscosities may be reduced and from this their electrochemical 

properties probably improved.  

In summary; the organic sulphonium iodide-based ionic liquids 

developed in this work have provided successful and prosperous results while 

used as electrolytes for photoelectrochemical solar cell applications and 

therefore deserve to be further investigated in order to optimise results.  
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Appendix 2 
 
List of abbreviations 
 
12-crown-4 Crown ether of 1,4,7,10-tetraoxacyclododecane 
15-crown-5 Crown ether of 1,4,7,10,13-pentaoxa-cyklopentadecane 
18-crown-6 Crown ether of 1,4,7,10,13,16-hexaoxacyclooctadecane 
 
ac Alternative current 
AM Air mass 
AM0 Solar spectrum of light outside the atmosphere, where 

the air mass is 0 
AM1 Solar spectrum of light that has passed a distance 

corresponding to the thickness of the atmosphere while 
entering the Earth’s surface vertically (the angle of 
elevation is 90o)  

AM1.5 Solar spectrum of light entering the Earth’s surface at an 
angle of elevation of 42o  

AN Acetonitrile 
Bu Butyl group 
t-BuOH tert-Butanol 
CB  Conduction band  
CE Counter electrode 
CE illumination Rays of light enter the TiO2 film on the working 

electrode from the electrolyte side, after having first 
passed through the counter electrode 

db-18-crown-6 Crown ether of 2,3,11,12-dibenzo-1,4,7,10,13,16-
hexaoxacyclooctadeca-2,11-diene  

dcbpy 4,4’-dicarboxyl-2,2’-bipyridine 
diketonato The dye [(dcbpy)2Ru(acetylacetonate)]Cl 
dnbpy 4,4’-dinonyl-2,2’-bipyridine 
Dod Dodecyl group 
DSC Dye-sensitized solar cell 
ESI/MS Electrospray ionization/mass spectrometry 
Et Ethyl group 
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EtOH Ethanol 
FF Fill factor 
FTO Fluorine-doped tin dioxide 
HDMA Hexadecyl malonic acid 
HOMO Highest occupied molecular or crystal orbital 
Hx Hexyl group 
Im Imidazolium group 
IMPS Intensity modulated photocurrent spectroscopy 
IMVS Intensity modulated photovoltage spectroscopy 
IPCE Incident photon-to-current conversion efficiency 
IR Infrared 
ITO Indium tin oxide 
LUMO Lowest unoccupied molecular or crystal orbital 
MBI 1-methylbenzimidazole  
Me Methyl group 
MPN 3-methoxypropionitrile  
N3 Dye no. 3 by Nazeeruddin [cis-Ru(II)(H2dcbpy)2(NCS)2] 
N-719 Dye no. 719 by Nazeeruddin 

[cis-Ru(II)(H2dcbpy)2(NCS)2(TBA)2] 
nc-DSC Dye-sensitized nanocrystalline solar cell 
NCS Thiocyanate ( also known as SCN) 
NHE  Normal hydrogen electrode  
NMR Nuclear Magnetic Resonance spectroscopy 
OC Open circuit 
Ox  Oxidized species in a redox couple 
P(25) Spherical particles with a diameter size of 25 nm 
Pe Pentyl group 
PEC Photoelectrochemical 
PEG Polyethylene glycol 
PEG 200  Polyethylene glycol with a molecular mass of 200 
Pr Propyl group 
Red Reduced species in a redox couple 
SC Short circuit 
TBA  Tetra-n-butylammonium 
TBP 4-tert-butylpyridine 
UV Ultraviolet 
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VB Valence band 
WE Working electrode 
WE illumination Rays of light enter the TiO2 film on the working 

electrode via the conducting glass substrate  
XRD X-ray diffraction 
Z-907 Dye no. 907 by Zakeeruddin 

[cis-Ru(II)(H2dcbpy)(dnbpy)(NCS)2]  
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Appendix 3 
 
List of symbols 
 
Γ Photon flux density 

η Overall light-to-electrical energy conversion efficiency 
ηc Current collection quantum efficiency 
θ Angular elevation of the sun above the horizon or the 

angle of incidence of the solar rays at the Earth’s surface 
κ Conductivity 
λ Wavelength 
ν Frequency 
νox Stoichiometric factor of the oxidized species in a redox 
 couple 
ν red Stoichiometric factor of the reduzed species in a redox 
 couple 
τ Lifetime of a charge carrier 
τIMPS  IMPS time constant 
τIMVS  IMVS time constant 
τe  Electron lifetime 
τtr  Electron transport time 
φinj  Injection efficiency 
∆φSC Potential drop within the space charge layer in a 

semiconductor 
 
ae  Quantum absorptivity   
A  Cross-section area 
c Speed of light in vacuum 
c(I3

-) Concentration of triiodide ions  
d  Distance  
datm Thickness of the atmosphere 
D Diffusion coefficient 
d/A  Cell constant of a conductivity cell 
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datmnAirMass  Total distance that the sun light has covered before 
arriving at the Earth’s surface 

e Photon energy (in eV) 
e- Electron 
E Energy  
EC Energy of the conduction band edge 
EF Fermi energy 
Eg Band gap energy of a semiconductor 
EV Energy of the valence band edge 
F Faraday’s constant 
f(E) Fermi distribution function 
h Planck’s constant  
hν Illumination energy 
Iph Photocurrent 
ISC Short-circuit photocurrent 
Jph Photocurrent density 
JSC Short-circuit photocurrent density 
Jlim Limiting photocurrent density 
(JV)MAX Maximum power output in a solar cell 
k Boltzmann’s constant 
L  Diffusion length of an electron 
LD Debye length 
n Number of electrons 
nAirMass Air mass factor  
NA  Avogadros constant 
{ox} Chemical activity of the oxidized species in a redox 
 couple 
Pλ   Power density of the irradiance at a certain wavelength λ 
PS  Power density of the irradiance 
q Elementary charge 
Q Accumulated charge under short-circuit conditions 
qVox  The most probable energy level of the oxidized species in
 a redox couple 
qVred  The most probable energy levels of the reduced species
 in a redox couple 
qVredox Electrochemical potential of a redox couple 
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r0 Particle radius 
R, R' Alkyl group 
Rg Gas constant 
R8  High-frequency resistance  
{red} Chemical activity of the reduced species in a redox
 couple 
(R2R' S)I Trialkyl sulphonium iodide, where R and R' are different 
 or similar alkyl groups 
S Sensitizer 
S* Electronically excited sensitizer 
S+ Oxidized sensitizer 
T Temperature 
Tm Melting point 
TS Estimated temperature at the surface of the sun  
VOC Open-circuit voltage 
Vox Electrochemical potential of the oxidized species in a
 redox couple 
Vph Photovoltage 
Vred Electrochemical potential of the reduced species in a 

redox couple  
Vredox Electrochemical potential of a redox couple 
Vo

redox Standard electrochemical potential of a redox couple 
∆V Potential difference 
W(V ) Probability that the energy level of a species has changed 

to the energy E, where E = qV 
 


