
ACTA
UNIVERSITATIS

UPSALIENSIS
UPPSALA

2013

Digital Comprehensive Summaries of Uppsala Dissertations
from the Faculty of Science and Technology 1017

Alternative Redox Couples for
Dye-Sensitized Solar Cells

SANDRA FELDT

ISSN 1651-6214
ISBN 978-91-554-8595-5
urn:nbn:se:uu:diva-192694



Dissertation presented at Uppsala University to be publicly examined in Häggsalen,
Ångströmlaboratoriet, Lägerhyddsvägen 1, Uppsala, Friday, March 22, 2013 at 10:00 for the
degree of Doctor of Philosophy. The examination will be conducted in English.

Abstract
Feldt, S. 2013. Alternative Redox Couples for Dye-Sensitized Solar Cells. Acta Universitatis
Upsaliensis.  Digital Comprehensive Summaries of Uppsala Dissertations from the Faculty of
Science and Technology 1017. 80 pp. Uppsala. ISBN 978-91-554-8595-5.

Dye-sensitized solar cells (DSCs) convert sunlight to electricity at a low cost. In the DSC, a
dye anchored to a mesoporous TiO2 semiconductor is responsible for capturing the sunlight.
The resulting excited dye injects an electron into the conduction band of the TiO2 and is in
turn regenerated by a redox mediator, normally iodide/triiodide, in a surrounding electrolyte.
The success of the iodide/triiodide redox couple is mainly attributed to its slow interception of
electrons at the TiO2 surface, which suppresses recombination losses in the DSC.

One of the main limitations with the iodide/triiodide redox couple is, however, the large
driving force needed for regeneration, which minimizes the open circuit voltage and thus the
energy conversion efficiency. In this thesis, alternative redox couples to the iodide/triiodide
redox couple have been investigated. These redox couples include the one-electron transition
metal complexes, ferrocene and cobalt polypyridine complexes. The use of one-electron redox
couples in the DSC has previously been shown to lead to poor photovoltaic performances,
because of increased recombination.

Cobalt redox couples were here found to give surprisingly high efficiencies in combination
with the triphenylamine-based organic dye, D35. The success of the D35 dye, in combination
with cobalt redox couples, was mainly attributed to the introduction of steric alkoxy chains
on the dye, which supress recombination losses. By introducing steric substituents on the dye,
rather than on the redox couple, mass transport limitations could in addition be avoided, which
previously has been suggested to limit the performance of cobalt complexes in the DSC. The
result of this study formed the basis for the world record efficiency of DSCs of 12.3 % using
cobalt redox couples.

Interfacial electron-transfer processes in cobalt-based DSCs were investigated to gain
information of advantages and limitations using cobalt redox couples in the DSC. The redox
potentials of cobalt redox couples are easily tuned by changing the coordination sphere of the
complexes, and regeneration and recombination kinetics were systematically investigated by
increasing the redox potential of the cobalt complexes. Our hope is that this thesis can be a
guideline for future design of new redox systems in DSCs.
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Abbreviations  

A Absorbance 
ALD Atomic layer deposition 
AM Air mass density 
c Speed of light 
C Concentration 
CE Counter electrode 
cµ Chemical capacitance 
d Distance  
d Film thickness 
D Diffusion coefficient 
DSC Dye-sensitized solar cell 
E0 Formal redox potential 
ECB Conduction band potential 
EF quasi-Fermi energy level 
F Faraday constant 
FF Fill factor 
FTIR Fourier transform infrared spectroscopy 
h Planck constant 
HAB Electronic coupling 
HOMO Highest occupied molecular orbital 
I Current 
Ilim Diffusion limiting current 
IPCE Incident photon to current conversion efficiency 
J Current density 
J0 Exchange current density 
JSC Current at short circuit conditions 
kB Boltzmann constant 
ket Rate of electron transfer 
krec Recombination rate constant 
kredox Observed regeneration rate constant 
kreg Regeneration rate constant 
l Path length 
L Electron diffusion length 
LHE Light harvesting efficiency 
LUMO Lowest unoccupied molecular orbital 
n Number o electrons 



 

nCB Density of electrons in the conduction band 
NCB Density of states in the conduction band 
P Precursor 
Pin Power of the incident light 
Pmax Maximum power point 
PES Photoelectron spectroscopy 
PIA Photoinduced absorption spectroscopy 
q Elemental charge of an electron 
Q Extracted charge 
r Tunneling distance 
r Radius 
R Gas constant 
RD Diffusion resistance 
RS Series resistance 
RCE Charge transfer resistance at the counter electrode 
RREC Recombination resistance 
Rtr Transport resistance 
S Successor 
SEM Scanning electron microscopy 
t1/2 Half time 
T Temperature 
T Transmittance 
TAS Transient absorption spectroscopy 
TPA Triphenylamine 
Upa Anodic peak 
Upc Cathodic peak 
V Voltage 
VOC Voltage at open circuit conditions 
WE Working electrode 
Zdiff Diffusion resistance 
α Reciprocal absorption length 
ε Extinction coefficient 
ΔG0 Gibbs free energy of reaction 
λ Wavelength 
λ Reorganization energy 
λ Mean free path of photoelectrons 
η Solar cell efficiency 
ρ Surface concentration 
σ Cross section 
τe Electron lifetime 
τtr Electron transport time 
τresp Photocurrent response time 
Φ Photon flux 
Φcc Charge collection efficiency 



 

ΦEE Quantum efficiency for illumination through the 
counter electrode side 

Φinj Injection efficiency 
Φreg Regeneration efficiency 
ΦSE Quantum efficiency for illumination through the 

working electrode side 
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1 Introduction 

1.1 Energy from the sun 
The global energy demand by the year 2050 is expected to be at least twice 
its present level.1 Most of the increase in energy consumption is predicted 
from a nearly doubled population growth, and an economic growth in the 
developing countries. At the same time the carbon dioxide (CO2) emission 
will have to be halved by 2050 compared to its current level to keep the cli-
mate temperature increase below 2.4 °C.2 At present there is therefore a great 
need to increase the energy production using renewable energies, such as 
water, wind, wave, tide, and geothermal power, as well as solar energy and 
biofuels.  

More solar energy strikes the earth in one hour than all the energy con-
sumed on the earth in one year.3 Solar energy is therefore a perfect renewa-
ble resource and enough energy can be produced to meet the global energy 
demand by covering 0.16 % of the land area on earth with 10% efficient 
solar cells.4 The spectrum of the solar light that reaches the earth is influ-
enced by absorption of radiation in the earth’s atmosphere and therefore also 
by the path length of the photons through the atmosphere. Figure 1.1 shows 
the solar irradiance and photon flux at an air mass of 1.5 (AM1.5G).  

 
Figure 1.1. Solar irradiance and photon flux at AM1.5G illumination.5 

The AM1.5G spectrum corresponds to an angle between the incident solar 
radiation and the zenith point of the measurements of 42°, and integrates to 
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1000 Wm-2.  The photon flux is important in determining the number of elec-
trons that are generated, and the current produced, from a solar cell.  

1.2 Photovoltaics 
Photovoltaics convert solar radiation into electricity using semiconductors. 
Photovoltaics can be categorized in three different generations. The energy 
conversion efficiency for both the first and second generation of solar cells is 
limited by the Schockley-Queisser limit of 31 % power efficiency for single 
band gap solar cells.6 The limited power efficiency arises from energy losses 
incurred by relaxation of photons with energies higher than the band gap of 
the semiconductor, and the fact that photons with energies lower than the 
band gap will not contribute to the power efficiency.  

The first generation of solar cells is semiconductor p-n junction solar 
cells, such as silicon. Silicon solar cells dominate the photovoltaic market 
today, and certified efficiencies of about 25 % have been obtained for single 
crystal silicon cells.7 The cost is, however, relatively high for these solar 
cells, because of the high energy required for the purification process of the 
material.  

The second generation of solar cells is based on reducing the cost of the 
first generation by employing thin-film technologies. Thin film solar cells 
are based on thin layers of various semiconductor materials, such as amor-
phous silicon, cadmium telluride (CdTe), or copper indium gallium 
diselenide (CIGS). CIGS solar cells have certified efficiencies of about 20 
%.7 The thin film solar cells require less material, but the use of rare ele-
ments may limit large-scale production of the devices. The energy payback 
time, i.e. the time the system has to operate to recover the energy that went 
into making the system, is as high as four years for silicon, and three years 
for thin film solar cells, respectively.7 

The third generation of solar cells is based on devices that can exceed the 
Schockley-Queisser limit. Third generation solar cells include for example 
multi-junction (tandem) solar cells and other new emerging technologies 
using hot and multiple electron carriers. Dye-sensitized solar cells, which are 
the main focus of this thesis, is a technology between the second and third 
generation of solar cells.   
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2 Dye-sensitized solar cell 

Dye-sensitized solar cells (DSCs) have attracted lot of attention, since the 
breakthrough work by O’Regan and Grätzel in 1991, because of their poten-
tial as low-cost photovoltaics.8 In a DSC, solar energy is converted to elec-
tricity through light absorption by dye molecules attached to a mesoporous 
semiconductor, normally TiO2. The system can be compared to photosynthe-
sis, in which the chlorophyll and the carotenoids in the green leaves absorb 
the sunlight, in order to convert water and CO2 to oxygen and carbo-
hydrates. After light absorption by the dye molecule, the resulting excited 
dye injects an electron into the conduction band (CB) of the semiconductor, 
and the oxidized dye is in turn regenerated by a redox mediator, normally 
iodide/triiodide, in a surrounding electrolyte. The cycle is closed by the re-
duction of the redox couple at a platinized counter electrode.9, 10 A schematic 
diagram of a DSC is shown in Figure 2.1.  

 
 

Figure 2.1. Schematic diagram of the DSC. 

The voltage output of a DSC is determined by the difference in redox poten-
tial between the redox mediator and the quasi-Fermi level (EF) of the TiO2 
under illumination. The current output depends on the absorption spectra of 
the dye, and the amount of photons from the solar spectrum that are ab-
sorbed and converted into current.  
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In order to increase the light harvesting efficiency, it is important to have 
a large surface area of the semiconductor onto which the dye can adsorb. 
The surface area of the semiconductor is enhanced by using mesoporous 
semiconductor material, consisting of interconnected nanoparticles with a 
typical size of about 20 nm. The large surface area of the semiconductor 
material leads, however, to large interface areas between the semiconductor, 
the dye and the electrolyte solution, where negative pathways such as elec-
tron recombination can occur. The energy levels and the kinetics of the DSC 
need to be carefully controlled in order to build high efficiency DSCs.  
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3 The working principle of the DSC 

3.1 Energy levels 
 
The working principle of the DSC relies on interfacial electron-transfer pro-
cesses, and an energetic driving force is necessary for the electron transfer 
processes to occur. The driving force for charge flow in the semiconductor-
electrolyte device is the difference in the quasi-Fermi level of the TiO2 and 
the redox potential of the redox mediator. In the dark the quasi-Fermi level 
of the TiO2 equals the redox potential of the redox couple, and no net current 
flows. Under illumination the quasi-Fermi level of the TiO2 is shifted up as 
the electron concentration in the TiO2 increases and a driving force for the 
electrons to perform electrical work is obtained.  

Some of the key processes in the operating mechanism of the DSC are 
light absorption by the dye, electron injection, charge separation, charge 
collection and dye regeneration. When the dye absorbs the sunlight, an elec-
tron is excited from the HOMO (highest occupied molecular orbital) energy 
level to the LUMO (lowest unoccupied molecular orbital) energy level. The 
energy levels of the different redox species in the DSC are not discrete but 
distributed over a certain energy range due to fluctuations in the solvation 
shell surrounding the molecules, and can be depicted using a Gerischer dia-
gram, see Figure 3.1. The diagram includes the distribution functions of the 
oxidized and reduced states of the different components, which differ from 
the Fermi level by the reorganization energy (λ), arising from the redistribu-
tion of the solvent shell upon the redox reaction. The energy redox levels for 
the different redox species will for simplicity be drawn as discrete lines indi-
cating the Fermi levels in the rest of the thesis.   
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Figure 3.1. Schematic Gerischer diagram for a 15 % efficient DSC, assuming that 
90 % of the absorbed photons are converted into current, the rise from the absorption 
onset of the dye to occur over a range of 50 nm and a constant fill factor of 0.75. 
E0(D/D+), E0(D*/D+) is the redox energy levels  of the dye ground and excited state, 
and E0(R/R+) is the redox energy levels of the redox couple. The distribution func-
tions assume equal concentration of the oxidized and reduced states for the different 
redox species.  

In order to increase the maximum conversion efficiency for the DSC the 
energy levels of the different components must be tuned carefully, to main-
tain a sufficient driving force for electron transfer in the system, meanwhile 
avoiding energy losses incurred by high overpotentials. By keeping the driv-
ing force needed for electron injection and dye regeneration sufficiently 
small, ~ 0.25 eV (indicated with green arrows in Figure 3.1), a dye with a 
HOMO – LUMO energy gap of 1.55 eV can be employed, giving a theoreti-
cal overall energy conversion of 15 % and a voltage of 1 V.11, 12 In this calcu-
lation it is assumed that 90 % of the absorbed photons are converted into 
current and that the rise of the absorption onset of the dye occurs over a 
range of 50 nm. 

Unfavorable electron transfer processes, such as electron recombination 
to the oxidized dye molecules and the oxidized redox species needs, howev-
er, also to be considered, and the kinetics of the electron transfer processes is 
also a key parameter that need to be controlled in order to obtain high effi-
ciency DSCs.  

 
3.2 Kinetics 
Charge separation in the DSC is determined by a kinetic competition be-
tween all the different processes taking place. This is in contrast to any p-n 
junction photovoltaics, where charge separation is created by an electric field 
in the p-n junction. Figure 3.2 shows typical time constant for interfacial 
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electron transfer processes for a conventional iodide/triiodide-based DSC 
sensitized with a ruthenium dye.  

  
 

Figure 3.2. Illustration of the interfacial electron-transfer kinetics in a conventional 
iodide/triiodide-based DSC sensitized with a ruthenium dye. Typical time ranges of 
the forward reaction (green solid lines) and recombination reactions (red dashed 
lines) are indicated.  

First, under light illumination, the dye (D) absorbs a photon and becomes 
photoexcited (1). The excited electron is then either injected into the conduc-
tion band of the TiO2 (2), or it relaxes back to the ground state by radiative / 
non-radiative decay processes (3). Charge separation is attained across the 
semiconductor interface, when an electron is located in the conduction band 
of the TiO2 and a hole is located in the oxidized dye molecule. In order to 
obtain a high injection efficiency, the electron injection time must be faster 
than the dye relaxation time.  Electron injection has been reported to occur 
within 100 fs to 100 ps depending on the experimental conditions employed, 
which is significantly faster than the relaxation of the dye, which occurs in 
the ns range.13  

 
D + hv → D* 1. Dye excitation 
D* → D+ + e- 2. Electron injection 
D* → D(+hv) 3. Dye relaxation 

The electron injection efficiency has, however, been well debated, and the 
injection efficiency in a real device can be lower compared to a dye-
sensitized film, because of shifts in the TiO2 conduction band energies as a 
result of the added electrolyte.14, 15  

After electron injection, the oxidized dye molecules are reduced by the 
redox mediator (4).  
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D+ + R → D + R+ 4. Dye regeneration 

The regeneration of the dye by the redox mediator needs to be faster than 
recombination of conduction band electrons to the oxidized dye molecules in 
order to obtain a high regeneration efficiency. The regeneration of the dye 
molecules occurs in the µs range and competes with recombination of elec-
trons to the oxidized dye molecules (5) that occurs in the µs to ms range, and 
to the oxidized redox mediator (6), which occurs in the ms to s range.  

 
D+ + e- → D 5. Recombination to oxidized dye molecules 
R+ + e- → R 6. Recombination to oxidized redox species 

The injected electrons diffuse through the porous TiO2 network in the ms to 
s time range, where charge collection and charge extraction occurs at the 
back contact. The extracted charge is used to perform electrical work. The 
charge collection efficiency (Φcc) is determined by the two competing pro-
cesses, the electron transport time (τtr) (i.e. the time it takes for the electrons 
to diffuse through the TiO2 network) and the electron recombination time 
(τe), according to Equation 3.1. 

!cc =
1

1+ " tr
" e

 (3.1) 

It should be noted that the rate constants depend on the system investigated, 
and differences in the time constants have been found for ruthenium-based 
dyes and organic dyes, as well as for systems using alternative redox media-
tors and hole conductors.   

3.3 Charge transport 
Electron transport through the mesoporous TiO2 network is diffusion con-
trolled, and the main driving force for electron transport is the gradient in 
electron concentration. The light intensity dependence of the electron diffu-
sion is in general described using the multiple trapping model,16 which con-
siders the TiO2 to contain a large number of electron traps below the conduc-
tion band edge of the TiO2 (see Figure 3.3). In the trapping model only the 
number of free electrons is expected to contribute to the diffusion current.  
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Figure 3.3. Schematic diagram of a TiO2 semiconductor in contact with redox elec-
trolyte, showing an exponential distribution of trap states below the TiO2 conduction 
band. EF,0 shows the position of the TiO2 level in the dark, equilibrated with the 
redox potential of the redox species in solution, EF,redox. 

The electron diffusion length is commonly used to describe how far an elec-
tron can transfer through the mesoporous TiO2 before it recombines. In order 
to obtain a high charge collection efficiency the electron diffusion length 
must be longer than the thickness of the TiO2. The electron diffusion length 
can be determined from steady state measurements (Section 6.1.2) and small 
amplitude modulation measurements (Section 6.1.3). One of the main differ-
ences between the models is that the free electron versus trapped electron 
concentration is at equilibrium in the steady state measurements, whereas the 
dynamics between the free electrons and trapped electrons changes with 
light intensity in the small amplitude measurements. The electron diffusion 
length is, however, frequently found to be independent of electron concen-
tration as the dependence of the dynamics between free electrons versus 
trapped electrons on the electron diffusion and electron lifetime is efficiently 
cancelled out using quasi-static approximations, in the determination of the 
diffusion length by small amplitude modulation measurements.17 The elec-
tron diffusion length has, nevertheless been found to be light intensity de-
pendent, and the accuracy of the different models has been debated, recent-
ly.18-22 

3.4 Marcus theory 
The rate of electron transfer reactions can be explained using Marcus theory. 
Rudolf A. Marcus developed his original theory in 1956 for outer sphere 
electron transfer reactions, in which chemical species only change their 
charge with an electron jumping from one of the species to the other, without 
undergoing structural changes.23, 24 The theory was then extended to also 
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include inner sphere electron transfer reactions, in which changes of distanc-
es and geometries of the species are also taken into account.  

For a redox reaction to occur, donor and acceptor species must diffuse to-
gether. They form a precursor (P) complex, which after electron transfer 
from the donor to the acceptor is transferred to a successor (S) complex. The 
total reaction may be diffusion controlled (i.e. the electron transfer step is 
faster than diffusion) or activation controlled (i.e. electron transfer is slow 
compared to diffusion).  

 
 

Figure 3.4. Energy diagram for electron transfer including inner and outer sphere 
reorganization energy and the electronic coupling. The vertical axis is the free ener-
gy and the horizontal axis is the reaction coordinate, i.e. a simplified axis represent-
ing the motion of all atomic nuclei.  

Both precursor and successor states can be described by parabolic potential 
curves, using Marcus theory, see Figure 3.4. The rate of non-adiabatic elec-
tron transfer (ket) can according to Marcus theory be described by Equation 
3.2, where ΔG0 is the Gibbs free energy of the reaction, ⏐HAB⏐is the elec-
tronic coupling, and λ is the reorganization energy. 

ket =
HAB

2

4!"kBT
exp !

"G0 !"( )
2

4!kBT

#

$

%
%

&

'

(
(

 (3.2) 

The probability of an electron transfer to occur is determined by the elec-
tronic coupling (⏐HAB⏐), i.e. the overlap between the populated orbitals in 
the donor and the empty orbitals in the acceptor. This electronic interaction 
involves a split of electronic energy levels and an avoided crossing of the 
two potential curves. If the electronic coupling is weak ⏐HAB⏐ ≤ 3kBT, the 
precursor state can borrow thermal energy from the environment and jump 



 

 23 

from one potential curve to another, i.e. non-adiabatic reaction. This is the 
case for the photo-induced reactions considered here. HAB depends on the 
distance (r) between the donor and the acceptor where electron tunneling 
takes place, according to Equation 3.3, where β is a constant.  

HAB
2
= HAB

2 (r = r0 )exp !!(r ! r0 )[ ]  (3.3) 

One of the most interesting predictions of Marcus theory is the existence of a 
Marcus inverted region, i.e. where the electron transfer rate decreases with 
an increase in the driving force for the reaction.25 It took about 30 years of 
research after Marcus published his theory, before the Marcus inverted re-
gion was experimentally verified by Closs et al. for intermolecular electron 
transfer in a molecule where the donor and acceptor were kept at a constant 
distance.26  

According to the Marcus formula (Equation 3.2) the rate of electron trans-
fer increases with an increase in the driving force for the reaction, when - 
ΔG0 <  λ. The Gibbs free energy of activation (ΔG‡) can be calculated from 
the interception of the two parabolas, and shows a quadratic dependence of 
ΔG‡ on ΔG0, according to Equation 3.4.  

!G‡ =
! +!G0( )

2

4!
 (3.4) 

The electron transfer rate reaches a maximum, where ΔG‡ = 0 and - ΔG0 = λ. 
When the Marcus inverted region is reached, the activation energy increases 
again and the electron transfer rate decreases as - ΔG0 >  λ. This is visualized 
in Figure 3.5. A maximum is therefore shown in a plot of ln(kET) versus 
ΔG0.  
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Figure 3.5. Marcus parabolas for different redox reactions. The activation energy 
decreases when going from a to b, but increases again in c as the Marcus inverted 
region is reached. 
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4 Aim of the thesis 

The aim of this thesis was to investigate alternative redox couples to io-
dide/triiodide, and to study interfacial electron transfer reactions in these 
new systems. The alternative redox couples investigated include the one-
electron outer-sphere transition-metal complexes, ferrocene and different 
cobalt polypyridine complexes. In the first paper (Paper I) a surface pas-
sivation method was investigated, to retard fast electron recombination pro-
cesses using the ferrocene redox couple.  

Cobalt polypyridine redox couples were shown in Paper II to give surpris-
ingly high energy conversion efficiencies in combination with triphenyla-
mine-based organic sensitizers. The introduction of steric alkoxy chains on 
the dye was found to efficiently prevent recombination, allowing the use of 
cobalt complexes with less bulky substituents to avoid mass transport limita-
tions. Investigation of electron transfer processes using cobalt polypyridine 
redox couples was therefore the main focus of the rest of the thesis. Paper III 
and IV deal with dye regeneration and electron recombination processes in 
cobalt polypyridine-based DSCs. Marcus theory was applied to describe the 
rate of electron transfer and to determine the minimum driving force needed 
for dye regeneration. The photovoltaic performance using cobalt redox cou-
ples was investigated by extending the spectral response into the red using a 
series of triphenylamine-based organic dyes (Paper V), as well as by de-
creasing the charge transfer resistance at the counter electrode using carbon 
counter electrodes (Paper VI).  
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5 The working component of the DSC 

5.1 The sensitizing dye 
Since the band gap of the TiO2 is too high (~3.2 eV) to absorb visible light, a 
sensitizing dye is anchored to the mesoporous semiconductor to capture sun-
light. The light harvesting efficiency (LHE) is determined from the absorp-
tion spectrum of the dye, and depends on the amount of dye attached to the 
semiconductor surface, the extinction coefficient of the dye and the width of 
the absorption. LHE is derived from the absorbance (A) of a sensitized TiO2 
film, according to Equation 5.1.   

LHE(!) =1!10!A(! )  (5.1) 

Both organometallic and organic dyes have been intensively investigated as 
sensitizing dyes in the DSC. Some of the most used ruthenium sensitizers are 
the N327, N71928 and Z90729 dye, showing high energy conversion efficien-
cies in iodide/triiodide-based DSCs. Some of the advantages with organic-
based dyes compared to ruthenium-based dyes are that the synthetic routes 
are shorter and that the extinction coefficients for the organic dyes are high-
er. High extinction coefficients are of great importance when building thin-
film DSCs. Thin-film DSCs are crucial when working with solid-state DSCs 
or DSCs using alternative redox mediators, where poor hole filling of the 
TiO2 by the hole transporting material, fast recombination and slow diffusion 
of the redox mediator can be a problem. Organic dyes have, however, a nar-
row absorption bandwidth compared to ruthenium-based dyes.  
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Figure 5.1. Schematic illustration of the D-π-A dye, D35. 

The organic dyes investigated in this thesis are so called D-π-A dyes, con-
sisting of an electron donor (D), a conjugated linker (π), and an electron 
acceptor (A).30 In these dye molecules, the HOMO is located on the donor 
and the LUMO is located on the acceptor, enabling charge transfer from the 
donor to the acceptor upon photo-excitation. For standard n-type dyes the 
acceptor is located close to the anchoring group and the donor is preferably 
located further away from the TiO2 surface, preventing electron recombina-
tion to the oxidized dye molecules.  

The organic dyes investigated are triphenylamine-based (TPA) organic 
dyes, where the triphenylamine unit is the donor, the cyanoacrylic acid group 
the acceptor and a conjugated system the linker, as illustrated for the D35 
dye in Figure 5.1. Alkyl prolongation of the dyes was investigated in Paper 
II to retard interfacial electron recombination processes using cobalt redox 
mediators. The spectral response of the dyes was enhanced into the red 
wavelength region by modifying the linker unit of the dyes in Paper V. The 
molecular structures of the different dyes investigated, and in which paper 
they were included are shown in Appendix 1. 

5.2 The iodide/triiodide redox couple 
 
Certified efficiencies of 11.1 % have been obtained using ruthenium-based 
dyes in combination with the iodide/triiodide (I-/I3

-) redox couple.31 The 
success of the I-/I3

- redox couple is mainly attributed to its slow interception 
of electrons at the TiO2 surface, which minimizes recombination losses in 
the DSC. One of the main drawbacks with I-/I3

- is, however, the large driving 
force needed for dye regeneration, which limits the voltage output and the 
conversion efficiency of the DSC. For the standard ruthenium-based dye, 
N3, the driving force for regeneration is about 0.75 V, which leads to a large 
internal potential loss.32 The reason for the large driving force needed for 



 

 28 

dye regeneration is the complex regeneration mechanism of the dye that has 
been suggested to proceed via formation of intermediates such as the I2

-• 

radical.33-35  
 
D+ + I- →  (D…I) 
(D…I)  + I- →  (D…I2

-•) 
(D…I2

-•)  →  D + I2
-• 

 
I2

-• then dismutates to yield iodide and triiodide 
 
 2I2

-• → I- + I3
- 

The actual driving force for regeneration is therefore determined by the re-
dox potential of the I2

-•/1- redox couple, rather than I-/I3
- and the 

subsequent conversion of I2
-• to I3

- corresponds to a potential loss of several 
hundred of millivolts in the DSC (see Figure 5.2).32  

 
 

Figure 5.2. Schematic diagram of a DSC employing the iodide/triiodide redox cou-
ple.  

The current of DSCs employing the iodide/triiodide redox couple is in addi-
tion limited by competitive light absorption by the triiodide and by the ina-
bility of I-/I3

- to regenerate far-red absorbing dyes. Moreover, the scale up 
and the module stability of the DSC are hindered by the high vapor pressure 
of liquid I-/I3

- electrolytes, and the corrosiveness of I-/I3
- towards most metals 

and sealing materials.  
Ionic liquid and solid state DSCs have been extensively studied to in-

crease the stability of these devices. Ionic liquids are non-volatile electro-
lytes with high thermal and chemical stability. The viscous nature of ionic 
liquids has, however, been shown to result in mass transport limitations, 
limiting the photovoltaic performance of the devices. Recent progress in 



 

 29 

solid-state DSCs has proven device efficiencies of 10.9 %, using halide per-
ovskite as the light absorbing material and Spiro-MeOTAD as the hole 
transporting material.36, 37 Problems concerning solid-state hole conductor 
are enhanced charge recombination, pore filling problems and limited charge 
mobilities.  

5.3 Alternative redox couples 
Many alternative redox couples have been investigated in the DSC to mini-
mize the driving force needed for dye regeneration, and to optimize the pho-
tovoltage of the devices. These redox couples include both organic redox 
couples and transition-metal complexes. There are many requirements to be 
fulfilled by an alternative redox mediator in order to obtain high efficiency 
DSCs: 

 
1. The redox potential should be as positive as possible to optimize 

the photovoltage of the devices, meanwhile maintaining a suffi-
cient driving force for regeneration of the oxidized dye molecules. 

2. Slow interfacial electron recombination kinetics. 
3. High diffusion coefficient to avoid mass transport limitations. 
4. Fast electron transfer kinetics at the counter electrode.  
5. Negligible visible light absorption. 
6. Non-corrosiveness towards metal contacts. 
7. Good photo-electrochemical stability.  

The use of alternative redox couples and their photovoltaic performance has 
been reviewed recently and will not be the focus of this thesis.38, 39 Organic 
redox couples investigated includes halogens,40-42 pseudohalogens,43-45 
interhalogens,46 hydroquinones,47 nitroxide radicals48, 49 and sulfur-based 
systems.50-52 Many of theses redox couples investigated, such as Br-/Br3

-, 
SCN-/(SCN)3

-, SeCN-/(SeCN)3
- and thiolate/disulfide redox couples, in-

volves, like iodide/triiodide, the interchange of 2 electrons. The complicated 
regeneration mechanism for most halogens, and pseudohalogens redox cou-
ples has thus been suggested to limit the solar cell performance.  

The use of kinetically fast one-electron outer sphere transition-metal re-
dox couples has, until recently, resulted in low photovoltages and photocur-
rents, because of enhanced recombination from the electrons in the TiO2 
conduction band to the oxidized redox species.  The transition-metal redox 
couples investigated include ferrocene/ferrocenium,53-55 copper (I/II),56, 57 
cobalt (II/III)58-60 and nickel (III/IV)61 complexes. Electron transfer to cobalt 
redox couples has been anticipated to be slow, on account of the large inter-
nal reorganization energy, when going from d7 (high spin) to d6 (low spin). 
The electronic configuration of cobalt (II/III) is shown in Figure 5.3. Cobalt 
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(II/III) redox couples have, nevertheless, previously been suggested to be 
limited by fast recombination,62, 63 sluggish mass transport64, 65 and slow re-
duction of the oxidized component at the counter electrode.66   

 
 

Figure 5.3. Electronic configuration of Co(II) in the quartet high spin state and of 
Co(III) in the singlet low spin state. The three lower energy orbitals dxy, dxz, and dyz 
are referred to t2g, and the two higher energy orbitals dz

2, and dx
2-y

2 are referred to eg.  

In Paper II we showed for the first time that recombination to cobalt 
polypyridine redox couples can significantly be slowed down, using organic 
dyes with bulky substituents.67 Mass transport limitations were in addition 
avoided by using a smaller cobalt redox couple, cobalt (II/III) tris(2,2’-
bipyridyl). Several impressive results have also recently been reported using 
organic dyes in combination with ferrocene and copper complexes.55, 57 The 
world record of 12.3 % is nowadays obtained for co-sensitized DSCs em-
ploying cobalt tris(2,2’-bipyridyl) electrolyte.68 Regeneration and recombi-
nation kinetics in cobalt polypyridine based DSCs was further investigated 
in Paper III and IV.  

 
 

5.4 The working electrode (WE) 
The working electrode (WE) consists of a mesoporous layer of a metal oxide 
semiconductor, normally TiO2, attached to a transparent conducting FTO 
(fluorine doped tin oxide) substrate. In order to prevent electron shunting 
from the substrate, a compact layer of TiO2 is sometimes deposited before 
the mesoporous layer of the TiO2. The blocking layer of TiO2 can be pre-
pared by either a TiCl4 pre-and post-treatment procedure or by spray pyroly-
sis.69  

It is important to control the film thickness, particle size, pore size and 
porosity of the mesoporous layer of TiO2, in particular when working with 
redox couples with slow diffusion properties, such as cobalt polypyridine 
redox couples.70 We found that the photovoltaic performance increased sig-
nificantly using a TiO2 paste with a particle size of 30 nm instead of 18 nm, 
which normally is used. Tsao et al.71 found an optimum pore size of 25 nm, 
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particle size of 24 nm and porosity of 60 % for the mesoporous TiO2 paste 
using cobalt tris(2,2’-bipyridyl) in an acetonitrile based electrolyte.  

5.5 Surface passivation 
Fast recombination between the electron in the TiO2 and the oxidized redox 
species, may result in significantly reduced energy conversion efficiencies 
for DSCs employing kinetically fast redox couples or solid-state hole con-
ductors.  Recombination can be suppressed by the use of co-adsorbers, addi-
tives in the electrolyte, blocking layers covering the TiO2, and by the dye 
itself (Paper II). Co-adsorbers, such as chenodeoxycholic acid (CDCA),72 
dodecylphosphonic acid (DPA),29 dineohexyl bis-(3,3-dimethyl-butyl) phos-
pinic acid (DINHOP)73 and ω -guanidinoalkyl acids74 have been shown to 
assist favorable packing of the dye molecules and to prevent dye aggrega-
tion. Additives in the electrolyte, such as 4-tert-butylpyridine75 and guani-
dinium thiocyanate76 have been found to suppress electron recombination 
with triiodide.  

Insulating oxides have been deposited onto the TiO2 to prevent electron 
recombination. Atomic layer deposition (ALD) of Al2O3 has been shown to 
suppress recombination, allowing the use of kinetically fast redox couples.62, 

63, 77 Submonolayer coverage of Al2O3 improved the energy conversion effi-
ciency of the devices, but thicker layers, required for good suppression of 
recombination, resulted in poor photovoltaic performances because of a de-
creased quantum efficiency for electron injection.  

A surface passivation technique based on a silanization procedure to cre-
ate a blocking layer on the TiO2 after dye adsorption was examined by 
Gregg et al.53  This surface passivation procedure was further investigated in 
Paper I.  

5.6 The counter electrode (CE) 
Counter electrodes (CEs) are typically prepared by depositing a thin layer of 
platinum (Pt) catalyst onto the conducting glass substrate. The use of alterna-
tive redox couples, to the iodide/triiodide redox couples, however, opens up 
the opportunity for new materials in the design of the DSC. Cobalt polypyri-
dine redox couples have for example been shown to be surface sensitive with 
respect to the catalyst material, and other cheaper catalysts, such as graphene 
nanoplatelets78, 79, functionalized graphene sheets80 and PEDOT81, 82 have 
been shown to outperform Pt as the catalyst in cobalt-based DSCs. The cata-
lytic activity for reduction of Co(III) at low-cost porous carbon counter elec-
trodes was investigated in Paper VI. 
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6 Characterization techniques 

6.1 Characterization of complete devices 
6.1.1 Current-Voltage characteristics 
One of the most important characterization techniques for solar cells is cur-
rent–voltage (I–V) measurements, from which the solar cell energy conver-
sion efficiency can be determined. The solar cell characterization is per-
formed under AM1.5G illumination (1 sun illumination). The I-V character-
istics are monitored under solar irradiation by changing the external load 
from zero (short-circuit conditions) to infinite load (open circuit conditions). 
A typical I-V plot is shown in Figure 6.1.  

 
Figure 6.1. I-V characteristics of a D35 sensitized DSC employing cobalt tris(2,2’-
bipyridyl) electrolyte.  

The maximum power point (Pmax) is found, where the product of the current 
and voltage has a maximum. The solar cell efficiency (η) is determined by 
the ratio of the maximum power generated and the power of the incident 
light (Pin = 1000 Wm-2), according to Equation 6.1,   

! =
Pmax
Pin

=
JSC !VOC !FF

Pin
 (6.1) 
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where FF is the fill factor, which relates Pmax to the voltage at open circuit 
conditions (VOC) and the current at short circuit conditions (JSC), according 
to Equation 6.2.  

FF = Jmax !Vmax
JSC !VOC

 (6.2) 

The current-voltage characteristics can also be measured in the dark, giving 
information about recombination to the oxidized redox species only, since no 
oxidized dye molecules are present in the dark. At voltages higher than VOC 
the dark current dominates the photocurrent. This is illustrated in Figure 6.2.  

 
Figure 6.2. I-V characteristics under 1 sun illumination (solid line) and in the dark 
(dashed line) for a D35 sensitized DSC employing cobalt tris(2,2’-bipyridyl) elec-
trolyte.  

6.1.2 Incident photon to current conversion efficiency (IPCE) 
The incident photon to current conversion efficiency (IPCE) reveals how 
efficiently light of a specific wavelength is converted to current, and is ob-
tained by dividing the photocurrent obtained in the external circuit under 
monochromatic illumination with the photon flux Φ(λ) that strikes the cell, 
according to Equation 6.3,  

IPCE = JSC
q!(")

=1240
JSC (!) Acm

!2"# $%
! nm[ ]Pin (!) Wcm!2"# $%

 (6.3) 

where q is the elemental charge of an electron and λ is the wavelength of the 
incoming light.  
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The IPCE gives a useful estimate of processes that limit the performance of 
the DSC. The IPCE is determined by the light harvesting efficiency (LHE), 
the injection efficiency (Φinj), the regeneration efficiency (Φreg), and the 
charge collection efficiency (Φcc), according to Equation 6.4. 

IPCE = LHE!inj!reg!cc  (6.4) 

The low IPCE found for [Co(Cl-phen)3] and [Co(NO2-phen)3] in Figure 6.3 
is a result of poor regeneration efficiency and poor charge collection effi-
ciency, for cobalt complexes with increasing redox potential.  

 
Figure 6.3. IPCE for D35 sensitized DSCs using cobalt polypyridine redox couples 
with increasing redox potentials.  

The electron diffusion length (L) can be determined under steady-state con-
ditions from the IPCE spectrum, using the assumption that recombination is 
proportional to electron concentration.83  The quantum efficiency for illumi-
nation through the WE side (ΦSE) and through the CE electrode side (ΦEE) is 
given by Equations 6.5 and 6.6, respectively,84  

!SE = (1! R)
!L" cosh d

L{ }+ sinh d
L{ }! L" exp!d""
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!EE = (1! R)
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where R is the reflectance, α is the reciprocal absorption length and d is the 
film thickness. Figure 6.4 shows a fit to the equations for WE and CE illu-
mination of D35 sensitized DSCs using cobalt bipyridyl electrolyte. Alt-
hough recombination was not found to be proportional to the electron con-
centration in cobalt based DSCs,67 an estimate of the electron diffusion 
length can still be performed, which is valid only at low light intensities.  

 
Figure 6.4. IPCE obtained from WE (circles) and CE (squares) illumination for D35 
sensitized DSC using cobalt tris(2,2’-bipyridyl) electrolyte.  The solid lines are fits 
to Equations 6.5 and 6.6. α was determined from the absorption spectrum of a D35 
sensitized TiO2 film and R was estimated to 10 %. A diffusion length of 9.3 µm is 
determined from illumination through the WE side, which is substantially longer 
than the TiO2 film thickness of 5.4 µm.  

6.1.3 Toolbox techniques 
Toolbox is a summarizing term for techniques that studies the properties of 
DSCs under operating conditions. Toolbox measurements were performed 
using a white LED as a light source. Voltage and current traces were record-
ed with a 16-bit resolution digital acquisition board in combination with a 
current amplifier and a custom made system using electromagnetic switches.  
 
Photovoltage and photocurrent as a function of light intensity 
The short circuit current and open circuit voltage can be determined as a 
function of light intensity. The open circuit voltage is the difference between 
the quasi-Fermi level of the TiO2 (EF, TiO2) and the Fermi level of the redox 
couple (EF,redox), according to Equation 6.7. 

VOC = EF,TiO2
!EF,redox  (6.7) 
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The redox Fermi level is determined by the Nernst equation (Equation 6.8), 
where E0’ is the formal redox potential including nonideality effects, and C is 
the concentration of the oxidized and reduced redox species. 

EF,redox = E
0' !

RT
nF
ln Cox

Cred

"

#
$

%

&
'  (6.8) 

The quasi-Fermi level of the TiO2 under illumination is given by Equation 
6.9, where ECB is the conduction band edge potential of the TiO2, nCB is the 
density of electrons in the conduction band, and NCB is the density of states 
in the conduction band.  

EF,TiO2
= ECB + kBT ln

nCB
NCB

 (6.9) 

If recombination is first order in electron concentration, nCB increases linear-
ly with light intensity and a slope of 59 eV per decade is expected at 298 K 
from a semi-logarithmic plot of VOC versus light intensity. Figure 6.5 (a) 
shows a semi-logarithmic plot of VOC versus light intensity for D35-
sensitized DSCs using cobalt polypyridine redox couples with different 
bulky substituents. The slope was about 76 mV/decade for all the devices 
investigated, suggesting that recombination is nonlinear with electron con-
centration for D35 sensitized DSCs using cobalt polypyridine redox couples. 
The origin of nonlinear recombination can be due to electron transfer via 
surface states, effects of the transfer coefficient for the electron transfer pro-
cess, and/or shifts in the conduction band under illumination.22  

 
Figure 6.5. Light intensity dependence of (a) the VOC and (b) the JSC for D35 sensi-
tized DSCs using cobalt bipyridyl complexes with different bulky substituents.  
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In an ideal cell the short circuit current should increase linearly with light 
intensity. Figure 6.5 (b) shows a log-log plot of the short circuit current ver-
sus light intensity for the same series of cells as investigated in Figure 6.5 
(a). The current increased linearly with light intensity for the smallest cobalt 
complex, cobalt tris(2,2’-bipyridyl), but deviated from linearity for the big-
ger cobalt complexes, because of slow mass transport of these redox couples 
at high light intensities.  
 
Charge extraction 
Charge extraction measurements at open circuit and short circuit can be per-
formed to investigate how the extracted charge (Q) depends on the VOC and 
JSC. The extracted charge at open circuit is useful in predicting conduction 
band shifts in the DSC, by determining how the Fermi level of the TiO2 de-
pends on the electron concentration, according to Equations 6.7 and 6.9. The 
extracted charge is exponentially dependent on voltage.  

The extracted charge at open circuit conditions is measured by illuminat-
ing the cell under open circuit for a certain period of time. The illumination 
is then turned off and the cell is switched to short circuit conditions and the 
current is measured. The charge is then determined by integrating the current 
over time.  
 
Electron transport times and electron lifetimes 
Electron lifetimes and electron transport times through the mesoporous TiO2 

can be determined from the photovoltage and photocurrent response follow-
ing a small square wave light modulation. The measured transients are fitted 
using first order kinetics to obtain electron lifetimes and transport times.75  
 

The electron lifetime (τe) reveals how long the electrons survive before 
they recombine with the oxidized redox species. The electron lifetime is 
determined under open circuit conditions, since no charge is extracted at 
open circuit and the voltage depends only on the balance between injected 
electrons and recombination of injected electrons. Figure 6.6 (a) shows a 
semi-logarithmic plot of the electron lifetime versus the photovoltage for 
D35 sensitized DSCs using cobalt tris(2,2’-bipyridyl) electrolyte with differ-
ent film thicknesses of the TiO2. One explanation to the decrease in electron 
lifetime with increasing thickness of the TiO2 at VOC, can be that the local 
concentration of Co(III) is higher in thicker films, because of its slow diffu-
sion, resulting in shorter electron lifetimes for thicker TiO2 films.  
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Figure 6.6. Electron lifetime as a function of VOC and (b) electron transport time as a 
function of JSC for D35 sensitized DSCs using cobalt tris(2,2’-bipyridyl) electrolyte 
and different thicknesses of the TiO2.  

The exponential dependence of the electron lifetime on the voltage is ex-
plained using the multiple trapping model, in which the rate of recombina-
tion depends on the number of conduction band electrons, and the trapped 
electrons must become excited into the conduction band before recombina-
tion can occur.17, 85 Since the number of conduction band electrons changes 
exponentially as the Fermi level moves along the band gap at different light 
intensities, the electron lifetime depends also exponentially on the voltage.  

 
The transport time (τtr) reveals how long time it takes for the electrons to 

diffuse through the TiO2 network before they are collected at the back con-
tact. The electron transport time is determined under short circuit conditions, 
since the majority of the injected electron will be collected at the back con-
tact under short circuit. The measured photocurrent response time (τresp) de-
pends on τe and τtr, according to Equation 6.10.  

1
! resp

=
1
! tr

+
1
! e

 (6.10) 

For optimized iodide/triiodide-based DSCs the electron lifetime is much 
longer than the electron transport time and τ resp equals τ tr. For DSCs using 
alternative redox couples the electron lifetime is, however, usually lower 
than for iodide/triiodide based DSCs and recombination losses also needs to 
be considered when determining the electron transport time. Figure 6.6 (b) 
shows the electron transport time for the same series of cells as in Figure 6.6 
(a). The electron transport time decreased with the thickness of the TiO2, 
since electron transport becomes slower with increasing thickness of the 
TiO2 films. The transport time depends on the light intensity and the charge 
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density, and is like the electron lifetime, exponentially dependent on the 
short circuit current.  

 
The electron diffusion length (L) can also be determined using small am-

plitude modulation measurements. The electron diffusion (D) through the 
mesoporous TiO2 is derived from the thickness of the TiO2 (d) and the 
transport time, taking the distribution of trapped and free electrons into ac-
count, according to Equation 6.11.86 

D =
d 2

2.35! tr
 (6.11) 

The electron diffusion length is determined from the diffusion of the elec-
trons through the mesoporous TiO2 and the electron lifetime, according to 
Equation 6.12.17  

L = D! e  (6.12) 

It should be noted that this is an approximation of the electron diffusion 
length since the electron transport time and electron lifetime is measured 
under different conditions. The electron lifetime measured at open circuit 
conditions can be seen as a minimum estimate of the electron lifetime at 
short circuit conditions, since it has been found that the electron lifetime 
increases with decreasing potential.87 Figure 6.7 shows the electron lifetime 
and the electron transport time versus the extracted charge for a D35 sensi-
tized DSC using cobalt tris(2,2’-bipyridyl) electrolyte. The electron diffu-
sion length is determined by extrapolating the electron lifetime and transport 
time to the extracted charge under short circuit conditions at 1 sun illumina-
tion. 
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Figure 6.7. Electron lifetime and electron transport time as a function of the extract-
ed charge for D35 sensitized DSCs using cobalt tris(2,2’-bipyridyl) electrolyte. The 
electron diffusion length was determined to 680 µm, by extrapolating the electron 
lifetimes to the extracted charge under short circuit conditions at 1 sun.  

One explanation to the long electron diffusion length obtained, and the dis-
crepancy found in the electron diffusion length determined from the steady-
state IPCE measurements, can be that recombination to oxidized dye mole-
cules is significant at high light intensities. An increase in the concentration 
of the oxidized dye molecules would result in a reduced electron lifetime at 
short circuit conditions relative to at open circuit conditions for the same 
electron concentration, which leads to an overestimation of the short circuit 
electron diffusion length when the parameters are measured under different 
conditions.88 Recombination may also influence the observed electron 
transport times, which will further result in an overestimation of the electron 
diffusion length.  

6.1.4 Impedance spectroscopy 
Impedance Spectroscopy can be used to resolve the electron transfer pro-
cesses occurring in the operation of the DSC, and relates the impedance of 
the different processes to the total resistance, determined from the slope in 
the I-V measurements. The DSC can be modeled using the transmission line 
model89, see Figure 6.8 (a). 
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Figure 6.8. The transmission line model used for fitting the impedance data of a 
complete DSC. (b) Nyquist plot under 1 sun illumination at VOC for D35 sensitized 
DSC using cobalt tris(2,2’-bipyridyl) electrolyte. 

Where RS is the series resistance at the conducting glass, RCE the charge 
transfer resistance for reduction of the redox species at the counter electrode, 
Rtr the transport resistance of electrons through the mesoporous TiO2, RREC is 
the charge transfer resistance for electron recombination, Zdiff is the diffusion 
resistance of the redox species in solution, and cµ the chemical capacitance 
arising from double layer charging at the different interfaces. Figure 6.8 (b) 
shows a Nyquist plot under 1 sun illumination at VOC for D35 sensitized 
DSCs using cobalt tris(2,2’-bipyridyl) electrolyte. The first semicircle in the 
high frequency region arises from the charge transfer resistance at the coun-
ter electrode, the semicircle in the middle frequency region arises from the 
recombination resistance at the semiconductor/electrolyte interface, and the 
semicircle in the low frequency region arises from the diffusion resistance 
(RD). Electron transport times and electron lifetimes can be determined from 
the chemical capacitance, the transport resistance and the recombination 
resistance, respectively. Impedance spectroscopy was here, however, only 
used to investigate the charge transfer resistance at the counter electrode.  

 
The charge transfer resistance at the counter electrode can be determined 

using symmetric sandwiched cells consisting of two counter electrodes with 
redox electrolyte in between. Figure 6.9 (a) shows the simplified equivalent 
circuits used to explain a symmetric cell.90 The Nyquist plot at 0 V in the 
dark for a symmetric cell consisting of two platinized counter electrode with 
cobalt tris(2,2’-bipyridyl) electrolyte in between is shown in Figure 6.9 (b). 
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Figure 6.9. (a) The equivalent circuits used to fit a symmetric sandwiched DSC, 
where Zw is the Warburg diffusion resistance and CPE the constant phase element 
arising from the double layer capacitance. (b) Nyquist plot in the dark at 0 V for a 
symmetric cell consisting of two platinized counter electrodes with cobalt tris(2,2’-
bipyridyl) electrolyte in between. 

Two semicircles are shown, arising from the charge transfer resistance at the 
counter electrode (high frequency region) and the diffusion resistance of the 
redox electrolyte (low frequency region). If porous counter electrodes are 
employed a third semicircle can be shown in the high frequency region at an 
applied potential, arising from the diffusion of the redox species through the 
porous counter electrode material.90  

The catalytic activity at the counter electrode can be expressed in terms of 
the exchange current density (J0), which can be calculated from RCE accord-
ing to Equation 6.13, 

J0 =
RT

nFRCE
 (6.13) 

where n is the number of electrons. 

6.2 Characterization of components 
6.2.1 UV-visible spectroscopy 
UV-Visible spectroscopy was performed to investigate the spectral perfor-
mance of the dyes. The absorbance (A) of a sample at a specific wavelength 
is calculated from the transmittance (T) according to Equation 6.14. 

A(!) = ! log10 T (!)  (6.14) 
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Figure 6.10 (a) shows how the absorbance of TPA-based organic dyes can 
be red-shifted by changing the linker unit. The series of different dyes inves-
tigated are called LEG1-4, having dithiophene units with different substitu-
ents as the π conjugated linker.   

 
Figure 6.10. (a) Absorbance spectra and (b) extinction coefficient for the LEG1-4 
series of TPA-based dyes. The spectrum of D35 is shown for comparison. 

The extinction coefficient (ε) of the dyes (Figure 6.10 (b)) can be calculated 
using Lambert-Beer’s law according to Equation 6.15,  

A = !Cl  (6.15) 

where A is the absorbance of the species, C is the concentration of the spe-
cies in solution, and l is the path length.  

6.2.2 Electrochemistry 
Cyclic Voltammetry was performed to determine the formal potential for the 
different redox couples, and the ground state oxidation potential of the dyes. 
In a typical cyclic voltammetry measurement a three-electrode setup, con-
sisting of a platinum working electrode, a glassy carbon counter electrode 
and an Ag/AgNO3 (10mM AgNO3, 0.1 M TBAPF6) reference electrode was 
used. The reference electrode was calibrated versus ferrocene in the same 
supporting electrolyte, and the redox potential was converted to V vs. NHE 
by adding 0.63 V to the potential of ferrocene. Figure 6.11 shows the cyclic 
voltammogram measured for three different cobalt phenanthroline complex-
es at a scan rate of 0.1 Vs-1.  
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Figure 6.11. Cyclic voltammogram for cobalt phenanthroline redox couples at a 
scan rate of 0.1 Vs-1. The redox electrolyte solution was 15 mM Co(L)3(PF6)2

2+ and 
0.1 M TABPF6 in acetonitrile, where L symbolizes the different phenanthroline 
ligands.  

The redox potential of the cobalt complexes is determined from the potential 
in-between the anodic peak (Upa), where oxidation of the cobalt complexes 
takes place, and the cathodic peak (Upc), where the re-reduction of the cobalt 
complexes takes place. In a fully reversible electrochemical reaction the 
peak potentials should be independent on scan rate and separated by 59 mV 
for a one-electron oxidation at 298 K. Cobalt redox couples show, however, 
a quasi-reversible behavior on Pt electrodes.59  

 
For diffusion measurements of the cobalt redox couples a 10 µm diameter 

platinum microelectrode was used as the working electrode. Figure 6.12 
shows the diffusion limiting current for cobalt tris(2,2’-bipyridyl)2+ deter-
mined by cyclic voltammetry at a scan rate of 0.01 Vs-1.  

 
Figure 6.12. The diffusion limiting current determined for cobalt tris(2,2’-
bipyridyl)2+ by cyclic voltammetry at a scan rate of 0.01 Vs-1. The redox electrolyte 
solution was 15 mM Co(bpy)3(PF6)2

2+ and 0.1 M TABPF6 in acetonitrile. 
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The diffusion coefficient was calculated to 9.1 × 10-6 cm2s-1 for cobalt 
tris(2,2’-bipyridyl)2+ from the diffusion limiting current, according to Equa-
tion 6.16,  

I lim = 4nFDCr  (6.16) 

where D is the diffusion coefficient, C is the concentration of redox species, 
and r the radius of the microelectrode.  

6.2.3 Photo-induced absorption spectroscopy (PIA) 
Photoinduced absorption spectroscopy (PIA) can be used to qualitatively 
study dye regeneration at light intensities comparative to sunlight. PIA is a 
pump-probe technique, in which white probe light, provided by a 20 W 
tungsten-halogen lamp, is superimposed on square-wave modulated light at 
460 or 530 nm, used for excitation of the dye molecules. The transmitted 
probe light is after transmission through the sample focused onto a mono-
chromator and detected using a UV-enhanced Si photodiode, connected to a 
lock-in amplifier, via a current amplifier. The PIA setup has been described 
in detail elsewhere.91 
 

Figure 6.13 (a) shows the PIA spectra for D35 sensitized DSCs before 
and after the addition of cobalt tris(2,2’-bipyridyl) electrolyte. In the pres-
ence of inert electrolyte, the increase in absorbance in the near infrared is 
attributed to the oxidized dye molecules, and the bleach at 520 nm is at-
tributed to a bleach of ground state dye molecules, superimposed on a Stark 
shift. The Stark shift is caused by a change in the local electric field across 
the dye molecules.92 When cobalt tris(2,2’-bipyridyl) electrolyte is added to 
the D35 sensitized TiO2 films the increase in absorbance in the near infrared 
disappears, indicating that the redox couples regenerates the dye molecules.  
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Figure 6.13. (a) PIA spectrum of D35 in inert electrolyte, and in the presence of 
cobalt tris(2,2’-bipyridyl) electrolyte. (b) Change in absorption of D35 sensitized 
TiO2 films measured using spectroelectrochemistry at a scan rate of 0.01 Vs-1 in a 
supporting electrolyte consisting of 0.1 M TBAPF6 in acetonitrile. (c) Electroabsorp-
tion spectrum of D35. 

Spectroelectrochemistry can be performed to verify the change in the ab-
sorbance spectrum, through oxidation of the dye molecules by cyclic volt-
ammetry, and electroabsorption spectroscopy can be used to verify the Stark 
shift,92 see  Figure 6.13 (b) and (c), respectively. The sample used in the 
electroabsorption spectroscopy measurements consisted of dye molecules 
adsorbed on a thin dense layer of TiO2 and separated from a thin, semi-
transparent silver electrode using polymethyl methacrylate as an insulating 
spacer layer. A voltage was then modulated across the sample using the 
same setup as in the PIA measurements and ∆A was calculated from the 
change in transmission in phase with the modulation. Electroabsorption 
spectroscopy has been described in detail elsewhere.93  

6.2.4 Transient absorption spectroscopy (TAS) 
Transient absorption spectroscopy (TAS) measured with a nanosecond laser 
setup, was performed to give quantitative information of dye regeneration. 
Figure 6.14 shows the experimental setup used. A probe light consisting of a 
LED or a diode laser at 880 or 780 nm, respectively, was focused onto the 
sample and the absorbance signal of the oxidized dye molecules was meas-
ured using an amplified Si photodiode as the detector. The dye molecules 
were excited by laser pulses generated using a frequency tripled Nd:YAG 
laser in combination with an OPO tuned to the desirable wavelength. The 
laser pulse intensity was tuned using a movable λ/2 plate and a fixed polariz-
er.   
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Figure 6.14. Schematic diagram showing the experimental setup used in the transi-
ent absorption spectroscopy measurements. 

Figure 6.15 shows the transient absorption spectroscopy measurements for 
the D35 dye in presence of inert electrolyte (black trace) and with addition of 
cobalt polypyridine redox couples with increasing formal potentials. The 
transient optical signal observed at 880 nm after laser pulse excitation at 580 
nm is dominated by the absorption of the oxidized D35 molecules, but con-
tains also the weaker absorption of electrons in the TiO2. The decay of the 
absorbance signal in the presence of inert electrolyte shows the recombina-
tion of conduction band electrons with the oxidized dye molecules. In the 
presence of cobalt electrolyte the decay of the signal accelerates, indicating 
that the cobalt redox couples regenerate the dye molecules. The regeneration 
half time (t1/2) becomes longer as the formal potential of the redox couples 
increases, suggesting slower regeneration for the cobalt complexes with 
more positive redox potentials.  

 
Figure 6.15. Transient absorption spectroscopy measurements of D35 in the pres-
ence of inert electrolyte (black trace) and in the presence of cobalt polypyridine 
redox couples with increasing formal potentials (E0).  

The regeneration efficiency (Φreg), gives the fraction of oxidized dye mole-
cules that are regenerated by the redox mediator, and can be estimated using 
the half times by Equation 6.17,  
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!reg =
kreg

kreg + krec
= kreg = kredox ! krec( ) =1! krec

kredox
=1! t1/2,redox

t1/2,rec
 (6.17) 

where kreg is the rate constant for regeneration of the sensitizer by the redox 
couple, krec is the rate constant for back electron transfer from electrons in 
the TiO2 conduction band to the oxidized dye molecules, and kredox is the 
observed regeneration rate constant. The thermodynamic driving force need-
ed to regenerate 99.9 % of the oxidized dye molecules is estimated from the 
Nernst equation to 0.18 eV using Equation 6.18. 

EF,redox = Edye
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&
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The actual driving force needed for dye regeneration by the cobalt polypyri-
dine redox couples was investigated in Paper III and IV. 

6.2.5 Fourier Transform Infrared Spectroscopy (FTIR) 
Fourier transform infrared (FTIR) spectroscopy is a technique that measures 
how much light is absorbed at a specific wavelength in the infrared region, 
i.e. at longer wavelengths and lower frequencies compared to visible light. 
FTIR can be used to detect chemical species, since different functional 
groups absorb characteristic frequencies of IR radiation, where specific mo-
lecular vibrations occur. FTIR spectra of dye-sensitized TiO2 were measured 
in a vacuum-pumped Bruker IFS 66v/S spectrometer by scraping the film off 
the substrate, blending it with potassium bromide, and compressing it into a 
pellet. The IR spectra in Figure 6.16 shows the formation of Si-O-Si bonds 
on N719 sensitized TiO2 films after the treatment with trichloromethylsilane. 
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Figure 6.16. IR spectra for TiO2 films sensitized with N719. Black solid line and red 
dashed line are before and after treatment with trichloromethylsilane.  

6.2.6 Photoelectron Spectroscopy (PES) 
Photoelectron spectroscopy (PES) is a surface sensitive technique in which 
the kinetic energy of electrons ejected after absorbing X-ray photons of 
known energy is measured. Binding energies specific for different atoms are 
then calculated from the difference in energy between the absorbed photons 
and the kinetic energy of the ejected electrons, and a PES spectrum that 
shows the amount of photoelectrons plotted against the binding energy is 
obtained. The spectrum can be divided into two different parts; core level 
electrons measured at high binding energies and valence electrons measured 
at low binding energies.  PES can be used to get useful information about the 
electronic structure, binding configuration and coverage of for example dye-
sensitized surfaces. Element specific information is gained from core level 
PES spectra, where variations in the binding energy of a specific core level, 
known as chemical shifts, provide information about differences in the 
chemical environment. The intensity of the core level peaks is proportional 
to the cross section for electron emission from the specific core level (σ) and 
the surface concentration of the specific element (ρ). The intensity in a PES 
measurement depends also on the distance the electrons travel through the 
material (d) and the mean free path of the photoelectrons in the material (λ) 
according to Equation 6.19.    

I ! I0 (! ,") "e
#d /#  (6.19) 

Photoelectron spectroscopy (XPS) was performed on films with an in-house 
ESCA 300 spectrometer, or at the Swedish national synchrotron radiation 
facility MAX-lab in Lund at beamline 1411. The XPS spectra were energy 
calibrated the same way as reported elsewhere,94 by setting the Ti 2p sub-
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strate signal to 458.56 eV. Charging and radiation effects were checked by 
measuring the specific core level repetitively.  

6.2.7 Scanning electron microscopy (SEM) 
Scanning electron microscopy (SEM) provides surface topography of sam-
ples, by scanning the sample with a focused beam of electrons. SEM images 
were obtained with a Zeiss LEO 1550 field-emission scanning electron mi-
croscope. A 5 kV acceleration voltage, a working distance of 3 mm and 50 
000 times magnification was used. 
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7 The Ferrocene redox couple 

Ferrocene is a kinetically fast one-electron outer sphere redox couple. The 
molecular structure of ferrocene is shown in Figure 7.1. DSCs using the 
ferrocene redox couple in combination with the standard ruthenium-based 
dye, N3, show no photovoltaic performance under illumination, because all 
photogenerated charge carriers recombine before they can be collected in the 
external circuit. Gregg et al.53 showed for the first time a working DSC 
based on the ferrocene redox couple using a surface passivation method 
based on a silanization procedure to form a blocking layer on the TiO2 after 
dye adsorption. This silanization procedure was further investigated in Paper 
I. The efficiency for ferrocene-based DSC was still however, relatively low 
(< 0.5 %), until an impressive breakthrough efficiency of 7.5 % was reported 
by Daeneke et al. using an organic carbazole dye in combination with a wa-
ter and oxygen free ferrocene electrolyte with the addition of chenodeoxy-
cholic acid.55  

 
 
 
 
 
 
 

Figure 7.1.Molecular structure of ferrocene.   

7.1 Surface passivation by poly(methylsiloxane)  
The surface passivation procedure was based on a vapor phase silanization 
technique using trichloromethylsilane as a silanization agent. Trichlorome-
thylsilane is hydrolyzed by water and adsorbed to the hydroxylated TiO2 
surface by hydrogen bonds. This is schematically illustrated in Figure 7.2. 
Trichloromethylsilane is a trifunctional precursor that polymerizes in the 
presence of water. In order to control the grafting of the methylsiloxane mol-
ecules it is therefore important to control the amount of water present.  
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Figure 7.2. Schematic diagram showing the surface structure of trichlorome-
thylsilane forming a polymerized layer on the hydroxylated TiO2 surface.  

Different cycles of the silanization procedure were performed in Paper I to 
investigate the optimum thickness of the blocking layer. Figure 7.3 shows 
the I-V characteristics under 1 sun illumination for ferrocene-based DSCs 
sensitized with N719 after 0, 1, 2, 3 cycles of silane treatment. Recombina-
tion of photoinjected electrons with the ferrocenium species was found to be 
slowed down with increasing thickness of the poly(methylsiloxane) coatings, 
and the dark current decreased with the number of silanization cycles, ac-
cordingly. The best photovoltaic performance was obtained after two cycles 
of silane treatment, but the current sharply dropped after three cycles of 
silane treatment. A loss in photocurrent of 90 % after two cycles of silane 
treatment was calculated for the N719 dye, from the absorption spectrum of 
a 5 µm thick film, using the AM1.5G photon flux and assuming quantitative 
dye injection, dye regeneration and charge collection.  

 
Figure 7.3. I-V curves in the dark (dashed lines) and under 1 sun illumination (solid 
lines) for ferrocene-based DSCs sensitized with N719 after 0, 1, 2, 3 cycles of silane 
treatment.  

PIA measurements revealed that the regeneration of the dye was affected by 
the silanization procedure. Figure 7.4 shows the PIA spectrum of N719 sen-
sitized TiO2 films in the presence of inert electrolyte and in the presence of 
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ferrocene electrolyte after 0 and 2 cycles of silane treatment. In the presence 
of ferrocene electrolyte (black triangles) the bleach of ground-state dye at 
540 nm, and the peak of the oxidized N719 dye molecules at 780 nm is no 
longer visible, indicating that ferrocene efficiently regenerates the N719 dye. 
When the ferrocene electrolyte is added to the DSC after two cycles of silane 
treatment (red circles) the bleach of the ground- state dye and the peak of 
oxidized dye are still, however, present, though lower in intensity, indicating 
that the silanization procedure hinders the regeneration of some dye mole-
cules.  

 
Figure 7.4. PIA spectrum of N719 sensitized TiO2 films in the presence of inert 
electrolyte (blue squares) and in the presence of ferrocene electrolyte after 0 (black 
triangles) and 2 (red circles) cycles of silane treatment. 

In conclusion, the trichloromethylsilane treatment is effective in preventing 
rapid recombination from photoinjected electrons to the oxidized redox spe-
cies, and thus allows the use of kinetically fast redox couples in the DSC. 
The treatment does, however, prevent efficient dye regeneration of part of 
the dye molecules, since they are covered by the insulating layer. In addition 
it was shown by PES that the silane treatment lead to chemical modifications 
of the thiocyanate ligands in the N719 molecule. A better conversion effi-
ciency was therefore found using the ruthenium-based dye, Ru(bpy)2(dcbpy), 
whose absorption spectrum is not as broad and more blue shifted compared 
to that of N719. Ru(bpy)2(dcbpy) was found to be unaffected by the silane 
treatment, and showed an optimum conversion efficiency of 0.51 % after 
two cycles of silane treatment (loss in photocurrent ≈ 75 %). 
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8 Cobalt polypyridine redox couples 

Since our breakthrough report on cobalt polypyridine based DSCs in 
combination with triphenylamine-based organic dyes,67 a lot of research has 
been focused on the use of cobalt redox mediators in the DSC. Redox poten-
tials of above 1 V have been reported by tuning the coordination sphere of 
the cobalt redox couples to more positive redox potentials.95-97 The donor, 
acceptor and linker units of TPA-based organic dyes have been extensively 
modified to red-shift the spectral response of the dyes, and to retard interfa-
cial electron recombination processes.98-105 Less research has been focused 
on fundamental understanding of interfacial electron transfer processes in 
cobalt-based DSCs. This chapter will focus on prospects and limitations in 
cobalt based DSCs, and is hoped to be a guideline for future design of DSCs 
employing alternative redox couples. The molecular structure and the name 
of the different cobalt complexes investigated in this thesis are shown in  
Figure 8.1. The formal potentials of the redox couples are shown in Appen-
dix 2.  

 
 

 
 
 
 
 
 
 
 
 
 
 

R1 = H  (terpy) R3 = H  (phen) R5 = H  (py-pz) 
 R1 = t-Butyl  (ttb-terpy) R3 = Cl  (Cl-phen) R5 = CH3  (Mepy-pz) 
 R2 = H  (bpy) R3 = NO2  (NO2-phen) R6 = CH3  (Me2pz-py-pzMe2) 
 R2 = CH3  (dmb)  R4 = H  (bpy-pz) 

 
 

R2 = CHO3  (dm-o-b)  R4 = CH3  (Me2bpy-pz) 
 

 
 

Figure 8.1. The molecular structure of the different cobalt polypyridine complexes.  
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8.1 The marriage between the dye and the redox 
mediator 

The effect of employing bulky substituents to the dye and the redox mediator 
was examined in Paper II. Two different TPA-based organic sensitizers, D29 
and D35 (Figure 8.2) were compared to investigate the effect of bulky 
alkoxy substituents on the sensitizer in cobalt polypyridine based DSCs.  
Alkyl prolongation of TPA-based organic dyes have previously been shown 
to suppress recombination and to prevent dye aggregation in iodide/triiodide-
based DSCs.106, 107 Bulky substituents on cobalt polypyridine redox couples 
have in addition been shown necessary to retard fast interfacial charge trans-
fer processes in cobalt-based DSCs.62  

 
Figure 8.2. Molecular structure of the TPA-based organic dyes; (a) D29 and (b) 
D35. 

Figure 8.3 shows the IPCE spectra for the two different TPA-based dyes in 
combination with cobalt bipyridyl redox couples with different bulky sub-
stituents. The IPCE for D29 sensitized-DSCs increased with steric bulk of 
the cobalt complexes. The better performance found using [Co(dtb)3]n+, is in 
agreement with earlier results, attributed to the bulky tert-butyl substituents 
that slows down the recombination rate.62 The inclusion of bulky substituents 
on cobalt redox couples have, however, previously been shown to result in 
mass transport limitations,64 but this is not likely to influence the IPCE re-
sults since low monochromatic light intensities are used.  

Interestingly, the IPCE spectrum for the D35 sensitized DSCs was not af-
fected by the steric bulk of the cobalt complexes, and a maximum IPCE of 
about 90 % was obtained for all the different cobalt complexes investigated. 
The high IPCE values obtained for the D35 dye suggests quantitative dye 
injection, dye regeneration and charge collection. This in contrast to the re-
sult found by many other groups, where the use of one-electron redox cou-
ples have resulted in poor photovoltaic performances, because of enhanced 
recombination.48, 53, 54, 62  
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Figure 8.3. IPCE spectra for (a) D29 and (b) D35 sensitized DSCs in combination 
with cobalt bipyridyl redox couples with different bulky substituents. 

The electron lifetime for the D29 dye was, in agreement with the IPCE data 
shown to increase with the steric bulk of the cobalt complexes, whereas the 
electron lifetime for the D35 dye was much higher, and less dependent on 
the substituents around the periphery of the cobalt complexes (Paper II). The 
longer electron lifetimes and the high IPCE values found for the D35 dye 
compared to the D29 dye suggest that recombination is sufficiently sup-
pressed by the introduction of bulky alkoxy substituent on the dye, allowing 
the use of cobalt redox couples with less bulky substituents.  

8.2 Mass transport limitations 
The performance of cobalt polypyridine redox couples in the DSC has been 
suggested to be limited by mass transport problems. The diffusion coeffi-
cient of [Co(dtb)3]n+ through the mesoporous TiO2 network has been found 
to be about 1 order of magnitude lower than that for I3

-.64 The effect of slow 
mass transport in DSCs employing cobalt redox couples was investigated in 
Paper II by monitoring photocurrent transients using a large modulation 
(on/off) of the incident light. The photocurrent transient under 1 sun illumi-
nation for D35 sensitized DSCs using cobalt bipyridyl redox couples with 
different bulky substituents is shown in Figure 8.4.  
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Figure 8.4. Photocurrent transient at 1 sun illumination for D35 sensitized DSCs 
using cobalt bipyridyl redox couples with different bulky substituents.  

A maximum in photocurrent is observed when the light is switched on, fol-
lowed by a decrease in photocurrent, reaching a constant value after a few 
seconds. The ratio of the initial current peak and the steady state current 
increased in the order [Co(bpy)3]n+ > [Co(dmb)3]n+ > [Co(dtb)3]n+, indicating 
that mass transport is retarded by the steric bulk of the redox mediator. For 
[Co(bpy)3]n+ the decrease in photocurrent was negligible using a 6 µm thick 
TiO2 film, illustrating the benefit of using organic dyes with high extinction 
coefficient and thin film DSCs.  

 
The best energy conversion efficiency obtained for the D35 dye in com-

bination with [Co(bpy)3]n+ was 6.7 % at 1 sun, compared to 5.5 % for the 
iodide/triiodide redox couples. The better photovoltaic performance found 
using cobalt bipyridyl instead of iodide/triiodide electrolyte can be explained 
by the lower extinction coefficient, and the more positive redox potential of 
[Co(bpy)3]n+, which enhances the VOC. The loss in photocurrent for io-
dide/triiodide based DSCs because of competitive light absorption in the 
spectral region between 360 – 460 nm is visualized in the IPCE plot (Figure 
8.3). The high photovoltaic performance obtained for the D35 dye is at-
tributed to the inclusion of bulky alkoxy substituents on the dye, which suf-
ficiently suppress recombination by preventing the approach of the oxidized 
redox species in solution to the TiO2 surface. By adding the steric bulk to the 
dye rather than the redox couples, mass transport limitations could in addi-
tion be avoided. The combination of organic dyes and cobalt bipyridyl elec-
trolyte resulted in a five-fold increase in efficiency compared to earlier re-
ported result using  [Co(bpy)3]n+ in combination with the ruthenium-based 
dye, N719 (η=1.3 %).62  
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8.3 The effect of the redox potential on the 
photovoltaic performance 

One of the main advantages using cobalt redox couples, instead of io-
dide/triiodide, is that the driving force needed for dye regeneration is lower, 
and a higher VOC and conversion efficiency can thus be obtained. Since the 
voltage output of the devices is determined by the difference in quasi-Fermi 
level of the TiO2 under illumination and the Nernst potential of the redox 
mediator, the redox potential of the cobalt complexes needs to be carefully 
optimized in order to enhance the VOC, meanwhile keeping a sufficient driv-
ing force for dye regeneration.  

 
Figure 8.5. (a) Current density versus applied potential curves under AM 1.5G illu-
mination and (b) IPCE spectra for D35 sensitized DSCs. [Co(bpy)3]n+ (blue circle), 
[Co(phen)3]n+ (red square), [Co(Me2bpy-pz)2]n+ (green triangle) , [Co(bpy-pz)2]n+ 
(magenta diamond) , [Co(Mepy-pz)3]n+ (yellow plus) and [Co(py-pz)3]n+ (cyan star). 

The redox potential of cobalt polypyridine redox couples can easily be tuned 
by changing the coordination sphere of the complexes. Figure 8.5 shows the 
photovoltaic performance and the IPCE for D35 sensitized DSCs employing 
cobalt polypyridine complexes with increasing formal potentials. The VOC 
increased with the redox potential of the cobalt complexes, and the highest 
VOC was obtained for [Co(bpy-pz)2]n+ (E0 = 0.86 vs. NHE). The VOC then 
started to decrease again for the cobalt complexes with more positive formal 
potentials (Paper IV), as a result of the low regeneration efficiency obtained. 
A linear increase in VOC with redox potential is expected, but since the VOC 
levels off to a maximum value of 1.02 V, the quasi-Fermi level of the TiO2 
must be shifted downward with increasing redox potential of the complexes, 
because of enhanced recombination.  

The short-circuit current and IPCE decreased with the formal potential of 
the cobalt complexes, indicating poor regeneration and/or charge collection 
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efficiencies with increasing redox potential of the cobalt complexes, under 
the experimental conditions used. 

8.4 Dye regeneration 
 
Dye regeneration by one-electron outer sphere redox couples is assumed to 
be relatively fast compared to for the iodide/triiodide redox couple. Electron 
transfer rates for cobalt complexes are, however, known to be relatively slow 
on account of the change in spin when going from Co2+ to Co3+. The self-
exchange rate for [Co(bpy)3]n+ is about 6 order of magnitudes slower than 
that of ferrocene (7.5 × 106 M-1s-1).108, 109 Dye regeneration by a series of 
different cobalt complexes, ranging in redox potential between 0.34 – 1.2 V 
vs. NHE was investigated in Paper III and IV, to correlate the decrease in 
IPCE found with increasing redox potential of the cobalt complexes. The 
regeneration kinetics of different dyes by the cobalt polypyridine redox cou-
ples was investigated in Paper IV to see how the structure of the dyes influ-
enced the regeneration rate. Figure 8.6 shows a schematic energy diagram, 
displaying the different kinetic processes in the operation of the cobalt-based 
DSCs.  

 
 

Figure 8.6. Schematic energy diagram displaying the different kinetic processes in 
the operation of cobalt-based DSC. kreg is the regeneration of the sensitizer by the 
cobalt redox mediators, krec1 is the recombination of photoinjected electrons with the 
oxidized dye and krec2 is the recombination of photoinjected electron with the oxi-
dized redox species.  

Marcus theory was applied to describe the regeneration rate (kreg) of the oxi-
dized dye molecules by the cobalt redox couples. The electron transfer rate 
depends, according to Marcus theory, on the driving force for the reaction, 
the electronic coupling and the reorganization energy (see Section 3.4). Fig-
ure 8.7 (a) shows a semi-logarithmic plot of the regeneration half times (t1/2) 
as a function of the driving force for regeneration for the L0, D35, Y123 and 
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Z907 dye. The drawn lines are fits to the Marcus equation, assuming roughly 
equal HAB and λ for all the cobalt complexes.  

Most of the cobalt complexes regenerated the dye molecules in the Mar-
cus normal region, and a maximum regeneration rate is found where ΔG0 = 
λ. λ was determined to 0.69 eV for L0, 0.68 eV for D35, 0.63 eV for Y123 
and 0.59 eV for Z907, respectively. The regeneration rate then started to 
decrease with an increase in driving force for regeneration, as the Marcus 
inverted region is reached. The diffusion-limited regeneration rate for cobalt 
complexes occurs on a faster time scale (ns) compared to the regeneration 
rate (µs), and the electron transfer step is the rate-limiting step for cobalt 
polypyridine redox couples (Paper IV). Marcus theory can thus be applied to 
describe the rate of electron transfer and the decrease in regeneration rate 
found for cobalt redox couples with a higher driving force for regeneration is 
direct evidence that the Marcus inverted region is reached.  

 
Figure 8.7. (a) Semi-logarithmic plot of the inverse of the regeneration half times 
versus the driving force for regeneration for the L0, Z907, D35 and Y123 dye and 
(b) the D35 dye separately. The concentration of Co2+ was 0.1 M in a supporting 
electrolyte of 0.1 M LiClO4 and 0.2 M TBP in 60:40 acetonitrile : ethylene car-
bonate.  

The electronic coupling for the different dyes investigated decreased in the 
order L0 > Z907 > D35 > Y123. This is in agreement with the fact that the 
electronic coupling decreases with the spatial separation between the donor 
and acceptor (Equation 3.3). The faster regeneration rate found for the L0 
dye can be explained by a better electronic overlap between the donor and 
acceptor orbitals because of its small size, which makes the access for regen-
eration by the cobalt redox couple easier. It is important to match the elec-
tronic configurations of the dyes and the redox mediators in order to obtain a 
good electronic coupling and thereby a fast regeneration rate. 

Figure 8.7 (b) shows the semi-logarithmic plot of the inverse of the re-
generation half times versus the driving force for regeneration for the D35 
dye separately. Bidentate ligands are marked as squares and tridentate lig-
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ands as circles. The structure of the cobalt complexes does not seem to influ-
ence the regeneration rate significantly, which is in good agreement with the 
assumption of equal reorganization energies for all the different cobalt com-
plexes. De Angelis et al. calculated the reorganization energy for a series of 
different cobalt polypyridine redox couples to be about 0.6 eV.110 Similar 
system reorganization energies as here were in addition obtained, and the 
regeneration mechanism was found to proceed via a low spin pathway. A 
slightly faster regeneration rate was, in agreement with the expectation from 
De Angelis et. al, found for [Co(terpy)2]2+, which has a low spin as the low-
lying spin state.110  

In general for all the different dyes investigated under the experimental 
condition used, the regeneration efficiency was high when a cobalt complex 
with a driving force for regeneration of above 0.4 eV was employed. The 
regeneration efficiency decreased, however, for cobalt complexes with a 
driving force for regeneration in between 0.2 and 0.4 eV and then leveled off 
when the driving force for regeneration was less than 0.2 eV. The regenera-
tion rate was, however, found to be concentration dependent, and by increas-
ing the concentration 3-fold, a driving force for regeneration of 0.25 eV for 
[Co(bpy-pz)2]2+ was found sufficient to regenerate 84 % of the D35 dye mol-
ecules. Since the regeneration efficiency also depend on the recombination 
rate of the dye (krec1), it is important to tune the structure of the dye so that 
recombination to the oxidized dye is slow.  

8.5 Charge recombination to the oxidized dye 
molecules 

Recombination to the oxidized dye molecules were, in agreement with pre-
vious results from Clifford et al.111, found to depend on the spatial distribu-
tion between the dye HOMO level and the TiO2 surface, rather than on the 
driving force for the reaction (Paper IV). The recombination half times for 
the different dyes investigated were determined to 94 µs for L0, 247 µs for 
D35, 276 µs for Y123, 109 µs for Z907, respectively. An exponential de-
pendence of the inverted recombination half times on the spatial separation 
between location of positive charge in the oxidized dye and the TiO2 surface 
was found (Figure 8.8) which is in agreement with the exponential depend-
ence of the electronic coupling on the tunneling distance, according to Equa-
tion 3.3. 
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Figure 8.8. Plot of the logarithm of the inverted recombination half times versus the 
spatial separation between location of positive charge in the oxidized dye and the 
TiO2 surface. For the oxidized triphenylamine-based organic dyes the positive 
charge is assumed to be located on the nitrogen in the triphenylamine group, where-
as for oxidized Z907 it is assumed to be analogous to N719, for which it has been 
calculated to be located on both Ru and the NCS ligands. 

8.6 Charge recombination to Co(III) 
Charge recombination to Co(III) depends, as dye regeneration, on the redox 
potential of the cobalt complexes, since the driving force for recombination 
increases with the redox potential of the cobalt complexes. The dependence 
of the redox potential of the cobalt complexes on the recombination kinetics 
for D35 sensitized DSCs was investigated in Paper IV using steady-state 
dark current measurements, and electron lifetime measurements.  

Recombination to the three cobalt complexes with the lowest driving 
force for recombination was found from steady-state dark current measure-
ments to occur in the Marcus normal region, whereas recombination to the 
cobalt complexes with the more positive redox potentials occurred in the 
Marcus inverted region (Figure 8.9). Interestingly, the dark current increased 
again for the cobalt complexes with the most positive redox potentials. This 
is in agreement with previous results from Hamann and coworkers, who 
found recombination from conduction band electrons to 
[Ru(bpy)2(MeIm)2]3+ (E0 ≈ 1.24 V vs. NHE) to be in the Marcus inverted 
region, and sufficiently slower than recombination from an exponential de-
pendence of surface states and monoenergetic surface states below the TiO2 
conduction band.112 The higher dark current obtained for the cobalt com-
plexes with the highest driving force for recombination is therefore likely a 
result of increased recombination from surface states.  
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Figure 8.9. (a) The dark current density and (b) a semi-logarithmic plot of the dark 
current density versus the formal potential of the cobalt complexes for D35 sensi-
tized DSCs. The electrolyte concentration was 0.1 M [Co(L)n]2+, 0.01 M [Co(L)n]3+, 
0.1 M LiClO4 and 0.2 M TBP in acetonitrile. The line in Figure 8.9 (b) is a fit ac-
cording to the Marcus equation, assuming equal values of HAB and λ for all the co-
balt complexes. The cobalt complexes with the most positive redox potentials were 
not included in the modeling.  

The rate constant for recombination of conduction band electrons with 
oxidized redox species (krec2) is directly proportional to the steady-state dark 
current, under the assumption that the current density is first order dependent 
on the concentration of acceptor species in solution and the electron concen-
tration at the surface of the semiconductor. The Marcus equation can thus be 
applied to describe the dark current density as a function of the driving force 
for the reaction. Figure 8.9 (b) shows a semi-logarithmic plot of the dark 
current densities versus the formal potential of the cobalt complexes for D35 
sensitized DSCs. Assuming roughly the driving force for recombination to 
be the difference between the Fermi level of the TiO2 and the formal poten-
tial of the redox couple, a reorganization energy of 0.75 eV was determined 
using the Marcus equation. Since recombination to most of the cobalt com-
plexes occur in the Marcus inverted region, recombination losses to Co(III) 
do not increase with increasing redox potential of the cobalt complexes, if 
quantitative regeneration is obtained. The use of cobalt complexes with re-
dox potentials above 0.85 V vs. NHE will, on the other hand, result in in-
creased recombination from surface states.  

8.7 Linker unit modification of triphenylamine-based 
organic dyes 

One natural way to increase the energy conversion efficiency for cobalt-
based DSCs is to extend the spectral response of the TPA-based dye into the 
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red wavelength region. The spectral response for a new series of dyes called 
LEG1-4 (Figure 6.10 (b)) was extended into the red region in Paper V by 
modifying the π-conjugated linker of the dyes using dithiophene units with 
different substituents. The extinction coefficient of the dyes was in addition 
increased through the series of the dyes, in order to increase the light har-
vesting efficiency using DSCs based on thinner films, to prevent mass 
transport limitations (i.e. one instead of two mesoporous layers of TiO2 
paste). Figure 8.10 shows the IV and IPCE performance for the different 
dyes investigated in combination with [Co(bpy)3]n+ electrolyte.  

 
Figure 8.10. (a) IPCE spectra and (b) current – voltage characteristics for 
[Co(bpy)3]n+-based DSCs using the LEG1-4 series of dyes. The result of the D35 
dye is shown for comparison.  

The IPCE spectra show in agreement with the absorption spectra of the dyes 
a red shift towards longer wavelengths for the LEG1-4 series. Despite the 
red-shifted absorption for the LEG series of dyes compared to the D35 dye, 
only LEG3 and LEG4 showed a better photovoltaic performance. To inves-
tigate the differences in photovoltaic performance obtained for the dyes, the 
binding morphology of the dyes with respect to the TiO2 surface was studied 
using PES.  

The tilt angle of the D-π-A backbone of the dyes with respect to the nor-
mal of the TiO2 surface was found to increase when alkyl chains and differ-
ent substituents were introduced on the linker unit, and a lower surface cov-
erage was obtained accordingly. A schematic illustration of the binding mor-
phology of the different dyes with respect to the TiO2 surface is shown in 
Figure 8.11. The large tilt angle of the LEG4 dye with respect to the TiO2 
surface resulted in less efficient packing of the dye molecules and thereby a 
poor blocking effect of the TiO2 surface, leading to enhanced recombination 
losses (Figure 8.12). The better photovoltaic performance obtained for the 
LEG4 dye is therefore mainly attributed to the more red-shifted absorption 
spectra of the dye and the higher extinction coefficient. More research needs, 
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however, to be focused on controlling the binding morphology of the dyes in 
order to improve the efficiency further.  

 
 
Figure 8.11. Schematic illustration of the binding morphology for the LEG series of 
dyes with respect to the TiO2 surface. From left to right: LEG1-4.  

The better photovoltaic performance found for the LEG3 dye on the other 
hand (which has a similar absorption spectrum and extinction coefficient as 
the LEG1 dye) is mainly attributed to retarded recombination (Figure 8.12) 
Despite the lower surface coverage obtained for the LEG3 dye compared to 
the LEG1 dye, efficient packing of the dye molecules is provided and the 
introduction of a hexyl chain on the linker unit efficiently decreases recom-
bination losses and increases the VOC. The introduction of alkyl chains on the 
dyes has previously been found to be an efficient concept in preventing re-
combination losses, but the position of the alkyl chains was here also found 
to affect the binding morphology of the dyes and thus the surface coverage. 
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Figure 8.12. Electron lifetime versus VOC for [Co(bpy)3]n+-based DSCs using the 
LEG1-4 series of dyes. The result of the D35 dye is shown for comparison. 

8.8 Carbon-based counter electrodes 
One way to reduce the cost of the DSC is to replace the platinum (Pt) cata-
lyst on the counter electrode with a less expensive one. The electron transfer 
rate of cobalt polypyridine redox couples has been shown to depend strongly 
on the electrode material and the complexes have been shown to react more 
reversible on gold or carbon compared to Pt.59 The dependence of the sur-
face area of carbon electrodes on the catalytic activity for reduction of 
Co(III) at the counter electrodes was investigated in Paper VI. The catalytic 
activity sites in carbon materials are located on the crystal edges and the 
activity of carbon is therefore expected to increase with increasing surface 
area of the counter electrodes.113 Figure 8.13 shows a SEM picture of the 
different carbon materials investigated, i.e. from left to right: graphite, a 5:1 
mixture of graphite:carbon black, and carbon black. The surface area of car-
bon black is much higher compared to that of graphite because of its small 
particle size and low crystallinity. The catalytic activity of graphite has pre-
viously been shown to be enhanced by partial filling of the large pores of 
graphite with the smaller carbon black particles.114 

 
 

Figure 8.13. SEM images from left to right: graphite; a 5:1 mixture of graph-
ite:carbon black; and carbon black. The average particle size is about 2 µm for 
graphite and 27 nm for carbon black, respectively.  
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The photovoltaic performance obtained using porous carbon counter elec-
trodes was found to be similar or better than that of Pt catalytic counter elec-
trodes. Energy conversion efficiency of about 5.8 % were obtained for D35 
sensitized DSCs employing [Co(bpy)3]n+-based electrolyte for all the differ-
ent counter electrode materials investigated. It can thus be concluded that 
low cost carbon materials can replace the expensive Pt catalyst.  

The photovoltaic performance for D35 sensitized DSCs employing 
[Co(dtb)3]n+-based electrolyte was more affected by the electrode material 
and the FF and efficiency increased when the Pt counter electrode was sub-
stituted with carbon black. Cobalt complexes employing alkyl substituent in 
the 4 and 4’ position has previously been shown to be surface sensitive with 
respect to the roughness of the electrode material.59 The charge transfer re-
sistance at the counter electrode, investigated using impedance spectroscopy 
(Figure 8.14), was found to decrease as the catalytic activity increased with 
the surface area of the electrode material. The exchange current density for 
for [Co(bpy)3]n+ was 4 times higher, and the exchange current density for 
[Co(dtb)3]n+ was 50 times higher using carbon black compared to Pt counter 
electrodes. The results demonstrate that the catalytic activity for reduction of 
Co(III) is enhanced at the carbon black electrode compared to the Pt elec-
trode. The enhanced catalytic activity at the carbon black counter electrode 
can be a result of the enhanced surface area of the electrode material.  

 
Figure 8.14. Nyquist plot obtained using impedance spectroscopy in the dark at 0 V, 
for a symmetric cells consisting of two counter electrodes with (a) [Co(bpy)3]n+ and 
(b) [Co(dtb)3]n+ electrolyte in between. The decrease in charge transfer resistance at 
the counter electrode using carbon black instead of Pt catalyst is verified by the 
smaller semicircle in the high frequency region. 
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9 Conclusion and future outlook 

We have shown that it is possible to use alternative redox couples to io-
dide/triiodide in the DSC. By using cobalt polypyridine redox couples in-
stead of I-/I3

-, the driving force needed for dye regeneration have sufficiently 
been suppressed, and open circuit voltages of above 1 V have been obtained. 
For the first time higher energy conversion efficiencies have been obtained 
using another redox couple than I-/I3

-, which has been the champion redox 
mediator since the discovery of the DSC. Many of the limitations of the I-/I3

- 

redox couple have efficiently been avoided using cobalt polypyridine redox 
mediators, but more research needs to be focused on efficiency enhancement 
and long-term stability in these new systems.  We have here tried to outline 
advantages and limitations using cobalt polypyridine redox couples in the 
DSC, from an energetic and kinetic point of view.  

The driving force needed for dye regeneration by cobalt polypyridine re-
dox couples was found to be slightly higher (about 0.3 eV for the D35 dye), 
than expected from the thermodynamic driving force needed for dye regen-
eration derived from the Nernst equation (0.18 eV). The regeneration mech-
anism for cobalt polypyridine redox couples has been found by De Angelis 
et al. to proceed via a low spin pathway,110 and since most of the Co2+ com-
plexes exists in the high spin state, the corresponding conversion from high 
to low spin results in slower regeneration kinetics if the concentration of 
Co2+ is not sufficient. The driving force needed for dye regeneration de-
pends, however, also on the structure of the dye, and by retarding recombi-
nation to the oxidized dye molecules cobalt complexes with a lower driving 
force for regeneration can be employed. The overlap between the donor and 
acceptor orbitals of the redox mediator and the dye will also have to be tuned 
to obtain a good electronic coupling (and fast regeneration rate) and more 
research needs to be focused on designing redox mediators and dyes with 
matching electronic configurations. The importance of using dyes and redox 
mediators with matching properties was shown in Paper II.  

One of the main limitations in the DSC is fast recombination, as a result 
of the high surface interface area between the semiconductor and the redox 
electrolyte. Recombination has been shown to be suppressed by the use of a 
surface passivation procedure (Paper I), as well as by tuning the structure of 
the dyes (Papers II, V). Since recombination to most of the cobalt complexes 
was found to occur in the Marcus inverted region, recombination is not ex-
pected to be enhanced for cobalt complexes with a low driving force for 
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regeneration (more positive redox potential), if quantitative regeneration is 
obtained. More research will, however, have to be focused on finding an 
alternative surface passivation procedure, or dyes with better blocking ef-
fects of the TiO2 surface to diminish recombination in the DSC. 

In order to achieve the next jump in efficiency in the DSC using cobalt 
polypyridine redox couples, all the energy levels of the different component 
must be tuned carefully, and the electronic coupling between the different 
components needs to be considered. The absorption spectra of the dyes will 
have to be extended to a larger spectral region to harvest more photons from 
the sunlight. Further research also have to be focused on stability of the co-
balt complexes, and the morphology of the TiO2 semiconductor. To date 
acetonitrile based electrolytes are used to build high efficient DSCs based on 
cobalt polypyridine complexes, because of the slow diffusion of cobalt com-
plexes through the mesoporous TiO2. It is therefore important to tune the 
porosity, film thickness etc. of the TiO2 in order to increase the stability of 
the devices by using other more viscous solvent in the DSC.   
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Sammanfattning på svenska 

Inledning 
Energibehovet i världen växer konstant, och en fördubbling av det globala 
energibehovet jämfört med nuvarande nivå beräknas till år 2050.1 Den vän-
tade ökningen beror mestadels på en förväntad befolkningsökning och eko-
nomisk tillväxt i utvecklingsländerna. G8 länderna, världens länder med 
störst industrialiserad ekonomi (med undantag av Kina och Brasilien), har 
samtidigt undertecknat ett avtal om att försöka halvera koldioxid (CO2) ut-
släppen till år 2050, för att hålla världens temperatur ökning på en nivå un-
der 2,4 °C.2 Det är därför ett stort behov av att öka energiproduktionen ge-
nom att använda förnybara energikällor, såsom vind, vatten, våg, geoter-
misk- och solenergi. 

Mer solenergi når jorden under en timme jämfört med hela världens ener-
giförbrukning under ett år,3 och solceller är därför en attraktiv förnybar ener-
gikälla. Genom att täcka 0,16 % av landarean på jorden (ytan av Tyskland 
och Frankrike) med 10 % effektiva solceller kan tillräckligt med energi pro-
duceras för att förse det globala energibehovet.4 Energiproduktionen från 
solceller växte med hela 86 % under 2011, men av den totala energiprodukt-
ionen från förnybara energikällor utgör solceller endast 6,5 %.115 Kisel sol-
celler dominerar solcellsmarknaden idag med en certifierad effektivitet på 25 
%,7 men den höga kostnaden som krävs för framreningen av materialet be-
gränsar solcellers applikationsområde. Färgämnes-sensiterade solceller, vilka 
är i fokus i den här avhandlingen, är ett forskningsområde som växt mycket 
under de senaste 20 åren på grund av dess potential att kunna reducera kost-
naden för solcellerna i jämförelse med befintliga solceller på marknaden.  

Färgämnes-sensiterade solceller 
Färgämnes-sensiterade solceller omvandlar solljus till elektrisk energi ge-
nom ett färgämne adsorberad till en titandioxid (TiO2) halvledare. Figur 1 
visar en schematisk bild av en färgämnes-sensiterad solcell. TiO2 halvleda-
ren i sig själv absorberar inte synligt ljus på grund av dess höga bandgap, 
och genom att adsorbera färgämnesmolekyler till den mesoporösa TiO2 elek-
troden möjliggörs absorption av solenergi. Systemet kan liknas vid fotosyn-
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tes, där klorofyllet i de gröna löven absorberar solljuset, för att kunna om-
vandla vatten och CO2 till syre och kolhydrater.  

När färgämnet absorberar en foton exciteras en elektron från grundtill-
ståndet i färgämnet, D, till det existerade tillståndet, D*. Laddningsseparation 
sker genom att det exciterade färgämnet injicerar en elektron till TiO2, och 
en positiv laddning uppkommer på färgämnet, D+, och en negativ laddning i 
TiO2. Porerna mellan TiO2 partiklarna är fyllda med en elektrolyt innehål-
lande ett redox par, vanligen jod/jodid (I-/I3

-), och det oxiderade färgämnet 
reduceras tillbaka till grundtillståndet genom att ta en elektron från I-, som 
därmed omvandlas till I3

-. Kretsen sluts genom att I3
- omvandlas tillbaka till 

I- på en platiniserad motelektrod.8  
Fotoströmmen i kretsen bestäms av antalet elektroner som rör sig genom 

TiO2 genom en diffusionsprocess tills de når den externa kontakten, och 
fotospänningen bestäms från energiskillnaden mellan elektronerna i TiO2 
och den elektrokemiska potentialen hos redox paret. Effektiviteten hos en 
solcell bestäms i sin tur av den genererade fotoströmmen multiplicerad med 
fotospänningen, vilket ger effekten, delat med effekten av det inkommande 
solljuset (1000 W/m2).  

 
 

Figure 1. Schematisk bild av en färgämnes-sensiterad solcell. 

Alternativa redox-par 
Ett av skälen till att jod/jodid fungerar så bra som redox par i den färgämnes-
sensiterade solcellen är att det är ett två elektrons redox par, och att redox 
paret är negativt laddat. Till exempel rekombinationen av fotoinjicerade 
elektroner tillbaka till redox paret innan de når den externa kontakten, är 
därför relativt långsam. En av huvudförlusterna i den färgämnes-sensiterade 
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solcellen, uppkommer dock av att I-/I3
- kräver en stor överpotential för redu-

ceringen av det oxiderade färgämnet, vilket medför en lägre fotospänning 
och därmed effektivitet.  

I den här avhandlingen har alternativa redox par till I-/I3
- undersökts för att 

minska denna överpotential. En-elektrons metall redox-par, såsom ferrocen 
(Paper I) och kobolt komplex (Papers II-VI), har undersökts. Vi visade för 
första gången att en högre spänning och effektivitet kunde uppnås genom att 
använda kobolt komplex i kombination med organiska färgämnen i den färg-
ämnes-sensiterade solcellen (Paper II). Tidigare försök att ersätta I-/I3

- med 
en-elektrons redox-par har resulterat i dålig effektivitet, på grund av ökad 
rekombination av fotoinjicerade elektroner med det oxiderade redox-paret. 
Genom att använda organiska färgämnen med steriska grupper kunde dock 
negativa rekombinations-processer reduceras. Världsrekordet för färgämnes-
sensiterade solceller på 12,3 % är numera uppnådd med kobolt komplex som 
redox-par istället för I-/I3

-.68 Figur 2 visar en schematisk bild över olika 
elektron överföringsprocesser i kobolt-baserade DSCs sensiterade med det 
organiska färgämnet, D35. Regenererings- (kreg) och rekombinations-
processer (krek) för kobolt-baserade färgämnes-sensiterade solceller har un-
dersökts i Papers III, IV, och effektivitetsförbättring av solcellerna genom att 
skifta färgämnets absorptions spektra åt det röda våglängdsområdet, samt 
genom att öka den katalytiska aktiviteten för reduktion av Co(III) på mote-
lektroden har undersökts i Paper V och VI.   

 
 

Figure 2. Schematisk bild av olika elektron-överföringsprocesser i kobolt-baserade 
färgämnes-sensiterade solceller. Det organiska färgämnet, D35, i kombination med 
kobolt tris(2,2’-bipyridyl) gav en femdubbel ökning i effektivitet, jämfört med tidi-
gare uppnådda resultat med kobolt tris(2,2’-bipyridyl) baserade färgämne-
sensiterade solceller. 
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Appendix 2 

Redox couple Functional group E0 

[Co(ttb-terpy)2]n+ R1 = tert-butyl  0.34 
[Co(dm-o-b)3]n+ R2 = CHO3  0.37 
[Co(dmb)3]n+ R2 = CH3  0.43 
[Co(terpy)2]n+ R1 = H  0.51 
[Co(bpy)3]n+ R2 = H  0.56 
[Co(phen)3]n+ R3 = H  0.61 
[Co(Cl-phen)3]n+ R3 = Cl  0.72 
[Co(Me2bpy-pz)2]n+ R4 = CH3  0.76 
[Co(NO2-phen)3]n+ R3 = NO2  0.85 
[Co(bpy-pz)2]n+ R4 = H  0.86 
[Co(Mepy-pz)3]n+ R5 = CH3  0.92 
[Co(py-pz)3]n+ R5 = H  0.96 
[Co(Me2pz-py-pzMe2)2]n+ R6 = CH3 1.2 
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