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Abstract

Dye-sensitised solar cells (DSCs) are the hybrid inorganic-organic photovoltaic devices, gain-

ing recently much interest in academic and industrial communities. At the heart of the device

there is a mesoporous nanoparticulate semiconductor layer made of titanium dioxide, which

serves as a large-surface area support for the dye molecules that absorb the light. From a

scientific point of view it is an enthralling system to investigate, optimize and develop. The

device comprises of various materials and each of the components can be designed, fabricated

and explored individually. Nonetheless, it has to be pointed out, that crucial for the device

is the interplay between them. Commercialisation of the DSCs is already taking place. It is

not surprising, because among all the emerging photovoltaic technologies this one is the least

expensive and most efficient. Additionally, the materials used in the product are abundant

and relatively non-toxic. The fabrication process is easy and can be easily automatized and

upscaled.

The work presented in this thesis is focused on the application of the organic dyes in DSCs.

The most common scheme, consisting of a donor, a π-conjugated bridge and an acceptor/an-

choring unit (D-π-A), was employed for the studied molecules. The importance and role of

particular building blocks was studied on the examples of 2,1,3-benzothiadiazole (BTDA)

in a spacer group, phenyl and ethylenedioxythiophene (EDOT) in double anchoring con-

figurations, and phenothiazine and carbazole as donors. One small part is devoted to the

modification of the formula of the ionic-liquid based electrolytes.

Benzothiadiazole was found to be of particular interest in the design of highly efficient dyes

due to the broadening the UV-Vis absorption spectrum. It was discovered that the place of this

unit within the molecule is important, because too close proximity to the anchoring group led

to unwanted back-electron transfer reaction. An additional phenyl ring, which introduced

a torsion angle, proved to be a remedy for this issue. Building upon that, a D-A-π-A system
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Abstract

with BTDA properly placed was further presented, where the dye aggregation problem was

investigated and solved by the introduction of hexyl chains on the thiophene bridge.

Structure-property relations were scrutinised using the series of phenothiazine sensitizers. The

optical properties of the molecules were tuned by increasing the length of the π-conjugation -

from one double bond through 2,2’-bithiophene to 4H-cyclopenta[2,1-b:3,4-b]dithiophene

(CPDT). It was found that the bithiophene-bearing molecule yielded the highest photocurrents,

but suffered from a low open-circuit voltage. Alkyl-substituted CPDT solved this issue, however,

a synergy effect was not obtained, because the current densities obtained for that molecule

were lower due to the narrower absorption spectrum.

A set of dyes with two anchoring groups was investigated and tested for photovoltaic appli-

cation. It was interesting to realize that these molecules indeed bind to the surface using

both anchoring groups. The proof first was calculated theoretically and displayed via the

minimum-energy structures, and later on shown experimentally, with Fourier Transform

Infrared Spectroscopy (FTIR) measurements.

Finally, a study on the influence of the anions in ionic-liquid based electrolytes was conducted.

1-ethyl-3-methylimidazolium tetracyanoborate was replaced by various cations (derivatives

of pyridinium, pyrrolidinium and triethylpropylammonium) either with tetracyanoborate

or tricyanomethanide. Electrolytes with tryicyanomethanide were less viscous than their

tetracyanoborate counterparts, which improved the photovoltaic performance. Moreover, the

upward conduction band shift was detected for the tricyanomethanide-containing devices,

mainly attributed to its facilitated partial adsorption and suppression of the interfacial charge-

transfer.

All the above presented concepts and their realisations made valuable contributions to the

DSC field. The studies presented hereby are comprehensive and elegant examples of careful,

logically planned scrutiny leading to a deeper understanding of the processes within the DSC.

The extensive use of many different investigating techniques and the successful combination

of obtained results allowed for drawing important conclusions upon which the base for further

optimisation of DSCs may be built.

Keywords: Photovoltaics, dye-sensitized solar cells, organic sensitizers, donor-pi-acceptor

systems, structure-property relation, benzothiadiazole, indoline, phenothiazine, carbazole,

ionic liquids, tricyanomethanide, electron recombination
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Zusammenfassung

Die Farbstoffsolarzelle - auch Grätzel-Zelle genannt - ist eine neuartige Photovoltaik-Techno-

logie die seit ihrer Entdeckung Anfang der neunziger Jahre, sowohl im akademischen als auch

industriellen Bereich viel Aufsehen erregt hat. Das Kernstück einer solchen Solarzelle ist eine

nanoporöse Schicht eines partikelförmigen Halbleiters, z.B. TiO2, auf dessen Oberfläche ein

licht-absorbierender Farbstoff adsorbiert wird.

Die vorliegende Arbeit befasst sich mit neuen, organischen Farbstoffen und deren Anwen-

dung in der Farbstoffsolarzelle. Das meistverwendete Strukturkonzept für den Aufbau solcher

Farbstoffe ist das sogenannte D-π-A Konzept, welches grundsätzlich auf drei Elementen ba-

siert: Einer Donor-Einheit (D), einer π-konjugierte Brücke und einer Akzeptor-Einheit (A), die

gleichzeitig als Ankergruppe dient. Im speziellen wurde in dieser Arbeit der Einfluss folgen-

der Struktureinheiten näher untersucht: 2,1,3-Benzothiadiazol (BTDA) als Teil der π-Brücke,

Phenyl und 3,4-Ethylendioxythiophen (EDOT) als Teil der π-Brücke in Farbstoffen mit zwei

Ankergruppen und schließlich Phenothiazin und Carbazol als Donor Gruppen. Ein weiteres

Kapitel befasst sich mit der Optimierung von Elektrolyten auf Basis ionischer Flüssigkeiten.

BTDA hat sich als besonders interessanter Baustein für die Entwicklung hocheffiziente Farb-

stoffe herausgestellt, da die Verwendung von BTDA zu einer Verbreiterung des Absorptions-

spektrums führte. Es zeigte sich, dass die genaue Position der BTDA Einheit im Farbstoffmole-

kül eine entscheidende Rolle spielt. Der Einsatz von BTDA in direkter Nähe zur Ankergruppe

führte zur unerwünschten Rekombination zwischen Elektronen im TiO2 und dem oxidierten

Farbstoff. Dieses Problem konnte jedoch durch das Einfügen eines zusätzlichen Phenylrings

behoben werden. Auf Basis dieses Konzept wurde eine weiteres Farbstoffsystem mit dem

Aufbau D-A-π-A untersucht. Ein hierbei auftretendes Problem – die verstärkte Aggregation

der Farbstoffmoleküle - wurde genauer untersucht und letztendlich durch den Einsatz langer

Alkylketten an der Thiophen-Brücke behoben.
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Eine weitere Struktur-Eigenschafts-Beziehung wurde anhand einer Serie von Phenothiazin-

basierten Farbstoffen entwickelt. Die optischen Eigenschaften der Farbstoffe wurden durch

den Einsatz unterschiedlich langer π-Brücken, namentlich Thiophen, 2,2’-Bithiophen so-

wie 4H-Cyclopenta[2,1-b:3,4-b’]dithiophen (CPDT) variiert. Es zeigte sich, dass Solarzellen

auf Basis des 2,2’-Bithiophen Farbstoffes die höchsten Photoströme erreichten aber unter

einer geringen Leerlaufspannung litten. Letztere konnte durch die Verwendung von Alkyl-

substituiertem CPDT erhöht werden, auch wenn eine synergetischer Effekt aufgrund des

schmaleren Absorptionspektrums und dem daraus resultierenden, niedrigeren Photostrom

nicht erreicht werden konnte.

Im Weiteren wurde eine Reihe von Farbstoffen mit zwei Ankergruppen untersucht und für

die Herstellung von Farbstoffsolarzellen verwendet. Es konnte gezeigt werden, dass diese Art

von Farbstoff in der Tat gleichzeitig mit beiden Ankergruppen an die Oberfläche des TiO2

bindet. Die entsprechende Adsorptionsgeometrie wurde zunächst theoretisch berechnet und

anschließend mit Hilfe von Fourier-Transform Infrarotspektroskopie experimentell bestätigt.

Der letzte Teil der Arbeit befasst sich mit Elektrolyten auf Basis von ionischen Flüssigkeiten

und im speziellen dem Einfluss des Anions der ionischen Flüssigkeit auf die Effizienz der

Solarzelle. Im vergleich zu Tetracyanoborat waren Elektrolyte mit Tricyanomethanid als Anion

weniger viskos was in einer höheren Effizienz der Solarzellen resultierte. Weiterhin konnte im

Falle von Tricyanomethanid eine Verschiebung des TiO2 Leitungsbandes beobachtet werde,

ein Effekt der auf die partielle Adsorption der Spezies der ionischen Flüssigkeit an der TiO2

Oberfläche zurückzuführen war.

Die oben genannten Konzepte sowie deren Realisierung stellen einen wichtigen Fortschritt auf

dem Gebiet der Farbstoffsolarzellen dar. Die vorgestellten Studien sind elegante und umfas-

sende Beispiele für sorgfältig geplante Untersuchungen die zu einem besseren Verständnis der

verschiedenen elektronischen Prozesse in der Farbstoffsolarzelle beitragen. Die umfangreiche

Nutzung verschiedenster experimenteller Methode sowie die erfolgreiche Kombination der

Ergebnisse erlaubte es wichtige Schlüsse zu ziehen, die eine vielversprechende Basis für die

weitere Optimierung der Farbstoffsolarzelle darstellen.

Schlüsselwörter: Photovoltaik, Farbstoffsolarzelle, Organischer Farbstoff, Donor-pi-Akzeptor

System, Struktur-Eigenschafts-Beziehung, Benzothiadiazol, Indolin, Phenotiazin, Carbazol,

Ionische Flüssigkeit, Tricyanomethanide, Elektron-Loch-Rekombination
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1 Introduction

The herein presented PhD thesis entitled "Dye sensitized solar cells: detailed studies focused

on the molecular engineering of D-π-A dyes and the optimization of the application of ionic-

liquid-based electrolytes" is a composition of diverse studies conducted on different molecules

- dyes and ionic liquids - with an aim not only to improve, but rather understand and predict

the directions of the strategies leading to high-efficient and stable dye-sensitized solar cells.

The thesis starts with a general chapter entitled Fundamentals of dye-sensitized solar cells.

In this chapter, first I would like to guide the reader through the basic ideas of capturing the

solar energy and transforming it into electricity. Then I would like to provide the general

overview of the current photovoltaic technologies and briefly mention the state-of-the-art

concepts. Further, I would like to invite the reader to the fascinating world of dye-sensitized

solar cells - the main subject of this work. I will present the device and the way it operates, and

in the end I will introduce the more in-depth, theoretical description of the phenomena within

the cell. This chapter will also provide the necessary foundations not only for the device’s

investigation methods, but also for understanding its elegance and beauty.

In the second chapter, Experimental methods, I would like to gather and present all methods

that I personally used in this work. Most of the procedures apply to all of the following

chapters (e.g. DSC characterization, EIS measurements), however, specified protocols will be

indicated and presented for the cases that required special treatment. All of the used dyesa

aexcept the dye Z907
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Chapter 1. Introduction

were synthesized by the collaborators and the synthetic routes are described in details in the

relevant publications. Quantum chemical calculations details, as well as the ultrafast laser

measurements’ methodologies are provided also in the corresponding publications.

The results part could be in principle divided into two asymmetrical parts. The main intrest

of the thesis is put on the molecular engineering of organic D-π-A dyes. Four chapters are

covering studies done on different molecules where the focus in put either on the π-bridge and

its modifications, or anchoring groups. Last chapter in the results part, Chapter 8, describes

the study on optimization of the ionic-liquid-based electrolytes in DSCs, focusing on the

comparison between the tetracyanoborate and tricyanomethanide as counterions of the salt

used in the formula.

Chapter 4 contains the study on the dyes incorporating benzothiadiazole (BTDA) in the conju-

gated bridge. In principle, this group extends the absorption spectrum to the long wavelengths.

Nonetheless, when it was put directly next to the anchoring group, the photovoltaic perfor-

mance was not satisfying. A subtle structural modification, namely the separation of BTDA

from anchoring group by a phenyl ring, changed the geometry of the dye cation and the

geometry of the frontier orbitals. The nature of the problem was resolved and explained using

EIS and ultrafast laser spectroscopy. It is now clear why the proper spacing is required when

BTDA unit is to be incorporated in the dye structure.

The concept proved in the Chapter 4 was then applied in the next project, where in turn

the dye aggregation was studied on the molecules with D-A-π-A architecture (BTDA was

the extra acceptor next to the donor). The main modification, though, was the grafting of

the hexyl chain on the thiophene-bridging unit. The influence of the solvent and the effect

of the coadsorbent (chenodeoxycholic acid) was investigated thoroughly. Obtained results

confirmed the impact of the solvent on the dye behaviour in the solution and further justified

the use of a coadsorbent as beneficial in terms of photocurrent generation due to reducing the

unwanted dye-dye interactions.

The improvement of stability could be realized via introducing more than one anchoring

group in order to increase the binding strength of the molecule. A set of dyes with exTTF

donors was equipped with two π-bridges with anchoring groups and the study is demon-

2



strated in the Chapter 6. It was calculated that the optimal geometry of minimal energy for

these molecules would allow for grafting onto the surface via both anchors. This theoreti-

cal conlcusion was then cross-checked with FTIR and the molecules were subjected to the

photovoltaic evaluation.

Last chapter devoted to the dyes, Chapter 7, includes the work done on the molecules

equipped with a phenothiazine donor. The optical properties of the dyes were tuned by

introducing bridges with increasing degree of conjugation. The new molecules were charac-

terized spectroscopically and electrochemically and employed as sensitizers in DSC.

The thesis is summarized and concluded in the final Chapter 9.
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2 Fundamentals of dye-sensitized solar

cells

2.1 Harnessing the Sun: the photovoltaic effect

The Sun - our nearest star - is by far the most abundant source of energy. However, it has been

merely 200 years since it was realized that it can be used to create the electricity. It is also

rather sad to realize that this potential still cannot be efficiently used today and majority of

the power being generated nowadays is based on the non-renewable sources like oil and coal.

Solar radiation. It has been roughly estimated that the amount of solar enery reaching the

Earth’s surface every hour could satisfy the whole yearly planet’s energy need! The Sun can

be perceived as a black-body (an ideal diffuse emitter), emitting at T'5500 K following the

Planck’s lawa. It’s spectrum is very broad, stretching out from the X-rays up to the radio waves

with the peak at 525 nm (2.36 eV). Nevertheless, the main fraction of the wavelengths lies

between 100 nm and 1 mm - where half of the light is in the infrared region (which makes our

planet warm and habitable for most of the known life forms), 40% is visible light and 10% is

the ultraviolet. The atmosphere, though, protects the planet’s surface from the excessive high-

energy radiation and affects the shape of the solar spectrum (Figure 2.1). The atmospheric

extinction is caused mainly by three effects:

aPlanck’s law is an energy distribution which relates the spectral radiance, B, with the temperature of the emitter

at a given wavelength: Bλ(T ) = 2hc2

λ5
1

exp
(

hc
λkB T

)
−1
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Chapter 2. Fundamentals of dye-sensitized solar cells

Figure 2.1: A comparison of a black-body radiation at 5250°C (solid grey line) with the solar
irradiance spectrum at the top of the Earth’s atmosphere (yellow) and after passing through
the atmosphere (red). The image was prepared by Robert A. Rhode and remains under the Creative Commons
Attribution-Share Alike 3.0 Unported license.

• Rayleigh scattering by air molecules (that is why the sky appears blue)

• scattering by aerosols, e.g. dust particles

• molecular absorption (termed also "telluric absorption") - water vapour, H2O, CO2,

N2O, O2, CH4 and fluorinated hydrocarbons which absorb in the infrared and ozone,

O3 that absorbs in the ultraviolet.

The attenuation depends on the path length (atmosphere thickness). The coefficient that

defines this direct optical path length is called air mass, AM (Equation 2.1).

AM = l

l0
≈ 1

cos z
, (2.1)

where l0 is path length normal to the Earth’s surface at sea level and z is the zenith angle.
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AM0 is then the value for the solar irradiation outside the atmosphere and AM1 is referred to

the Sun shining directly overhead at the sea level (z = 0° , the thickness of one atmosphere).

Another very useful value is the AM1.5, which corresponds to the zenith angle of 48.2°. Most

of the human habitats are situated at the latitudes where the Sun irradiation angle is close

to that value (summer-winter variation, cloudy-sunny day variation), and in this way AM1.5

represents the overall yearly average solar irradiation. Therefore, it is an important indicator for

photovoltaic measurements, where the sun simulators ought to resemble the solar spectrum

as close as possible to the reality.

Photovoltaic effect. The photovoltaic effect was first observed and reported in 1839 by

Alexandre-Edmond Bequerel - a silver coated platinum electrode immersed in the electrolyte

generated photocurrent and photovoltage. This effect was widely studied later on, with the

use of different materials (e.g. Se, copper-copper oxide films, PbS, Tl2S). Today, the most

popular solar cells are based on semiconductors and the so-called p-n junction (Figure 2.2).

When two pieces of oppositely doped (p - positively, n - negatively) semiconductor are brought

to an intimate contact (thermal equilibrium, no external bias) there is no net current flow-

ing through the junction, however, there exist two balanced currents of the majority charge

carriers induced by the diffusion. Since the Fermi levels in each type of the semiconductors

are different, the flow of the majority charge carriers will lead to their equilibration and thus

forming the difference in potential (built-in potential). The electric field will continue to grow

(due to the displacement of charges and exposition of the stationary charges, i.e. dopants,

impurities) and inhibit the current flow. The thin layer, where the majority charge carriers

diffused out to the other side is called a space-charge region. Within this region, upon the

photon absorption, an exciton is generated and then the effective separation of the charges

occurs thanks to the electric field (the effect of the depletion of the majority charge carriers),

allowing for the drift (Figure 2.3).

2.2 Evolution of photovoltaic systems

The first solar cell was constructed by Charles Fritts in 1883 (Se on Au layer), but was per-

forming very, very poorly (< 1%). In the beginning of the next century, the golden era of

quantum physics, mainly due to Max Planck’s and Albert Einstein’s efforts to understand the
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Figure 2.2: Above: n- and p-type semiconductors in contact. Majority charge carriers diffuse
through the junction in the opposite directions - no net current is observed. Below: The
creation of the uniform Fermi level throughout the material results in the generation of the
built-in potential.

Figure 2.3: p-n junction after the absorption of a photon: the arrows show the types and
directions of the currents flowing through the junction.
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nature of light, the concept of conversion of the abundant and free sunlight to electricity was

revisited. A Polish scientist, Jan Czochralski, developed a method to grow ultra pure crystals of

semiconductors (mainly Si), which undoubtedly helped in constructing more efficient devices.

However, the field started to blossom in 1950’s when the first modern semiconductor cells

based on the p-n junctions were constructed at Bell Laboratories. Then the "space-race" stimu-

lated the research, as solar energy was found to be an ideal solutions for powering the satellites

and the growing trend continued over the next two decades. Nowadays, when someone thinks

about the solar cells, the first thing that comes to one’s mind is the calculator powered by them

- it was first introduced in 1978. Today solar cells are not only used to supply electricity to

small portable devices, but whole power plants are being constructed in many places around

the globe. Silicon solar cells are for now the leader in the market, but the researchers have

many new materials, approaches and concepts how to stop wasting the free energy that is

emitted by the Sun and reaching the Earth’s surface in an efficient and cheap way. The current

record efficiencies for all the technologies developed for solar conversion are presented in the

Figure 2.4. The comments on the particular devices’ groups are given below.

Figure 2.4: Research cell efficiency records. Source: National Renewable Energy Laboratory
website www.nrel.gov/ncpv, 10.06.2013
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Classic solar cells - Si, GaAs. Czochralski’s method of growing large and pure single crystals

allowed for fabrication devices of efficiencies (∼ 25%) reaching almost the theoretical limit1

(29% for a silicon solar cell, Eg = 1.1 eV)b. Unfortunately, these cells are very expensive to

fabricate, because the costs of the crystal growth and the subsequent material loss during the

cutting of the ingots are too large. The solution would be the concept to use less pure mul-

ticrystalline Si, however the record efficiencies are much lower (20.4%). The more disordered

structure provides more recombination channels, i.e. point defects, dislocations and grain

boundaries. Up to date, the most efficient single crystal solar cell is made of GaAs with the

efficiency reaching up to 26.4%. Due to the very high costs of production, this material is used

almost exclusively for extraterrestial applications.

Thin film technologies. In order to reduce the costs of the fabrication the new, natural concept

of employing thinner, polycrystalline layers has emerged. The range of applicable materials

has been expanded - apart from amorphous Si (a-Si) there is also CdTe, Cu(InGa)Se2 (CIGS) or

Cu2ZnSn(SSe)4 (CZTS). CIGS is an unquestionable leader among these technologies, reaching

20.4% efficiency. The bandgap of this materials is tunable and depends on the content of Ga

(the bandgap varies from 1.04 eV (CuInSe2) to 2.4 eV (CuGaSe2)). A CdTe cell can convert solar

energy with 18.3% efficiency. a-Si seems to be the less efficient material (only 13.4%), mainly

because of the persisting problems with degradation after the exposure to light. The origin

of this phenomenon is not very clear, however it may be related to the escape of hydrogen

from the material, leading to dangling (unsaturated) bonds. The light accelerates this process

and increase the density of the defects and, as a result, to the increase of the recombination

current (Staebler-Wronski effect).

Emerging technologies. With the blossom of nanotechnology and material science in broad

sense a few new approaches have entered the photovoltaics arena. A shift from crystalline

semiconductors to polymers (and so-called small molecules) manifested itself in organic

photovoltaic cells. The concept is based on the highly conjugated systems, of which HOMO

and LUMO would form spatially distributed energy levels resembling a conduction and a

valence band in a classic semiconductor. The record efficiency for these systems went up to

bShockley-Queisser limit is a theoretically estimated limit efficiency for a solar cell based on a single p-n junction,
derived on the thermodynamical grounds.
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11.1%, however, the main issue is a too short path for the charge diffusion to the contacts and

the stability in the air. The champion in this field is indubitably a dye-sensitized solar cell, to

which this thesis is devoted in its entirety.

2.3 The concept of dye-sensitized solar cell

It has been 22 years since the seminal paper by Grätzel and O’Regan 2 was published, however,

the idea of photoelectrochemical solar cell is much older and dates back to the 19th century.

In 1873 Vogel introduced a concept of the suitably chosen dyes which enable sensitization of

silver halide emulsion to the red light3. Later on it was found that the most effective system

was a monolayer of the dye adsorbed onto the surface. A lot of progress was made in 1970’s,

with particular contributions of Heinz Gerischer, Helmut Tributsch and Melvin Calvinc. Model

systems, like rhodamine B adsorbed on ZnO electrode 4, were used to explain the processes

of sensitization. Taking the inspiration directly from the nature, the chlorophyll was used in

combination with ZnO monocrystals5 and photosynthetic membranes6. The key process of

sensitization is the charge transfer from the dye molecule, which absorbs the light of energy

lower than the bandgap of the semiconductor, to its conduction band in the form of an

electron. The efficiencies achieved at that time were not very high, however, it has to be made

clear that the photosynthesis reaction within the plants yields the solar energy conversion

efficiencies lying in the wide range of 0.1–8% (mostly 3–6%). The highest efficiency reported

for a dye-sensitized cell is 12.3% at 1 Sun illumination (13.0% at 0.1 Sun) - the cell was made

using a specially optimized nanoporous TiO2 layer to minimize the diffusion issues related

to the use af a novel redox mediator - bulky tris(bipyridyl) Co(II/III) complex and judiciously

tailored porphyrin dye in combination with a highly-efficient D-π-A dye7. This shows how

important is the architecture of the device and each of its components. Everything connects

to everything else.

In this section, first, I would like to present the device itself and enlist the processes that are

happening during the cell’s operation. A dye-sensitized solar cell is a successful combination

of a few materials, properties of which were carefully tailored on a molecular level (dye),

cMelvin Calvin was awarded the Nobel Prize in Chemistry in 1961 (along with Andrew Benson and James
Bassham) for discovery of the Calvin cycle (reductive pentose phosphate cycle) - a cycle of light independent
reactions taking place in the stroma of chloroplasts during photosynthesis
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Figure 2.5: A scheme of a cross-section of a dye-sensitized solar cell.

nanoscale (TiO2 film) and in a macroscopic view (electrolyte composition). The recent ad-

vances regarding the materials will be herein presented. The second section will deal with the

operation principle of DSC, highlighting all the steps from the photon absorption to current

extraction.

2.3.1 The architecture of a dye-sensitized solar cell and its components.

Today’s dye-sensitized solar cells are made in a sandwich configuration - the heart of the

device, which is a 20–25 µm-thick layer of various materials, is trapped between two pieces of

conducting glass. There are attempts to fabricate a flexible DSC using Ti foil as a substrate for

the photoanode, nevertheless, the glass device is the most convenient to make in the laboratory

conditions. The schematic of a DSC is presented in the Figure 2.5. The main components of

the cell are: a semiconductor scaffold stained with the dye and deposited on a transparent

electrode (photoanode), electrolyte with a redox mediator and a counter-electrode.
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On the bottom (Figure 2.5) there is a photoanode with a sensitized TiO2 nanostructure. In

most cases the light enters the device from this side, so that the good transparency (80–90%

at 550 nm) of the glass is necessary to ensure a large number of incident photons. The glass

is conductive, which means it is covered by a very thin layer of a transparent conductive

oxide - fluorine doped tin oxide (FTO) is a material of choice. The products which fulfill the

highest standards for DSC application purposes are NSG10 (Nippon Sheet Glass, Japan), TEC7

and TEC15 (Pilkington, UK) - the digits correspond to the resistivity of the materials inΩ/ä.

The photoanode substrate is typically covered with a blocking layer made of TiO2, deposited

according to the procedure described in the Chapter 3, section 3.5 Device fabrication. The

layer considerably reduces the unwanted recombination processes (see infra DSC’s princi-

ples of operation) and ensures very good ohmic contact between the FTO and proper TiO2

mesoporous layer.

Nanostructured semiconductor layer. The DSC revolution started actually from the applica-

tion of the mesoporous TiO2 layer consisting of 20 nm-sized nanoparticles 2. Flat substrates

made of rather large crystallites had been used before and although the photovoltaic effect had

been also observed therein, the efficiencies had not been that spectacular. Only the introduc-

tion of a highly porous structure with a large surface area sparked the intensive research in the

field. Carefully prepared films of connected regular nanoparticles of narrow size distribution

provide the desired large surface area for dye adsorption and maintain the transparency in

the visible regionsd. The thickness of such films can be varied, however, typically used are 6

to 8 µm thick layers of a porosity of ∼60–70%. A scattering layer is applied on the top of the

transparent layer. It consists of much larger particles (400 nm ∅) and it helps to reduce the

optical losses. The thickness of the scattering layer varies between 3 and 6 µm. The nowadays

most extensively used TiO2 structure is not ideal, though. From a purely geometrical view,

the best configuration would be a forest-like grown array of nanotubes/nanorods, preferably

porous, so that the large surface area requirement would be fulfilled, but the enhancement

would come from the reduction of the diffusion issues. The diffusion - actually - of both

charges: electrons in the semiconductor and also the ions in electrolyte. In terms of electron

transport, it is clear that the transport along the simple linear structure would be much faster.

dOther materials, e.g. ZnO have also been studied, however TiO2 remains the leader as of today.
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The reduction of the tortuosity of the film would be very much beneficial especially in case

of the cells with ionic liquid-based electrolyte, where their viscosities cause the diffusion

problems for the electrolyte trapped within the spongy semiconductor structure.

Sensitizers. The nanostructured TiO2 absorbs the photons up to ∼380 nm, so that in order

to harvest more of the solar spectrum reaching the Earth’s surface, the dye molecules, acting

as antennas, are chemically bound to its surface. Each dye molecule being in an intimate

contact with the semiconductor can inject one electron upon the absorption of one quantum

of energy, therefore in order to maximize the performance the large surface is needed. The

choice of dye molecules is almost infinite, however, there are a few criteria to be fulfilled in

order to ensure the sensitization to occur and - even more - to make it very efficient.

a) The dye molecule has to be soluble in a suitable solvent to be transferred to the TiO2

surface (typically dipping for 4 to 18 hours) - but not to be desorbed by the solvent used for

the electrolyte.

b) The dye has to be attached to the surface of the semiconductor via a chemical bond. This

is typically realized by a carboxylic group, but phosphonic group is also an option. An

expected result is a monolayer of the dye grafted neatly on the semiconductor surface.

c) Energetics of the molecule has to be optimized in such a way that the excited state level lies

sufficiently higher than the conduction band edge of the semiconductor (for an efficient

electron injection) and its ground state redox potential lies lower than the redox potential

of the redox couple in the electrolyte (for an efficient dye reduction).

d) The dye’s absorption spectrum should be broad, preferably extended to the red/infra

red (panchromatic), with large optical cross-section throughout the whole absorption

spectrum for effective light harvesting.

e) Non-aggregation is an important feature, because it is believed that non-radiative decay

of the excited state to the ground state reduces the electron injection efficiency.

f) The molecule has to be stable - in terms of electrochemistry e and in terms of decompo-

sition under illumination or attachment to the semiconductor surface (strong chemical

enumber of the red/ox turnovers under illumination - 108 corresponds to ∼20 years of the exposure to the
sunlight
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bond preventing the desorption).

Historically, the most efficient (and extensively studied in the first few years after the 1991

breakthrough) dyes used to be Ru complexes 8–12 (extensive review 13). The highest efficiency

reported for a Ru-complex with I–/I–
3 redox couple is 11.5%14. Fully organic dyes open up

a whole new universe of countless possibilities15. The most popular dye pattern follows a

donor connected with an electron acceptor by a π-conjugated bridge (D-π-A) structure. To

this day, the most efficient cell is constructed with the use of a mixture of two dyes: a zinc

porphyrin dye and a D-π-A dye with triphenylamine donor, a cyclopentadithiophene bridge

and a cyanoacrylic acid as an acceptor/anchoring group7. The co-sensitization concept was

used in this work in order to complement the porphyrin spectrum with a valley in the green

region with the D-π-A panchromatic dye. The use of two different molecules also helped

with the reduction of the number of aggregates. It is very common to use neutral (not light

absorbing) molecules as co-adsorbents (e.g. chenodeoxycholic acid, CDCA, bis-(3,3-dimethyl-

butyl)-phosphinic acid, DINHOP, 3-phenylpropionic acid, PPA) for highly aggregating dyes -

they are believed to act already in the dipping solutions and break the dye clusters, but also to

co-graft on the surface along with the dye molecules and separate them physically, blocking

the paths of a non-radiative energy transfers.

Electrolytes. The space between the two electrodes is filled with the electrolyte contain-

ing a redox couple for the dye regeneration. In this work I focused only on devices with

liquid (volatile) or ionic-liquid-based electrolytes, however, it can be successfully replaced

with a solid state hole transporting material. Most succesful trials were achieved using the

2,2’,7,7’-tetrakis(N,N-di-p-methoxyphenylamine)-9,9-spirobifluorene (spiro-MeOTAD) and

the highest efficiency reported for a solid-state DSC is 6.1%16. Liquid electrolytes based on

organic solvents (ethanol, acetonitrile, acetonitrile/valeronitrile) have a longer tradition and

the most popular redox couple remains still iodide/triiodide. Recently, the search of more

efficient redox shuttle have intensified around new concepts (different redox shuttles, tailoring

the dyes to provide effective shielding from the redox species, etc.), however, the attempts of

use alternative redox mediators had been perfomed years ago 17,18 (a review 19). The re-design

of the dyes with blocking alkoxy-chains and successful reduction of the recombination rate

has led to the fruitful use of alternative mediators such as cobalt complexes 20, but also revive
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the interest in other molecules, for instance ferrocene/ferrocenium 21 or disulfide/thiolate 22.

There are also attempts to replace the organic solvent with water23,24 or totally eliminate

the solvent - leading to ionic-liquid-based electrolytes. Ionic liquids are non-volatile, which

feature makes them ideal in terms of stability. However, their rather large viscosity (in compar-

ison to the acetonitrile-based electrolytes) causes the mass transport issues within devices.

Nowadays, the state-of-the-art system is the eutectic melt of imidazole salts of markedly

lowered viscosity 25, allowing for performances at the 8.2% level.

Counter-electrodes. The device is completed with a counter-electrode. Typically, it is a FTO

glass piece covered with a layer of a catalyst for the redox couple regeneration reaction. Since

iodide/triiodide is still the most popular redox mediator, platinum remains the natural choice.

Fine particles of Pt are chemically stable and provide sufficient overvoltage for the triiodide

reduction. Other possibilities include carbon (in various forms: graphite, carbon black, carbon

nanotubes and nanoplatelets 26), conducting polymers (e.g. poly(3,4-ethylenedioxythiophene)

- PEDOT - especially in application with electrolyte with Co complexes27). In some cases, a

very thin layer of gold could help improve the fill factor.

2.3.2 DSC’s principles of operation

We believe that for the 3500 million years, when the first photosynthetic organisms appeared

on the Earth, Nature has adjusted and optimized the process of photosynthesis along the

evolutionary road. Yet, it is rather complicated mechanism, which could be divided into two

main phases: light-dependent (photon absorption, electron hopping from Photosystem II

to Photosystem I, synthesis of adenozine triphosphate, ATP, and the reduced form of nicoti-

namide adenine dinucleotide phosphate, NADPH, production of O2) and "dark" reactions -

the Calvin cycle, where CO2 is transformed into simple organic compounds, like glucose and

adenosine diphosphate, ADP, is formed - all these involving many, many chemical reactions.

Having in mind that DSC in a way mimics the natural photosynthesis, we could proudly say

that this time mankind did better job than the Mother Naturef. The number of steps involved

in the photocurrent generation cycle in a perfect (lossless) DSC is 6 (see Figure 2.6). In reality,

fOne has also keep in mind, that in photosynthesis the goal is to store the light energy in a form of chemical
bond, and in photovoltaics we are interested in production of a potential difference and then a current.
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Figure 2.6: Left: Energy-level diagram for a dye-sensitized solar cell. The electron transfer
processes are depicted with arrows (green - desired cycle path, red - unwanted loss channels).
Right: A time scale of the processes within a DSC.

there are some unwanted phenomena occurring, reducing the overall efficiency of the device.

The processes happening during cell’s operation are presented in the Figure 2.6 and they are

briefly described below (the numbers in the square brackets correspond to the labels in the

Figure 2.6).

S +hν−→ S∗ (2.2)

S∗ −→ S +hν′ (2.3)

Photon absorption. As stated above, the monolayer of the dye grafted on the semiconductor

surface helps to absorb most of the solar spectrum reaching the Earth’s surface. A photon of

energy E ≥ |HOMO-LUMO| is absorbed [1] by the molecule in a ground state (S) and promotes

it to the excited state (S*) (Equation 2.2). The excess of energy could be eliminated by the
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relaxation [7] to the lowest vibrational state (10−12 s) and then emitted [8] (fluorescence - 10−8 s

- or phosphorescence, when inter-system crossing is involved) (Equation 2.3). These processes

do not contribute to the generation of electron in the conduction band of the semiconductor.

S∗ −→ S++e−cb (2.4)

Electron injection. The process of the electron injection [2] from the excited state of the dye

molecule into the conduction band of the semiconductor (Equation 2.4) is one of the fastest

known physical phenomena28 and it occurs on the femtosecond scale. This is a crucial step,

because this is the moment when the charge separation takes place. Typically, the dyes are

designed is such a way, that the process is quantitative as the LUMO of the dye lies sufficiently

high above the conduction band edge. Nevertheless, the position of the latter can be modified

by the local adsorption of some species (e.g. tert-butyl pyridine - causing the upward shift) or

intercalation of small cations, like Li+, bringing the conduction band edge down.

Electron transport. The injected electrons have to travel through the mesoporous network

to the external contact [3]. The thickness of the film varies from 3 to 12–15 µm, however,

the actual path that the charge has to cover is longer due to the tortuosity induced by the

mesoporous network of nanocrystallites. The fact that electrons are charged molecules would

imply that the main mechanism of transport would be the gradient of the field, nonetheless,

the electric field is effectively shielded by the ions in the electrolyte surrounding the particles,

so that it is claimed that the electrons coupled with these ions undergo ambipolar diffusion.

Additionally, the retention time in the film is prolonged by the fact of the occurrence of the

electron traps within the band gap - the electrons experience multiple trapping/de-trapping

events (detailed description is given in the section 2.4.3 Transient measurements). The time

scale at which the transport occurs is in the ms/sub-ms range.

2S++3I− −→ 2S + I−3 (2.5)

Dye regeneration. After the electron injection the dye molecule becomes oxidized, therefore

it has to be consequently reduced to ensure the continuous operation of the device (Equation

2.5). This is done by the reduced form of the redox mediator present in the electrolyte [5].
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The HOMO level of the dye has to be placed lower than the redox potential of the redox

couple (it was shown that the difference as small as 150 mV is sufficient 29). If the process lasts

microseconds, than the lifetime of the oxidized state should be in the range of hundreds of

seconds.

I−3 +2e−ext −→ 3I− (2.6)

Reduction of the redox mediator. The oxidized form of the redox mediator needs to be

reduced and this takes place at the counter-electrode [6], where the electrons from the external

circuit [4] are being collected (Equation 2.6). The ions diffuse to the electrode. Only in the

case of a viscous medium with high concentration of the redox species, i.e. ionic liquid or gel

electrolyte, can the transport be enhanced by the occurrence of the hopping Grotthus-like

mechanism 25 involving the formation and cleavage of the chemical bonds in the temporarily

formed associates. Upon the arrival to the counter-electrode the oxidized form is brought

to the reduced state. The reaction is supposed to be rapid due to the use of a catalyst at the

counter-electrode surface.

2e−cb + I−3 −→ 3I− (2.7)

e−cb +S+ −→ S (2.8)

Electron recombination. The main source of the losses in the performance of DSC can occur

via two channels: recombination of the electrons with the oxidized redox species in the

electrolyte [9] and much less common recombination with the oxidized dye molecule [10]. It

is believed that even in the high-performing cells ∼10% of electrons readily injected into the

conduction band recombines with the electrolyte (Equation 2.7). This leads to the lowering of

the output voltage, because the quasi-Fermi level determined by the population of electrons

in the trap states and conduction band is lowered. The mechanism of the reaction is not

fully understood and remain ambiguous, as the formation of radicals or the participation of

molecular I2 is suspected in a multistep process 30,31. The recombination with the electrolyte

occurs at a timescale comparable to the electron transport, however, in order to obtain a

well-performing device, it has to be much slower than the transport. In case of 1-electron
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Co complexes the blocking of this reaction must be very efficient (as it is very rapid) and is

realized by employing bulky complexes (so as to hinder the diffusion close to the TiO2 surface)

and insertion of the shielding groups on the dye molecules.

The second recombination channel is not observed very frequently in the devices, as most

of the dye molecules are designed in such a way to ensure effective charge separationg. The

recombination with the dye (Equation 2.8), termed geminate recombination, typically com-

petes with the dye regeneration realized via the electrolyte and that is why the appropriate

design of the dye molecule (the spread of the electron cloud) proves to be very important.

2.4 Theoretical background of the processes within the devices and

characterization methods

In this section I would like to present a detailed physical description and quantification of

both: processes occurring within dye-sensitized solar cells as well as concepts underlying the

methods widely used to investigate them. In general, the characterization methods could be

divided into three groups:

I) Steady-state characteristics including basic J-V measurement and IPCE experiment for

a general evaluation of a particular device. In these cases the charge density within

the semiconductor layer does not vary with time. The process of photogeneration of

electrons (in a very broad sense, including all the steps presented in the previous sec-

tion) combined with the rate of transport of the charges through the semiconductor

film is in the equilibrium with the loss-generating processes (e.g. various channels of

recombination).

II) Time-resolved methods giving more insight into the fundamental processes occurring

at various time-scales. Ultra-fast femtosecond lasers are used for observing the kinetics

of electron injection from the excited dye to the conduction band of a semiconductor, but

for slower processes, e.g. dye recombination a nanosecond laser is sufficient. Even slower

processes, namely the transport of the injected electrons within the semiconductor film

gNevertheless, the story presented in the Chapter 4 is a very elegant example of the identification and smart
solution of this kind of problem.

20



2.4. Theoretical background of the processes within the devices and characterization
methods

and their recombination with the redox mediator, can be readily accessed with small-

perturbation techniques (voltage and current decays) provided by a short red diode pulse

superimposed on the steady white-light bias.

III) Frequency-dependent techniques, in particular Electrochemical Impedance Spectro-

scopy. This powerful method gives access to the multiple interfaces within the device

and leads to a deeper understanding of the interplay between various components of

the DSC. Additionally, the technique provides the parameters that are obtainable by the

steady-state methods, which allows for an easy cross-check of the results.

All of these techniques were used by the author in the scope of this thesis to characterize and

investigate the fabricated dye-sensitized solar cells. From the very basic ones (J-V, IPCE) to the

much more complicated (EIS), the gradual comprehension of their application to the devices

allowed for a deeper understanding of the complexity (but also the beauty!) of the physics of

DSCs.

2.4.1 J-V curves

A common definition of a solar cell says that it is a "photoelectric cell which, when exposed

to light, can generate and support an electric current without being attached to any external

voltage source"32. A solar cell (in general) can be perceived as a current source (Iphoto)

connected with a diode(s) in parallel (I01 and I02), but due to its non-ideality, a shunt resistance

(Rshunt ) is also a part of an equivalent circuit (Figure 2.7)33. The shunt current (Ishunt ) is

induced by the charge recombination processes. Series resistance (Rser i es) is an element that

groups together the contact resistances at the interfaces, the bulk resistance and the sheet

resistances of the transparent glass supports.

Under illumination the overall current generated by the device is described by the very general

Equation 2.9 .

I = Iphoto − Id ar k − Ishunt (2.9)
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Figure 2.7: The equivalent circuit of a solar cell.

Iphoto is the photogenerated current, originating from the absorbed photonsh. Id ar k is the

current flowing in the cell when it is not illuminated and is nothing else than a simple diode

current (Equation 2.10)

Id ar k = I0

[
exp

(
qV

kB T

)
−1

]
, (2.10)

where I0 is a reverse saturation current, q an elementary charge, kB - Boltzmann’s constant

and T - temperature. However, in practice, another diode is added to the equivalent circuit.

This diode contains an ideality factor and it gives fitting results much closer to the measured

curves (Equation 2.11). It is also very common to combine these two diode expressions, as

shown in the Equation 2.12, and introduce an empirical ideality factor, m, which is 1 for the

ideal case and never larger than 2. Shunt current, Ishunt , is obtained via the Ohm’s law.

I = Iphoto − I01

[
exp

(
q(V + I Rser i es)

kB T

)
−1

]
− I02

[
exp

(
q(V + I Rser i es)

2kB T

)
−1

]
− V + I Rser i es

Rshunt

(2.11)

I = Iphoto − I0

[
exp

(
q(V + I Rser i es)

mkB T

)]
− V + I Rser i es

Rshunt
, 1 ≤ m ≤ 2 (2.12)

A typical I-V curve is presented in the Figure 2.8. Here we follow the convention where applied

voltage bias is positive and the measured photocurrent is negative. By using the Figure 2.8

one can also examine the undesired effects of the increasing Rser i es , causing the reduction of

hThis is in agreement with the two fundamental laws of photochemistry: the Grotthuss-Draper law stating that
only photons absorbed by the system can cause a photochemical change, and the Stark-Einstein law quantifying
the occurring processes to one per each single absorbed photon of an adequate energy.
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Figure 2.8: A typical IV curve of a solar cell: in the dark (black dashed line) and under illumina-
tion (black solid line). Power, as a product of current and potential is represented by the red
line. The maximum power point (MPP) is indicated. The ratio of areas of two rectangles: blue
(Imax×Vmax ) and black one (ISC×VOC ) gives the fill factor. Additionally, the influence on the
curve’s slopes by the variations of Rshunt and Rser i es is demonstrated.

the "steepness" of the curve, and the diminishing Rshunt , leading to the loss of its "flatness".

In order to find the expression for two important parameters of the solar cell: short-circuit

current, ISC , and open-circuit voltage, VOC , one has to refer to the ideal solar cell case, where

Rser i es → 0 and Rshunt →∞. At short-circuit conditions (V = 0) all the generated current is

extracted and taking into consideration the assumptions about Rser i es and Rshunt it is clear

that

ISC ≈ Iphoto . (2.13)

On the opposite, when the cell is kept at open-circuit conditions and there is no net current
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flowing (I = 0), the characteristic diode equation (Equation 2.12) gives

VOC ≈ mkB T

q
ln

(
Iphoto

I0
+1

)
. (2.14)

General formula for electric power, P = I ×V , applies also here, and the plot is included in

the Figure 2.8 (red line). It is worth noting, that under the extreme conditions, i.e. ISC and

VOC , no power can be generated. The maximum power, Pmax , is derived under the conditions

described as Maximum Power Point, MPP(Imax , Vmax ). Fill factor (FF) is a parameter related

to the MPP and is often described as a measure of the "squareness" of the curve. For good

DSCs typical values are in the range of 0.78–0.8. Fill factor is the ratio of the areas of two

rectangles under the IV curve, determined by the values of voltages and currents at MPP and

open/short-circuit conditions (Equation 2.15):

F F = Imax ×Vmax

ISC ×VOC
. (2.15)

Finally, the overall efficiency, η, (Equation 2.16) can be presented as the product of the above-

introduced parameters (maximum extractable power) normalized to the incident solar power

(Pi n).

η= Pmax

Psun
= Imax ×Vmax

Psun
= ISC ×VOC ×F F

Pi n
. (2.16)

In this way it was shown that this simple experiment provides the most basic characteristics

(ISC , VOC , FF and η) of the device. In order to enable direct comparison between various cells,

the value of the short-circuit current is normalized to the cell active (illuminated) area and

expressed as short-circuit current density, JSC - hence J-V curves. The determination of the

active cell area is possible by using the masks with a defined aperture 34. It is a very important

issue, recently discussed extensively by Snaith35.

2.4.2 Quantum Efficiencies: IPCE and APCE

Due to the almost infinite variation of possible dyes that could be used to sensitize TiO2,

especially in the case of DSCs it is extremely interesting to measure the spectral response of
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the devices. Spectral response, SR(λ), is defined as the ratio of the photocurrent generated

upon the illumination by a monochromatic light to the spectral irradiance of that particular

wavelength. The expression for the External Quantum Efficiency, also recognized as the

Incident Photon-to-current Conversion Efficiency (IPCE), which is the ratio of the collected

charges to the photons falling on the cell, is presented below (Equation 2.17).

I PC E(λ) = hc

qλ
SR(λ) = hc

q

JSC (λ)

λPi n(λ)
= collected e−(λ)

incident photons(λ)
, (2.17)

where h is Planck’s constant, c the speed of light in the vacuum and q an elementary charge.

IPCE takes into consideration the whole population of photons being shone on the device, but

makes no distinction between the ones being actually absorbed and the others - being either

reflected, or transmitted. The shape of the resulting plot is a signature of the dye adsorbed

onto the semiconductor surface, sometimes influenced also by the absorption of species in

the electrolyte. The area under the curve after integration yields short-circuit current density

(Equation 2.18).

JSC =
∫ λ f

λi

q I PC E(λ)φ(λ) dλ, (2.18)

where φ(λ) is the incident photon flux at a given wavelength. Typically, this integrated current

is used to cross-check with the result achieved with a J-V experiment. IPCE, nevertheless,

carries much more in-depth information about the device. Its value reflects the convolution

of the fundamental processes within DSC: the amount of absorbed photons (light harvesting

efficiencyi, LHE) and efficiencies of injecting (ηi n j ) and collecting (ηcol ) electrons (Equation

2.19). APCE, Absorbed Photon-to-current Conversion Efficiency, also known as the Internal

Quantum Efficiency, related to this part of incident light which was absorbed and caused the

generation of photoelectrons. It approximates the efficiency of the direct generation of the

current within the devices and - in case of low values - indicates problems related to either

poor electron injection, or obstacles with the delivery of the charges to the current collectors.

I PC E(λ) = LHE(λ)×ηi n j (λ)×ηcol (λ)︸ ︷︷ ︸
APCE

(2.19)

ialso referred as absorptance, A = 1−10−A - not to confuse with the absorbance, A = −l og10

(
I
I0

)
, where I

denotes the intensity of light.
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Recently, a very detailed description was given by Barnes et al.36, for utilization of IPCE

measurements to determine the electron injection efficiency, ηi n j , and electron diffusion

length, L. The cells ought to be measured from the front- and the backside. Illumination

from the working electrode side yields higher IPCEs, because more light is absorbed close

to the glass substrate and the electron diffusion length is shorter. Counter-electrode side

illumination is influenced by the light absorption by Pt deposited on the substrate and also

by the species present in the electrolyte. Obviously, the electrons are generated further away

from the working electrode contact, therefore the measured diffusion length is the longest

possible. It is thus possible to estimate if the TiO2 layer is thin enough to ensure unimpeded

transport of charges.

2.4.3 Transient experiments

In this section the focus will be put on the processes happening in the devices after the photon

absorption and electron injection in the conduction band of TiO2. Ideally, all photogenerated

electrons should be transported through the film to the back contact and therein collected.

The driving force for the electrons’ movement most logically should be the gradient of electron

concentration37,38, nevertheless, due to the application of the mesoporous semiconductor

sponge-like structure, which can be interpreted as two intertwined networks: TiO2 and elec-

trolyte, the electrons in the semiconductor are coupled by weak electric field with the ions

in the electrolyte. Thus, the diffusion of the charges is described as ambipolar39. Moreover,

based on the observations that the electron transport depends on the light intensity, it was

proposed that the charges undergo constant oscillations between the conduction band and

some states (trap states) placed below the band (multi-trap model) 40,41.

Electron trapping. The multi-trap model was first introduced for disordered semiconductors

and later on was adapted for nanoporous semiconductors by Vanmaekelbergh and de Jongh 42.

It was shown that there is an exponential population (Equation 2.20) of electronic states

(distributed energetically) lying below the conduction band of the nanoporous TiO2, and

there is more "shallow" states, from which the electrons can be freed thermally, than deeper

lying traps (in practice, once the electron is trapped there, the probability of de-trapping is

thermodynamically very low). It is also worth noting, that the density of trapped electrons
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increases slower than the population of the electrons in the conduction band with the upward

shift of the quasi-Fermi level.

g (Etr ap ) = Nt ,0

kB T
exp

(
−Ec −Etr ap

kB T

)
, (2.20)

where Nt ,0 is the total trap states’ density. The trap occupancy is determined by the Fermi-

Dirac distribution. One should get familiar with the two conditions to which the DSCs is

exposed during the operation: strong illumination (high bias) and low-light conditions (low

bias), as presented in the Figure 2.9. The former situation determines large population of

electrons in the conduction band or in its energetical vicinity - in fact, the fraction of the

electrons undergoing trapping/de-trapping processes is much larger than these being in the

conduction band. The quasi-Fermi level lies close to the conduction band, hence the VOC

is high. The trapping/de-trapping processes are then very frequent - so that the transport

(hopping of the electron) is rather fast; on the other hand, the recombination rate is high as

well. For low light bias, when there are less electrons generated, they would occupy mostly

the deeper traps, so that both, transport and recombination rates, are slower. A very detailed

and elegant mathematical description is given by Bisquert and Vikhrenko43 - quasi-static

approximation - or Peter 41.

Electron transport. It was mentioned briefly above that the driving force for the electrons’

movement is supposed to be the gradient of their concentration, indicating a diffusive process.

Taking into consideration the fact that the species in question are charged particles, the more

appropriate expression would include rather the gradient in the electrochemical potential, ∂µi

∂x .

The electrochemical potential of an electron within the film is described by the Equation 2.21:

µi =µ0
i +kB T ln

(
ni

n0
i

)
+ zi qϕ, (2.21)

where ϕ is the inner potential, n are the concentrations of both: the actual species and species

at the conditions for the standard chemical potential, µ0
i . The flux of the electrons, Ji , is

described by the Equation 2.22, where ui is the charge mobility. After inserting the spatial

derivative of the chemical potential and introducing the Einstein electrical mobility relation,
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Figure 2.9: Electron trap distribution under high-(red) and low-light (blue) conditions. In the
dark Fermi level is in equilibrium with the electrolyte redox potential. Upon illumination it is
shifted upwards (and is called the quasi-Fermi level), and the resulting difference is measured
as VOC .

D = ui kB T
q , one can group the terms into a diffusivej and a drift part.

Ji =−zi ni ui

q

∂µi

∂x
=−ui kB T

q

∂ni

∂x
− zi ui ni

∂ϕ

∂x
=−Di

∂ni

∂x︸ ︷︷ ︸
diffusion

−zi ni ui
∂ϕ

∂x︸ ︷︷ ︸
drift

(2.22)

Because of the high concentration of ions in the electrolyte, it is generally accepted that the

electric field accompanying the charges within the semiconductor is effectively balanced

out. The coupling between the opposite charges is strong enough to classify the diffusion as

ambipolar. Taking into consideration also the back reaction (recombination with triiodide) a

general continuity equation, describing the temporal changes of the electron concentration

jFirst Fick’s law of diffusion: J =−D ∂n
∂x

28



2.4. Theoretical background of the processes within the devices and characterization
methods

in the conduction band, nc , can be written down (Equation 2.23) 44:

∂nc

∂t
= αI0 exp(−αx)︸ ︷︷ ︸

injection

− Nt ,0

(
∂ f

∂t

)
︸ ︷︷ ︸

trapping/de-trapping

+ D0
∂2nc

∂t 2︸ ︷︷ ︸
diffusion

− nc −neq

τ0︸ ︷︷ ︸
recombination

, (2.23)

where α is the absorption coefficient, I0 is the incident light intensity, Nt ,0 and f are number

of trapped electrons and the probability of such an event, respectively. The solutions of this

equation, either under steady-state conditions, or with perturbations can be found in the

literature 40,45,46. There exist also solutions under non-steady-state conditions47. One of the

most important findings after its analysis was the fact, that the diffusion coefficient is not

constant and is a function of the quasi-Fermi level. This was confirmed experimentally by

the observation of the changes of D0 with light intensity. Therefore the effective diffusion

coefficient, Dn , is expressed by the Equation 2.24. It is also worth mentioning that quasi-

Fermi level also varies with the distance from the back contact under short-circuit conditions,

whereas it remains constant at open-circuit.

Dn =
(
1+ ∂nc

∂nt

)
D0. (2.24)

Recombination rate - electron lifetime. As the DSC under operation remains at quasi-

equilibrium involving many processes (photon absorption, electron injection, transport and

collection), one cannot forget about the loss processes, which are constantly occurring. As

described in the Figure 2.6, there are a few loss channels for injected electrons. Here I will

focus mainly on the interception of the injected electron by the triiodide, widely known as

recombination. The VOC depends on the concentration of the triiodide and the critical reac-

tion (Equation 2.7) is linear in respect to the concentration of I–
3. Therefore, this first order

reaction45,48 is taken into consideration. The parameter, that is often used to characterize

loss processes in the DSCs, is known as apparent electron lifetime and is related closely to

the recombination rate. One has to keep in mind, that within the device there is a constant

interplay of various processes, therefore the apparent electron lifetime is a convolution of

the recombination processes and the trapping/de-trapping events. It is then clear, that upon

decreasing light intensity, the occupancy of the trapping states is lower and electron lifetimes
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become longer. Additionally, under high illumination the population of occupied trap states

grows larger and that is why the apparent electron lifetime in this case is longer than the true

conduction band lifetime.

In order to define the electron lifetime 49, let Un be the recombination rate, linear in electron

density (Equation 2.25). The decay of population is noted down with the Equation 2.26. In

terms of measurements, we are interested in small perturbations applied to the device in the

steady-state, which generate an extra population of electrons ∆n, (however, ∆n ¿ n) that

decays in a similar manner (Equation 2.27). The electron lifetime can therefore be expressed

as the reciprocal of the partial derivative of recombination rate (Equation 2.28).

Un = kr ec n (2.25)

dn

d t
=−Un(n) (2.26)

d∆n

d t
=−

(
∂Un

∂n

)
n
∆n (2.27)

τn =
(
∂Un

∂n

)−1

n
(2.28)

If there were no trapping/de-trapping phenomena occurring, then the electron lifetime could

be extracted in a very simple way from the photovoltage decay measurement. Photovoltage,

which is a difference between the Fermi level (in the dark) and quasi-Fermi level (under

illumination) could be expressed by the Equation 2.29:

Vphoto = kB T

q
ln

nc

n0
c
= kB T

q
ln

I0τn[1−exp(−αdfilm)]

dfilmn0
c

(2.29)

τn =−kB T

q

(
dVphoto(t )

d t

)−1

(2.30)

A total voltage decay experiment is performed in such a way that the device is brought to the

steady-state equilibrium under illumination at open-circuit and then the light is switched

off and in the very same moment the cell is being short-circuited. This kind of experiment

can be used to test the quality of blocking layers applied in the DSCs. The voltage decay over
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time can be fitted with a single exponential. In our lab, however, we utilize the transient

technique for photovoltage decays under various light intensities. A device under steady-

state condition at open-circuit (VOC is determined by the light intensity) is perturbed with a

short red pulse, which cause a small increase in VOC . If the perturbation is small enough to

maintain the linearity of the response, then the decay to the initial VOC can be fitted with a

single exponential (Equation 2.31)

V (t ) =V0 + A exp

(
− t

τn

)
(2.31)

A slightly modified total photovoltage decay can yield additional information about the charge

density within the film. Unlike in the original experiment, where the steady-bias light was

switched off simultaneously with the short-circuiting the cell, this time the cell’s shorting is

delayed with regards to the switching off the light, allowing first for some fraction of accumu-

lated charges to recombine with I–
3, and then collecting the remaining charges in the form of

current. A series of photovoltage decays short-circuited after varying amount of time since

switching-off the light is performed and the temporal integrals of the corresponding currents

results in the number of charges, ∆Q, that had been stored in the film (Equation 2.32, where p

is the film porosity and q an elementary charge).

nc = ∆Q

qd(1−p)
(2.32)

This kind of experiment is sometimes called charge extraction and provides the profile of the

density of states within the film.

Cell capacitance and density of states. It has been mentioned that the quasi-Fermi level is

not constant throughout the film at short-circuit condition, whereas for open-circuit indeed it

is. Both, recombination and transport, are processes strongly depending on the concentration

of the electrons, therefore it is wise to study these phenomena at well-determined conditions

so as to be able to compare the results for different systems - in other words the comparison

between the devices is only valid when the ratios of the trapped electrons to free electrons in

the conduction band are equal. One can also take into consideration the quasi-Fermi level

offset in relation to the conduction band, provided that the trap distribution is the same in
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Figure 2.10: A simple model describing some DSC interfaces and components in terms of
electric circuit elements50. TiO2/electrolyte interface is a parallel connection of a capacitor
CT iO2 and recombination resistance, Rr ec ; analogoulsy FTO/electrolyte: CF T O ∥RF T O . Rtr ans

is the transport resistance within the TiO2 film.

compared devices. Nevertheless, at the early stage of DSC development the electron transport

was almost always studied under short-circuit conditions. The diffusion coefficients and

diffusion lengths were obtained from the transient photocurrent decays. The experiments

were performed analogously to the transient photovoltage decays, but they were problematic -

scientifically, because of the obvious, above-stated reason - and technically, because it is not

easy to bias and keep the cell under steady-state condition close to the short-circuit. From

the experiment a number of charges could be derived (from the temporal integral of the

area under the current decaying after the small perturbation). This ∆Q was used to form the

expression for the cell capacitance (Equation 2.33):

CT iO2 =
∆Q

∆Vmax
, (2.33)

where ∆Vmax is the peak height of the transient photovoltage. This formula is not valid,

when the numerator and the denominator originate from two extremely different conditions

(short-circuit and open-circuit, respectively) and thence cannot be combined.
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Deeper understanding of the processes occurring in the DSC, with the emphasis on the

profiles of quasi-Fermi levels at various conditions, led O’Regan et al. to the introduction

of a more rigorous way to determine the transport rate and cell capacitance50. One can be

tempted to obtain the photocurrent decay close to the short circuit conditions and apply to

the Equation 2.33, but the RC limitation occurs and the measured value is far from the real

one. However, when a photocurrent transient caused by a small perturbation is measured

closed to the open-circuit condition, the simple Equation 2.33 holds and corresponds well

to the capacitance values obtained for instance via EIS. Nevertheless, the clou of the new

concept is the extraction of the charge transport rate from the transient photovoltage rise

time. The DSC can be simplified to an electrical circuit presented in the Figure 2.10. The two

interfaces: TiO2/electrolyte and FTO/electrolyte are represented by the parallel connections

of a resistor and a capacitor. Typically, CT iO2 > CF T O . In-between the interfaces, a resistor

in series characterizes the transport within the TiO2 film. Illumination of the cells at VOC

causes a build-up of the charges at both capacitors, CT iO2 and CF T O , but there is no current

flowing through the resistors. A small perturbation (red diode pulse) injects extra charges

into the CT iO2 causing the rise of voltage. The equilibrium between the two capacitors is lost,

but could be regained by the flow of a fraction of these charges through the Rtr ans to CF T O .

The process is limited by the rate of the charging of CF T O (CF T O < CT iO2 ) and is characterized

by the time constant in Equation 2.34. The same equilibrium could be reached by applying

external voltage bias equal to VOC . This time the additional charge on CT iO2 (a result of the red

diode pulse) will be driven out of the cell, because the external bias is applied continuously.

The bottleneck of the process will then come from the resistors. There are two cases:

1) Rtr ans > RF T O - the limiting factor is the transport within TiO2;

2) Rtr ans < RF T O - there is an overall RC limitation which makes it impossible to derive the

transport time of the device.

For the first case, the transport time time constant is expressed in the Equation 2.35. Combina-

tion of Equations 2.34 and 2.35 yields an elegant formula (Equation 2.36) for the transport time

that could be obtained from the photovoltage rise measurement, provided that the particular
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capacitances are known (CF T O ≈ 15µF and method of obtaining CT iO2 is presented above).

τr i se = Rtr ans ×CF T O (2.34)

τtr ans = Rtr ans ×CT iO2 (2.35)

τtr ans = τr i se ×
CT iO2

CF T O
(2.36)

The final comment on the above presented physical description of the fundamental processes

and their probing techniques is that due to the occurence of the trap states in the nano-

structured semiconductor band gap, that is characteristic and unique for each device, it is of

the highest importance to compare the devices always with regards to the density of states.

Comparison according to the VOC is relative and thus almost always not valid, and it can cause

misinterpretations such as under- or overestimated conduction band shifts.

2.4.4 Impedance Spectroscopy as a tool of the complex characterization of DSCs

Impedance spectroscopy is a well-established electrochemical method designed to study

interfacial processes. The beauty of DCS lies in its interfaces, be it TiO2/dye/electrolyte, or

FTO/TiO2, or finally electrolyte/Pt-counter-electrode, so it was only a matter of time to apply

this approach to study this complex system. Indeed, to this day EIS remains the most versatile

technique, giving non-invasive and simultaneous access to almost all processes within the

DSC (except the electron injection, because it is too fast). The blossom of DSC triggered the

research also in other, related fields - the standard theories present in electrochemistry at

that time could not truly address all the issues and give an appropriate description of the

interfacial processes. Nanostructured mesoporous TiO2 layer not only provided an interface

of enormously large surface area, but also possessed characteristic electron transport features.

The concept of transmission line 51,52 was developed after realisation that such transport

is inseparably connected with interfacial and recombination processes. Another important

achievement is a treatment the conduction band in disordered TiO2 as chemical capacitance 53.

Nowadays, the extensive theories developed over the last 10 years enable the use of this

technique as a standard cell characterization tool.
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Impedance - basics. Impedance (Equation 2.37) is a generalized resistance in AC circuits

determined from a small voltage perturbation at a frequency ω and as such follows Ohm’s

law. It is a complex value, where its real part is called resistance, R, and the imaginary part -

reactance, X. The magnitude of impedance is given by the ratio of the amplitudes of voltage to

current and the phase is the phase shift/phase angle of a current in relation to voltage 54.

Z = |∆V |exp(iωt )

|∆I |exp[i (ωt +θ)]
= |Z |exp(iθ) = |Z |cos(θ)︸ ︷︷ ︸

R

+i |Z |sin(θ)︸ ︷︷ ︸
X

(2.37)

If the phase shift θ is equal to 0, then impedance is a real number and characterizes a purely

resistive element. Inductive element (Equation 2.38) has no real part and the AC voltage is

leading the AC current by π
2 (θ > 0). Negative phase shifts are characteristic for capacitive

elements (Equation 2.39) and an ideal one also has no real part - only imaginary - with AC

voltage lagging AC current by π
2 . For fitting purposes in DSC applications, due to the surface

roughness and complicated interface, there is a need to introduce a modified capacitance as a

circuit element describing a double layer: a constant-phase element (Equation 2.40) where

the phase angle is independent of the frequency and is constant. The graphical representations

of the circuit elements on the complex plane are shown in the Figure 2.11.

Zi nducti ve =ωL exp
(
i
π

2

)
(2.38)

Zcapaci t i ve = 1

ωC
exp

(
−i
π

2

)
(2.39)

ZC PE = 1

(iω)nQ
(2.40)

Application to DSCs. Impedance measurements of DSC used to be very time consuming,

however, the reward was an almost complete picture of the particular components of the

device and their interplays. Nowadays the electrochemical setups (potentiostats and frequency

response analyzers) enable fast (∼ 30 min) yet sensitive experiments. A cell is connected to

the setup and a steady voltage bias is applied - either in the dark or under illumination. Then

an AC voltage perturbation is applied within a frequency range 1 mHz to 10 MHz. During the

35



Chapter 2. Fundamentals of dye-sensitized solar cells

Figure 2.11: Graphical representations of certain electric circuit elements on the complex
impedance plane. A) Resistor is a point on the real axis, because it does not have the imaginary
part. B) Capacitor is a line parallel to the y-axis. C) Constant-phase element (CPE) is a line
with a slope, which accounts for a θ 6= π

2 . D) A semicircle representing an R∥C element with ω0

being the characteristic frequency.

measurement the voltage amplitude is small (a few mV, typically 10 mV) so that the linearity

of the response is preserved and the resulting impedance is independent of the amplitude

of the perturbation. Linearity, causality and stationarity of the system are the necessary

requirements to apply the Fourier transformk to the parameters and move to the frequency

domain, as the analysis of so many processes in the time regime would be too complicated.

Sets of frequency-varying measurements for many (20–30) steady-potential bias steps are

collected, because only in this way one can follow the changes in the processes occurring

in the cell upon changing quasi-Fermi levels. For each bias potential step a Nyquist plot is

usually analyzed and fitted. The main issue of impedance data treatment is the application

of a physically relevant model, where each fitted circuit element describes the process that

is suspected to happen in the device under operation. Apparently, the one and only fit to an

impedance curve does not exist, therefore a heavy burden of the wise choice of the fitting

parameters and their interpretation lies on the shoulder of the experimentalist.

DSC electric circuit models. A very comprehensive guide for application of EIS to DSCs is

k f̂ (ξ) = ∫ ∞
−∞ f (x)exp(−2πi xξ)d x
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Figure 2.12: A scheme od a DSC combined with its equivalent circuit including the transmis-
sion line with one reflecting boundary conditions. The particular elements are described in
more detail in the text below.

given by Bisquert and Fabregat-Santiago, who gathered all the know-how developed in the

past few years55. As mentioned above, it is crucial to identify the elements of the equivalent

circuit of dye-sensitized solar cell according to their physical significance.

It has been shown that a minimal equivalent circuit describing a solar cell consists of a resistor

connected in parallel with a capacitor and a current generator 56. The capacitor is at the heart

of the device, because therein originates the difference in potentials, which is related to the

splitting of Fermi levels. The operation of a solar cell is based on the promotion of charges

from low energy levels to high energy levels via the energy of absorbed photons, therefore

the reverse process is thermodynamically possible (or even probable!) and that is why the

capacitor is accompanied by a resistor (leakage). Moreover, this capacitor is closer to the

concept of chemical capacitance than the classic electrostatic capacitor 40, because the charge

storage does not necessarily imply the change of the electric field - as it was stated before

that the electrons in the conduction band of TiO2 are effectively screened by the ions in the

electrolyte.
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Nevertheless, the DSC is a more complex system consisting of tailored components in-between

which various processes occur at wide range of timescales. EIS cannot resolve the ultrafast

phenomena like electron absorption and injection and the power of the technique lies in

monitoring the behaviour of the electrons in the electron-transporting media (TiO2 and

electrolyte). The full equivalent circuit of DSC is presented in the Figure 2.12. The elements

used for fitting the impedance data are as follows:

• Rser i es - is a series resistance, which groups all the external contacts to the cell (wires,

metal contacts, sheet resistance FTO, electrolyte resistance). In a data plot it is the

distance from the origin on the x-axis.

• Counter-electrode, RP t ∥CP t - since it appears as a semicircle, an RC element is used for

its fitting. It incorporates the information about the effectiveness of the I–
3 regeneration

and the related with it Helmholtz layer in the vicinity of the counter-electrode.

• TiO2/electrolyte interface - describing mainly the recombination processes. The total

capacitance, Cct , is in reality a combination of the chemical capacitance of TiO2 and the

capacitance of the Helmholtz layer in the electrolyte, C = (C−1
T iO2

+C−1
H )−1. In fact, each

TiO2 grain in contact with the electrolyte is described locally by a simple R∥C circuit,

which are collectively treated as a transmission line (vide infra). Nevertheless, a single

semicircle is observed in the measurement results, so that a one cumulative circuit is

used for a fitting model.

• FTO/electrolyte interface, RF T O ∥CF T O - does not appear as a separate semicircle at

high forward bias, however, the influence of the FTO capacitance on the overall cell

capacitance has to be taken into consideration especially under low light conditions,

when TiO2 acts as an insulator.

• Electrolyte - diffusion of ions characterized by the Warburg resistance (short, because

the diffusion is finite). Can only be seen at high forward current flow.

Additionally, as seen in the Figure 2.12, the nanostructured and mesoporous semiconductor

layer is modelled by a transmission line including diffusion and recombination processes with
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reflecting boundary conditions at the end of the electron transport channel. The impedance

for this element is given by the Equation 2.41 57.

Z (ω) =
(

Rtr ansRr ec

1+ iω
ωr ec

) 1
2

coth

[(
Rtr ans

Rr ec

) 1
2
(
1+ iω

ωr ec

) 1
2

]
(2.41)

The shape of the spectrum of this element is in general a semicircle, but in particular it depends

on the ratio of the Rr ec to Rtr ans . If Rr ec > Rtr ans , the cell should be giving high efficiencies,

since the main electron loss channel is blocked. The transmission line manifests itself as

a straight line of a slope of 45° in addition to the semicircle and the value of Rtr ans can be

extracted, following the Equation 2.42. However, on the contrary, when the recombination

processes dominate the cell and the injected electrons are transferred to the electrolyte, the

spectrum shape does not allow for the deconvolution of the values of the resistances (Equation

2.43).

Z = Rtr ans

3
+ Rr ec

1+ iω
ωr ec

(2.42)

Z =
(

Rtr ansRr ec

1+ iω
ωr ec

) 1
2

(2.43)

Parameters obtained from the EIS measurements. The full model presented in the section

above in practice is simplified in order to reduce the number of parameters the during fiting

process. Typically, the interface between the FTO and TiO2, which would be represented by

an R∥C element, is omitted, because the contact between these materials is ohmic. There are

in general three applied potential regions, where different simplifications of the equivalent

circuit could be introduced. The application of the simplified models lies with the person

treating the data and is mainly based on the experience.

I. High applied potentials cause the Fermi level to move close to the conduction band

and increase the population of electrons therein. Therefore the conductivity of the

semiconductor is high (Rtr ans is low) and the transmission line is reduced to a simple

Rct ∥Cct element. Three semicircles are observed in the spectrum corresponding to

(in order of appearance) counter-electrode processes, charge-transfer processes at the
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TiO2/electrolyte interface and ion diffusion in the electrolyte.

II. Intermediate potentials enable the full expression of the complicated nature of the

TiO2/electrolyte interface in the form of the transmission line recognized by the straight

line of the slope of 45° between the counter-electrode and charge-transfer semicircles. In

this region also the capacitance of FTO starts to play more important role and is included

in the fitting model. The Warburg element could be omitted, as the semicircle associated

with the ion diffusion is very small with regards to the growing charge-transfer semicircle

and these two merge.

III. At low potentials the TiO2 becomes an insulator and the recombination processes take

place at the FTO/electrolyte interface. The spectrum appears as an arc of a very large

radius. The counter-electrode arc in some cases could still be distinguished and fitted,

however, it is extremely small in comparison with the charge-transfer semicircle.

After fitting a set of IS spectra there is much useful information that can be derived from the

fitted parameters. There are also some corrections that need to be applied in order to obtain

true characteristics of the device.

First correction that should be applied is the correction of the applied potential (Vapp ). The

potential set by the potentiostat is not precisely the same that is experienced by the interface

due to the transport resistances connected in series (Equation 2.44). The IR drop correction

(Equation 2.45) is therefore smaller at high bias and increases with its decrease. A certain value

is obtained for each potential step and then subtracted from it.

Ral l =Wel +Rser i es +RP t + 1

3
Rtr ans (2.44)

∆V =
∫

Ral l d I Vcor r =Vapp −∆V (2.45)

During the fitting of the data, some of the capacitances are replaced by constant-phase element

to account for the non-ideality of the system. Nevertheless, it is important to observe the

variation of the exponent n (Equation 2.40), which gives an estimate of how far from ideal

is the behaviour of a particular capacitive component. Typically the value should be kept in
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0.8–0.95 range. To account for the use of CPE elements and as well for the fact that it is not

easy to clearly distinguish between the contributions from TiO2 and FTO, Equation 2.46 is

used to calculate the overall capacitance of the device.

Cal l =
(Rr ecC PE T

T iO2
)

1
C PEP

T iO2

Rr ec︸ ︷︷ ︸
Cct

+ (Rr ecC PE T
F T O)

1
C PEP

F T O

Rr ec
(2.46)

The calculated capacitance can be used to derive the density of states following the Equation

2.47.

DOS = Cct

qd(1−p)
(2.47)

Recombination resistance, similarly to the capacitance, could be analyzed within the three

potential regions. Low bias implies small number of charges, therefore the recombination rate

is low. The recombination resistance here originates purely from the electrochemical reactions

at the blocking layers applied to FTO substrate not covered with the mesoporous TiO2 layer.

The slope in this region is not large, because the resistance of this layer stays relatively constant.

When the steepness of the curve is increasing and a linear behaviour is observed while going

to the high applied potentials, the recombination via TiO2 starts to play an important role.

The recombination resistance in combination with the corrected capacitance (or CPEr ec ) give

the apparent electron lifetime (Equation 2.48) - a parameter which can be directly compared

with the result obtained from the transient techniques.

τn = (Rr ecC PEr ec )
1
n ≈ Rr ecCal l (2.48)

The transport resistance, Rtr ans , can be only obtained in a regime of potentials (high-intermediate

or only intermediate). Nevertheless, it enables the derivation of a set of useful parameters for
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the direct comparisons between different systems.

Transport time: τtr ans = Rtr ansCal l (2.49)

Diffusion coefficient: Dcoe f f =
d 2

Rtr ansCal l
(2.50)

Diffusion length: Dl =
√
τnDcoe f f (2.51)

Conductivity σ= d

Rtr ans A(1−p)
(2.52)

Charge collection efficiency: ηcol =
1

1+ Rtr ans
Rr ec

(2.53)

The characteristics resulting from EIS measurement gives a very detailed picture of the DSC,

however, the interpretation of the data is not trivial. Although the IR correction is introduced

to the applied potential, one should remember that comparison of the cells should be made

under the conditions when the quasi-Fermi levels are displaced against the conduction band

edge by the same value, i.e. the distribution and filling of the trap states are equal. The results

from EIS measurement could be used independently, but also either as complimentary or as a

cross-check to the transient techniques. It is also worth noting, that the idea of application of

this particular technique to DSCs triggered many discussions, brain-storming and shed bright

light on the interfacial processes within this complex device.
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3 Experimental methods

3.1 UV-Vis spectroscopy, dye loading experiments

UV-Vis spectra were recorded with CARY 5 UV-Vis-NIR spectrophotometer (Varian, Inc., USA)

For the dyes dissolved in a respective solvent a standard fluorescence cuvette (Suprasil quartz,

111-QS, Hellma, Germany) with a path length 10×10 mm was used. Measurements of the

dyes adsorbed on the film were realized with the transparent TiO2 films. The nanoparticles

of 20 nm ∅ were screen-printed on the thin glass. For various experiments films of different

thicknesses were used - the thinnest being 1.8 µm and the thickest - 5.5 µm. A non-stained

film of a similar thickness was typically used as a blank.

Dye desorption studies were realized also with the aid of CARY 5 spectrophotometer. The

experiment procedure is organized in a few steps:

1. Dye adsorption on the film. The film is sintered and additionally heated (if needed)

prior to the immersion in the dye solution. The dye solution is no different than the one

used for cell preparation.

2. Measurement of the UV-Vis absorption spectrum of the dye adsorbed on the film.

The films are rinsed in the pure solvent to remove the excess of the dye and then dried

in the air to remove the solvent.

3. Dye desorption. The still-stained films are placed in the known volume of the solution
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of TBAOH (tetrabutylammonium hydroxide) in a respective solvent (0.5 g/50 ml solvent).

The desorption time varies from 4 to 18 hours.

4. UV-Vis measurement of the solution of the desorbed dye.

For data evaluation the fundamental Beer-Lambert law was applied (Equation 3.1).

A = l × c ×ε, (3.1)

where A is absorbance, l - the length of the optical path, c - the concentration of the species,

ε - the molar extinction coefficient of the dye. For the standard absorption measurement

of the dyes a cuvette of an optical pathlength of 10 mm was used (see supra). As for dye

loading measurements on the film, the film thickness was used as a "cuvette" pathlength. In

order to estimate the concentration of the dye adsorbed on the surface a few assumptions

must be taken. Due to the fact that the precise value for the surface area cannot be obtained

(nanoparticulate film with voids and channels distributed randomly), we were using the

films prepared within the same batch. In this way the parameters of paste (e.g. viscosity)

determining the final pore size and their distribution within the film were kept constant, so

that the layers can be compared directly. The thickness of each film was measured separately.

In conclusion, the values of measured dye concentrations on the film normalized to the films’

thicknesses allow for a direct comparison if and only if the films that were used during the

experiment were from the same batch. This condition was always rigorously fulfilled.

3.2 Electrochemistry

The experimental evaluation of redox potentials of the dyes was obtained via a typical three-

electrode setup placed in an Ar filled glovebox. Measurements were performed on a PC-

controlled Autolab system (PGSTAT30, Metrohm, Switzerland). A glassy carbon electrode

was used as a working electrode, accompanied by a Pt plate as an auxilliary electrode. Pt

wire served as a quasi-reference electrode. Ferrocene/ferrocenium couple was additionaly

used as an internal standard. The concentration of the dye in the solution was at the level

of 0.1–0.5 mM; the solution contained also the supporting electrolyte salt: 0.1 M TBAPF6
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(tetrabutylammonium hexafluorophosphate). Cyclic Voltammetry (CV), as well as Differential

Pulse Voltammetry (DPV) were used to observe the reversibility of the redox processes and

precise determination of the potentials, respectively.

3.3 Viscosity measurements

The viscosities of the electrolytes, especially the ionic-liquid-based ones, were determined

by using HAAKE Rheostress 1 Rheometer (Thermo Scientific) equipped with a HAAKE DC50

Thermostat (Thermo Scientific). Experiments and data acquisition were supported by the

HAAKE RheoWin software. A Ti cone of a diameter of 20 mm and an angle of 0.5° was used

for all the measurements. Samples were measured at 20°C. The applied shear rate was in

the range 10–8000 s−1 for electrolytes (10–2000 s−1 for pure ionic liquids), and equilibration

time of 30 s was used for each shear rate step. The ionic-liquid-based electrolytes are non-

newtonian fluids, exhibiting thixotropic behaviour. In order to obtain comparable values for

all the samples, a straight line was fitted to a plateau in the low shear rate region for each plot.

A point for the lowest applied shear rate (10 s−1) was neglected.

3.4 Fourier Transformed Infrared Spectroscopy

ATR-FTIR (Attenuated Total Reflection FTIR) technique was used to study the binding mode on

the TiO2 surface of the dyes in the Chapter 6. The spectra were recorded on the FTS7000 FTIR

spectrometer (Digilab, USA) equipped with a "Golden Gate" diamond anvil. The anvil was

pressed firmly against the sample (powder or dye adsorbed on the film) so that the intimate

contact between these two was maintained during the experiment. Spectra was integrated

from 64 individual scans at a resolution of 2 cm−1. No ATR correction was applied to the data.

The films used for measurements were rinsed with acetonitrile and dried prior to measuring

the spectra. Obtained data was processed by subtraction of the absorption spectrum of TiO2,

surface water and carbon dioxide.
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3.5 Device fabrication

At the heart of the device there is a mesoporous layer of TiO2 nanoparticles. It is deposited

on the fluorine doped SnO2 (FTO) glass (NSG10, Nippon Sheet Glass, Japan) by the screen-

printing method. The nanoparticles (of various sizes) are made into a paste, where the ethyl

cellulose content determines the porosity of a resulting film. The glass has to be carefully

cleaned beforehand (rinsing with ethanol, acetone, sonification in a detergent solution, Hell-

manex® , 2% in H2O, finally - ozone cleaning for 60 min with the UVO-Cleaner® , Model No.

256–220, Jelight Company Inc., USA) and a thin layer of nanocrystalline TiO2 is then deposited

hydrothermally. Typically, a solution of 40 mM TiCl4 is used in a bath where the glass panes are

immersed and the whole thing is heated at 70°C for 30 min. Thus formed TiO2 layer is sintered

at 500°C. This ensures better adhesion of the following layers on FTO, increasing the roughness

of the surface, but also it blocks the unwanted electron recombination channel (interception

of the electron in the conductive transparent oxide exposed directly to the electrolyte with

triiodide, which undergoes reduction). The actual screen-printing of the nanoparticulate

paste is performed stepwise. The geometry of a single electrode was either circular (∼0.28

cm2) or square (4 mm × 4 mm). A single screen-printed layer has 1.8–3.3 µm thickness and in

order to obtain 13–15 µm film the layers have to be printed multiple times. In between each

paste deposition (printing) the freshly deposited layer is levelled for 3–6 min, allowing for an

even distribution of the paste, and then sintered for 10 min at 125°C. Many different films were

prepared, according to the purpose they were supposed to serve:

• for optical measurements thin transparent films (particles of 20 nm ∅, home-made

paste 1–3, thickness: 1.8–5.5 µm) were made;

• for transparent cells typically 5–8 µm films of 20–23 nm-sized nanoparticles (home-

made pastes4, pore size: 23–32 nm) were printed;

• for high-performance cells a double-layer configuration was employed: 20–23 nm-sized

particulate layer was placed (thickness: 8 µm) at the bottom - to ensure high dye loading

due to the large surface area; this transparent layer was covered by a scattering layer

consisting of much larger nanoparticles (∅ 400 nm, CCIC, Japan)
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3.5. Device fabrication

Table 3.1: Dye solution parameters.

Dye Concentration Solvent Additive Dipping time
mM (mM)

Dye 1, Chapter 4 0.3 chlorobenzene CDCA (2 mM) 5 h
Dye 2, Chapter 4 0.3 chlorobenzene CDCA (2 mM) 5 h
Dye 3, Chapter 4 0.3 chlorobenzene CDCA (2 mM) 5 h
Dye 4, Chapter 4 0.3 chlorobenzene CDCA (2 mM) 5 h
WS-2, Chapter 5 0.3 CH2Cl2 or CHCl3 no or 2 or 20 mM

CDCA
6 h

WS-9, Chapter 5 0.3 CH2Cl2 or CHCl3 no or 2 or 20 mM
CDCA

6 h

Dye 6, Chapter 6 0.3 DMSO/EtOH
(1:9, v/v)

CDCA (10 mM) 2 h

Dye 7, Chapter 6 0.3 DMSO/EtOH
(1:9, v/v)

CDCA (10 mM) 2 h

V4, Chapter 7 0.1 CH2Cl2 16 h
V5, Chapter 7 0.3 t-BuOH/MeCN

(1:1, v/v)
16 h

V7, Chapter 7 0.3 CH2Cl2/EtOH
(9:1, v/v)

16 h

V11, Chapter 7 0.1 CH2Cl2 16 h
Z907, Chapter 8 0.3 t-BuOH/MeCN

(1:1, v/v)
phenylpropionic
acid (0.3 mM)

16 h

The film is then sintered up to 500°C in a stepwise procedure under the oxygen flow a, carefully

optimized in order to avoid cracking of the layers. Then the photoanodes undergo another

TiCl4 treatment (typically in 40 mM aqueous solution) for 30 min at 70°C. The films can be

used immediately after the TiCl4 post-treatment or stored in a dry place. They are being

heated up to 450°C with a regular heat-gun just prior to the immersing in the dye solution, in

order to remove water and CO2. This last-step sintering lasts 20–30 min. The photoanodes are

subsequently cooled down to ∼80°C and then placed in the vial containing dye solution. The

solution conditions for the dyes presented in this work are gathered in the Table 3.1.

The stained electrodes were rinsed in the pure solvents (each as used for a particular dye) prior

to the assembly in order to remove the loosely bound dye molecules (unwanted aggregates).

The sandwich cell structure is completed by a platinized counter-electrode made of a piece

of conducting glass as well (TEC7, Pilkington, UK). The glass piece contains a hole, drilled

aThe sintering procedure: 15 min at 125°C , 5 min ramp and 5 min at 150°C , 10 min ramp and 5 min at 325°C , 5
min ramp and 5 min at 450°C , 5 min ramp and 30 min at 500°C and then free cooling down.
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Chapter 3. Experimental methods

with a sand-blaster, via which the electrolyte is introduced into the cell after sealing these two

electrodes together. Platinum, acting as a catalyst for reduction of I–
3, is deposited thermally: a

drop of 8 mM solution of hexachloroplatinic acid ([H3O]2[PtCl6] ·4 H2O) in n-propanol was

cast onto the glass surface heated previously for 3–5 min, uniformly spread and dried in the

air. Then the electrode was placed under the heat gun and fired for 15 min in 415°C ; this step

was repeated once more in order to ensure good coverage of the surface by the catalyst. The

assembly of the two electrodes together was done with the aid of a polymer binder - in a form

of a ring or a frame - made of 25-µm-thick Surlyn® (DuPont™, USA), which was placed on the

counter-electrode around the hole, and the photoanode was put on the top of it. Everything

was pressed together and heated from the bottom for 9–12 s, so that the polymer could melt

and then solidify after a while, leaving the two pieces of glass sealed. The electrolyte was

introduced via the pre-drilled hole using back-vacuum system. This step is required to be

performed relatively quickly, especially when using volatile electrolytes, in order not to alter

the concentrations of the electrolyte ingredients. In case of viscous electrolytes the problem

arises when sometimes a small air bubble is trapped within the device. It was found that it

does not have influence on the stability of the device. Finally, the metal contacts made of

low-melting-temperature alloy (186–246°C, Cerasolzer, MBR Electronics GmbH, Switzerland),

deposited on the free space of both electrodes. Most of the cells was equipped with a UV-cut-

off and antireflecting filter (λ<380 ARKTOP, Asahi Glass Co., Ltd, Japan) on the top and a back

reflector made of an aluminum tape at the back.
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3.6. Photovoltaic characterization

Figure 3.1: A schematic illustration of the basic components of the home-built setup for I-V
characterization. For a detailed description see the text.

3.6 Photovoltaic characterization

A standard photovoltaic characterization (I-V curves) was performed on the home-made

setup (Figure 3.1). The lamp used in this setup was a 450 W xenon lamp (LOT Oriel, USA),

which spectral output was corrected in the region between 350 and 750 nm with a Schott

K113 Tempax sunlight filter (Präzisions Glas & Optik GmbH, Germany) in order to reduce the

mismatch between the simulated and real solar spectra (AM 1.5G) to less than 2%. The beam

intensity was varied through additional filters not affecting the wavelength (mesh attenuators

giving 0.63, 0.5, 0.3, 0.1 and 0.01 Sun intensity) and referenced by the calibrated silicon

photodiode (Fraunhofer ISE, Freiburg, Germany and NREL, Boulder, CO, USA) equipped with

a KG5 Schott filter to better approximate the absorption profile of the dyes. The current-

voltage characteristics of the cell under these conditions were obtained by applying external

potential bias to the cell and measuring the generated photocurrent with a Keithley 2400

digital source-meter (Keithley, USA). The potential scanning rate was optimized in such a way

to ensure steady-state conditions and avoid current "overshots". Typically it was 100 ms per

voltage step (10 mV); for some of the cells with ionic-liquid-based electrolytes the scan rate

was extendended up to 1 s per voltage step. The cells were masked properly with a black metal

mask5 that also defined the cells’ active area to 0.159 cm2 (round TiO2 layers) or 0.16 cm2

(square geometry).
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Chapter 3. Experimental methods

Figure 3.2: A schematic illustration of the basic components of the home-built setup to
measure external quantum efficiency. For a detailed description see the text.

3.7 External quantum efficiency - IPCE

A spectral response to different incident wavelengths is essential information in evaluation of

a new dye. External quantum efficiency, termed also Incident Photon-to-current Conversion

Efficiency (IPCE) is measured in our lab with the use of another home-built setup (Figure

3.2). The light from a 300 W xenon arc lamp (ILC Technology, USA) is focused through a

Gemini-180 double monochromator (Jobin Yvon Ltd., UK) and additionally modulated with a

chopper (frequency range: 1–4 Hz). The intensity of the incident beam is rather low (∼0.01

Sun), therefore in some cases additional DC white light bias (1–10%) provided by the diode

array is applied in order to obtain measurable signal with an acceptable signal-to-noise ratio.

A lock-in amplifier (SR 830, Stanford Research System, USA) measured the modulated AC

photocurrent under short-circuit conditions.

3.8 Transient photocurrent/photovoltage measurements

Transient measurements were all performed on the home-built setup (Figure 3.3) consisting of

a light source, a Keithley 2602 source-meter (Keithley, USA) and a computer. The white, steady-

state light was provided by the LED array, intensity of which was controlled automatically
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3.9. Fluorescence spectroscopy and Time-correlated Single Photon Counting

Figure 3.3: A schematic illustration of the basic components of the home-built setup for
transient photovoltage/photocurrent measurements. For a detailed description see the text.

by the computer software. A red light (LED array) perturbation pulse, whose intensity was

controlled manually so that the perturbation is less than 10% (typically it was controlled to be

∼1% with regards to the VOC ), was superimposed on the white bias light. The superimposed

pulses were adjusted in this way in order to maintain single-exponential voltage decay. Varying

the intensity of the white light bias allowed the estimate of recombination rate constant

(and thus apparent electron lifetime) at different open-circuit potentials by controlling the

concentration of the free charges in TiO2.

3.9 Fluorescence spectroscopy and Time-correlated Single Photon

Counting

For some dye molecules in solution and adsorbed on TiO2 films a fluorescence study was

conducted. Fluorescence steady-state emission and emission dynamics was measured at a

right-angle with the use of Fluorolog-312 spectrofluorimeter (Horiba Jobin Yvon, Japan). The

basic system is built with a 450 W xenon arc lamp, double-grating excitation and emission

monochromators and an emission photomultiplier with photon-counting detection TBX-

04. The emission lifetime was measured using the Time-correlated Single Photon Counting

add-on FluoroHub in a front-face detection mode. The excitation beam was provided by the
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Chapter 3. Experimental methods

NanoLED pulsed laser diode, emitting at 406 nm.

3.10 Photoinduced Absorption Spectroscopy

The photoinduced absorption spectra of the whole cells were recorded using a home-built

setup. A white light probe beam falls on a sample and is intercepted by another one coming

from the modulated pump light source. Here, a 20W halogen lamp was used as a probe source.

The beam was filtered and focused on the sample prior to being refocused on the slits of a

double monochromator (Gemini-180, Jobin Yvon Ltd., UK). A cooled dual colour solid-state

detector (Si/InGaAs) was placed on the exit slits of the monochromator. The effective spectral

range for investigation was 300—1650 nm. In order to resolve AC signals, a dual phase lock-in

amplifier (SR 830, Stanford Research System, USA) was employed. The measured signal was

the change in transmission as a function of the wavelength (∆T
T (λ))

3.11 Electrochemical Impedance Spectroscopy

The electrochemical measurements were performed not only on the whole DSCs, but also on

the symmetrical "dummy" cells - electrolyte sandwiched between two platinized pieces of

FTO glass (see eg. Chapter 8). The setup, Autolab Frequency Analyzer (Metrohm, Switzerland),

consists of a potentiostat (Autolab PGSTAT30) and a Frequency Response Analyzer Module.

A sinusoidal AC potential perturbation of 10 mV with a frequency ranging between 1 MHz

and 0.1 Hz was superimposed on a DC potential bias. Forward bias potentials were varied

between 0 and 600—800 mV, depending on the VOC of a particular device with potential step

of 25 or 50 mV. While measuring, the devices were kept in a dark Faradaic cage, however,

for the measurement in light conditions, the illumination was provided by the white LED

(LXM3-PW51, Luxeon Rebel, Philips, Netherlands). The resulting data was analysed and fitted

using the ZView software (Scribner Associates Inc., USA). The data was fitted using 1 to 3

models (equivalent circuits) 6,7, taking into consideration the appearance of the transmission

line within a given potential range, presented in the Figure 3.4. R_series is a series resistance of

all the connections made "outside" the cell, ie. wires, metal clips. Platinum counter-electrode

is represented by a semicircle and described by two elements: a resistor (R_Pt) and a general
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3.11. Electrochemical Impedance Spectroscopy

R_series R_Pt CPE_Pt R_ct CPE_ct W_el

1

2

CPE_FTODXCPE_PtR_PtR_series

CPE_FTOR_ctCPE_PtR_PtR_series

3

Figure 3.4: Equivalent circuits used for fitting impedance data of DSCs. (1) A model used at
high applied potentials, where TiO2 is conducting and no transmission line is seen, however, a
semicircle originating from Warburg resistance of electrolyte is distinguishable. (2) A model
with a transmission line incorporated in an extended element DX. (3) A model used at low
applied potentials, where the conductivity of TiO2 is rather low.

capacitor - constant phase element (CPE_Pt), because of its non-ideality (frequency disper-

sion). The TiO2-dye-electrolyte interface is another semicircle and is described analogously by

two passive elements (R_ct and CPE_ct). As the applied potentials decrease, the appearance

of a transmission line is observed in-between the semicircles of the counter-electrode and

the TiO2-dye-electrolyte interface. In order to treat it properly an extended element, DX11

which describes the transport in the mesoporous semiconductor was used. The parameters of

the extended element include transport resistance of TiO2, R_tr, charge transfer resistance,

R_ct and corresponding capacitive element, CPE_ct. Under low applied potentials the TiO2

behaves as a very bad conductor and the capacitance of FTO starts to dominate (CPE_FTO).

Another thing worth mentioning is the presence of a semicircle originating from the resistance

of electrolyte - it is typically a limited Warburg element (W_el). It is only resolvable under high

applied potentials.
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4 The influence of the structural mod-

ifications of D-π-A dyes containing

benzothiadiazole as a spacer.

This part is adapted from a peer reviewed publication by Stephan Haid & Magdalena Marszalek,

Amaresh Mishra, Mateusz Wielopolski, Joël Teuscher, Jacques-E. Moser, Robin Humphry-Baker,

Shaik M. Zakeeruddin, Michael Grätzel and Peter Bäuerle published in 2012 in Advanced

Functional Materials, Vol. 22, pp 1291–1302

4.1 Introduction

Organic dyes – metal-free donor-acceptor systems – are less expensive compared to the

ruthenium complexes and offer almost unlimited design possibilities. So called D-π-A concept

of a scheme for a molecule is required to ensure efficient and long-lived charge separation

over a certain distance. Upon photon absorption, the electronic cloud is displaced from the

donor (D) to the acceptor (A) part and the π-conjugated bridge facilitates the process. Dyes

used for DSCs have their anchors located at the acceptor end, so that the electron injection to

the conduction band of the sensitized semiconductor can take place. The diversity of donors,

bridges and acceptors is large, which makes it feasible to tune and optimize the optical and

electronic properties of the dyes.
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Chapter 4. The influence of the structural modifications of D-π-A dyes containing
benzothiadiazole as a spacer.

In this chapter, the study on D-π-A molecules containing a benzothiadiazole unit is presented.

2,1,3-benzothiadiazole is a bicyclic compound with unsaturated 6-membered ring fused to a

5-member heterocycle and has 10 π electrons. It has been widely used as a building block in a

number of materials such as polymers for organic light emitting diodes (OLEDs), liquid crystal

displays (LCDs), two-photon absorbing materials, biosensors and for photovoltaic devices.

The whole study can be divided into two steps. Firstly, a set of three molecules with different π-

bridges was synthesized. The compounds were characterised optically and electrochemically

and subsequently used to fabricate photovoltaic devices. Although the physical properties

(e.g. broad absorption range, large optical cross-section) of the compounds looked very

promising, the overall devices’ performance was not satisfying. Detailed characterization of

the fundamental processes within the devices gave more insight into the problematic issues

and showed a clear sign of an unusually short electron lifetime, translating directly into very

low VOC s. Additionally, the JSC would be expected to be higher, given the optical properties of

the compounds.

The best performing molecule was then modified by the introduction of a phenyl ring between

the benzothiadiazole unit and the anchoring group. The increase in the performance was

remarkable, even though the absorption spectra of the pure molecules would give more

preferences to the unmodified one. A scrutinized investigation involving many tools (transient

methods, EIS, laser studies) allowed for a careful elimination of the possible factors that

influence the performance of the cell and led to the establishment of the crucial role of a

phenyl unit as a necessary conjunction with a benzothiadiazole in a π-conjugated spacer.

4.2 Preliminary studies with thieno[3,2-b]thiophene, bithiophene

and biselenophene as bridging units

4.2.1 Synthesis and characterization of the dyes

Synthesis of sensitizers. A series of low band gap D-π-A dyes (1–3) was synthesized for

application in dye-sensitized solar cells as shown in Figure 4.1. 4-bromo-7-(bromomethyl)-

benzo[c][1,2,5]-thiadiazole 4 was reacted with potassium carbonate in dioxane/water to
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4.2. Preliminary studies with thieno[3,2-b]thiophene, bithiophene and biselenophene as
bridging units
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Figure 4.1: Synthesis of investigated dyes 1–3.(a) 3 eq. K2CO3, dioxane/water (1:1), reflux, 1 h
(b) 4 eq. MnO2, CHCl3, reflux, 3 h (c) Pd2(dba)3·CHCl3, HPtBu3BF4, 2 M aq. K3PO4 (4 eq.), THF,
r.t.(d) (i) n-BuLi, THF, -78°C (ii) SnBu3Cl (e) Pd(PPh3)2Cl2, THF, reflux, 4–22 h (f) cyanoacetic
acid, NH4OAc or piperidine, CH2Cl2/CH3CN, reflux.

provide alcohol 5 in 64% yield. Alcohol 5 was oxidized to benzothiadiazole carbaldehyde 6

with MnO2 in chloroform under reflux conditions in 90% yield. Bromotriphenylamine 7 was

coupled with pinacolboronic esters 8 a-c in a Suzuki-Miyaura cross-coupling reaction using
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Chapter 4. The influence of the structural modifications of D-π-A dyes containing
benzothiadiazole as a spacer.

Pd2(dba3)·CHCl3/HPtBu3BF4 as a catalyst system. The coupling products were obtained in

good (76% for biselenophene 9 c) to excellent yields (97% for thienothiophene 9 a and 96% for

bithiophene 9 b). Lithiation of compounds 9 a-c with n-BuLi in THF at -78°C and subsequent

quenching with tributyltin chloride afforded stannyl compounds 10 a-c in quantitative yields.

Stille-type coupling reaction of the stannylated compounds 10 a-c with benzothiadiazole

derivative 6 using Pd(PPh3)2Cl2 as a catalyst gave aldehydes 11 a and 11 b in very good

yields of 94% and 86%, respectively. For aldehyde 11 c, only a moderate yield of 51% could

be obtained. Final Knoevenagel condensation of aldehyde 11 a with cyanoacetic acid in

the presence of piperidine as a catalyst yielded dye 1 in 51% yield. For the Knoevenagel

condensation of aldehydes 11 b and 11 c, ammonium acetate was used instead of piperidine,

and the yields were improved to 86% for dye 2 and 91% for dye 3.

Optical properties. The dyes were characterized by UV-Vis absorption spectroscopy. Figure

4.2 shows the absorption spectra of dyes 1–3 measured in dichloromethane solutions and the

data is tabulated in Table 4.1. All dyes exhibited three absorption transitions over a range of 300

to 800 nm. The absorption band between 350 to 450 nm corresponds to the π-π* transitions

of the conjugated system. The low energy bands between 570 nm and 610 nm were assigned

to the charge transfer (CT) transitions. The CT transition is shifted from 569 nm for the

thienothiophene dye 1 over 579 nm for the bithiophene dye 2 to 609 nm for the biselenophene

dye 3. Thus, the replacement of thiophene by selenophene leads to a significant red-shift of

30 nm. The insertion of benzothiadiazole as a low band gap chromophore between the linker

and acceptor cyanoacrylic acid caused a red shift of 30–110 nm compared to corresponding

dyes without this chromophore 1–3. Furthermore, the attachment of the benzothiadiazole unit

directly to the acceptor resulted in a bathochromic shift of the spectral response compared to

the dyes comprising a central benzothiadiazole unit4.

Redox properties. The redox properties of the three sensitizers 1–3 were measured by cyclic

voltammetry in dichloromethane solutions with 0.1 M tetrabutylammonium hexafluorophos-

phate as a supporting electrolyte. The three dyes 1–3 showed two reversible oxidation poten-

tials (Figure 4.3). The first oxidation potential at ca. 0.20 V (vs. Fc/Fc+) corresponds to the

oxidation of the triphenylamino moiety. The second oxidation potential is assigned to the

corresponding π-conjugated systems with decreasing values from 0.72 V for 1 over 0.61 V for 2
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bridging units

Figure 4.2: UV-Vis spectra of dyes 1, 2 and 3 in dichloromethane.

Figure 4.3: Cyclic voltammograms of 1, 2 and 3; DCM/TBAHPF6 (0.1 M), c = 5 × 10−4 M, 295 K,
scan rate = 100 mV s−1, vs. Fc+/Fc.

to 0.52 V for 3. This indicates an increasing degree of conjugation going from thienothiophene

to 2,2’-bithiophene and 2,2’-biselenophene. From the onset of the first oxidation potential,
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benzothiadiazole as a spacer.

Table 4.1: Optical and electrochemical data of sensitizers 1, 2 and 3 in dichloromethane.

Dye λabs (ε) Eopt
g E0

Ox1 E0
Ox2 E0

Red HOMO LUMO
nm (M−1cm−1) eV Va Va Va eVb eVb

1 302 (16900) 1.76 0.20 0.72 -1.55 -5.20 -3.63
371 (21700)
569 (23000)

2 308 (21000) 1.70 0.21 0.61 -1.51 -5.20 -3.74
395 (26400)
570 (18900)

3 308 (15300) 1.65 0.16 0.52 -1.53 -5.17 -3.71
410 (17100)
609 (19400)

a Measured in CH2Cl2/TBAHPF6 (0.1 M), c≈1×10−3 M, 295 K, scan rate = 100 mV s−1, vs. Fc+.b Calculated from
Eonset

Ox1 and from Eonset
Red ; set ELU MO (Fc+/Fc)=-5.1 eV vs. vacuum 5.

HOMO energy levels of ca. -5.20 eV vs. vacuum were calculated for the dyes. In the reductive

region, the three dyes 1–3 show one reduction wave at around -1.5 to -1.6 V. From the onset

of this reduction potential LUMO energy levels were calculated, the values being between

-3.60 eV and -3.75 eV vs. vacuum. These LUMO levels lie above the conduction band edge of

titanium dioxide (∼4.0 eV vs. vacuum), which should ensure a sufficiently high driving force

for the electron injection from the excited dye into the conduction band of the semiconductor.

Compared to the corresponding dyes without benzothiadiazole 1–3, sensitizers 1–3 showed a

lower band gap (∼1.6-1.7 eV) due to a lowering of the LUMO energy levels.

Quantum chemical calculations. Semi-empirical methods were utilised for the quantum

chemical calculation of molecular electronic structures to confirm the CT character of the

dyes observed in solutions. The Austin Model 1 (AM1) method for dye 1 and 2 and parameter-

ized Model 3 (PM3) for dye 3 under restricted Hartree-Fock conditions were used to analyse

the electron distribution of the frontier orbitals of all dyes (Figure 4.4). The electron density

distribution of the HOMO of all molecules is mainly located at the oligothiophene/oligose-

lenophene and triphenylamine moieties, whereas the electron density of the LUMO is primar-

ily located at the benzothiadiazole and cyanoacrylic acid acceptor units, and, to a small extent,

on the neighbouring thiophene/selenophene ring. Hence, strong electron density relocation

between HOMO and LUMO is present, supporting the occurrence of an intramolecular charge

transfer transition (ICT) in the UV-Vis spectra. In general, the calculations reveal that the
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HOMO to LUMO excitations move the electron density distribution from electron donating

triaryl moieties to the TiO2 film via terminal cyanoacrylic acids efficiently.

Figure 4.4: Frontier orbital electron distributions for dyes 1, 2 and 3 calculated by AM1 and
PM3 methods.

4.2.2 Application in DSCs

Photovoltaic performance. Screen-printed 5 µm thick, transparent layers of TiO2 nanopar-

ticles were used as photoelectrodes in this study. The preparation followed the procedure

described in the Chapter 3, section 2.5 Device fabrication. After sintering at 500°C and cooling

to 80°C , the sintered TiO2 electrodes were sensitized by dipping for 5 h in the respective dye

solutions (0.3 mM of the dye with 2 mM of chenodeoxycholic acid, CDCA, in chlorobenzene),

and then assembled in a device using a thermally platinized FTO/glass counterelectrode.

Sandwich-type devices were prepared according to the procedure presented in Chapter 3,

section 2.5 Device fabrication, and were filled with the electrolyte coded as Z1040. The compo-

sition of Z1040 is as following: 1.0 M lithium iodide, 0.044 M I2 and 0.25 M tert-butylpyridine

(TBP) in acetonitrile:valeronitrile (85:15 v/v) solvent mixture.

The J-V characteristics of the solar cells sensitized with dyes 1–3 were measured under illu-

mination with standard AM 1.5G simulated sunlight (100 mWcm−2) and are displayed in the

Figure 4.5, left. On the right of the Figure 4.5 the incident photon to conversion efficiency

(IPCE) plots of devices with dyes 1–3 are presented, which exhibit a broad spectral coverage
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Table 4.2: Detailed photovoltaic parameters of DSCs made with three different dyes and Z1040
electrolyte using 5 µm TiO2 films.

Dye JSC VOC FF η

mAcm−2 mV %

1 6.07 426 0.65 1.68
2 6.04 423 0.70 1.78
3 4.83 397 0.68 1.30

from 400 nm to 750 nm. Table 4.2 summarizes the photovoltaic parameters for devices made

with all three synthesized dyes using the volatile electrolyte Z1040. The short circuit current

density and open circuit potential of devices with dye 1 and 2 have almost the same values,

except a small difference in the fill factor (FF). Device with dye 3 (selenothiophene derivative)

yielded lower photocurrent density and open-circuit voltage that led to lower overall efficiency.

Figure 4.5: Left: J-V curves of cells sensitized with dyes 1, 2 and 3 using Z1040 electrolyte on 5
µm TiO2 films. Right: IPCE of the same devices.

Transient photovoltage measurements performed on the above-mentioned devices revealed

that the charge densities generated upon illumination are surprisingly low (Figure 4.6). Their

absorption spectrum is rather wide, but IPCE values were low, which means that this may be a

sign of a poor electron injection or collection, ergo there is a small electron population in the

conduction band of TiO2 and low current densities are generated. Taking into consideration

the high content of LiI in the electrolyte, believed to shift the conduction band of titania

downwards, and the position of LUMO of the dyes, there should be no problem with the

electron injection. The issue of the charge collection still persists.
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Figure 4.6: Apparent electron lifetime calculated from transient photovoltage decays of the
devices with dyes 1, 2 and 3 plotted against charge density.

Figure 4.7: Left: Photoinduced absorption spectrum of the dye 1. Right: Transient decays for
the devices with dye 1 with Z1040 electrolyte (red) and acetonitrile (black).

A series of laser measurements (Photoinduced Absorption Spectroscopy, PIA) was performed

on the complete cells with Z1040 electrolyte, as well as with pure acetonitrile. In all cases the

residual fluorescence was detected within the range of 750–800 nm. This weak, however still

present, signal may be attributed to the losely bound molecules (physisorption), which do

not sensitze the TiO2 surface effectively (Figure 4.7, left: only dye 1). Transient decays of the

oxidized states of the dye 1 molecules adsorbed onto transparent TiO2 films are presented in

the Figure 4.7, right, as a representation of the dye family in question. In comparison with

highly efficient dyes, the charge recombination rate seems to be much higher for the dyes 1–3.
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Calculated interception efficiency reaches up to 88%, which means that the remaining 12% is

lost.

Conclusions. The introduction of a benzothiadiazole unit in D-π-A sensitizers lowers the

HOMO-LUMO energy gap to 1.6–1.7 eV. While the three dyes comprise the same donor

and acceptor units, the bridging units were thieno[3,2-b]thiophene in 1, bithiophene in 2,

and biselenophene in 3. Photophysical and electrochemical properties of the dyes were

investigated by UV-Vis spectroscopy and cyclic voltammetry. Photovoltaic devices including

these dyes showed a moderate overall conversion efficiency of 1.8% under full sunlight

(AM 1.5G, 100 mWcm2) irradiation, despite a broad monochromatic incident photon-to-

current-efficiency, covering a region from 350 to 850 nm. Nanosecond transient absorption

spectroscopy study revealed that the reason for this low performance is mainly an increase in

the rate of recombination of injected electron from TiO2 with the dye cation.

4.3 The effect of phenyl ring inserted between the benzothiadiazole

and cyanoacrylic acid

4.3.1 Synthesis and characterization of the phenyl-bearing dye

Synthesis of a sensitizer. A small structural modification was done on the dye 2, namely a

phenyl ring was placed in-between the benzothiadiazole and the cyanoacrylic group (Figure

4.8). Starting from the common core 10 b, Stille coupling with 7-bromobenzo[c][1,2,5]thia-

diazole-4-carbaldehyde 6 or 4-(7-bromobenzo[c][1,2,5]thiadiazol-4-yl)benzaldehyde 12 6 gave

intermediates 11 b and 13 in yields of 86% and 92%, respectively. Final Knoevenagel conden-

sation of 11 b and 13 with cyanoacetic acid in the presence of ammonium acetate as a catalyst

gave dye 2 in 86% yield and dye 4 in 38% yield.

Optical properties. The UV-Vis absorption spectra of dyes 2 and 4 are presented in the Figure

4.9 and the detailed data is gathered in the Table 4.3. Dye 4 dissolved in dichloromethane

also exhibits three absorption bands, however, in comparison to the dye 2, the CT-band is

significantly blue-shifted (55 nm). This was not expected, because dye 4 contains an additional

phenyl ring, which should lead to a more extended conjugated system and, consequently, to a
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Figure 4.8: Synthesis of dyes 2 and 4.(a) Pd2(dba)3·CHCl3, HPt tBu3BF4, 2 M aq. K3PO4 (4
eq.), THF, rt (b) (i) n-BuLi, THF, -78°C (ii) Bu3SnCl (c) Pd(PPh3)2Cl2, THF, 70°C , 15 h (d)
Pd(PPh3)2Cl2, THF, 75°C , 4.5 h (e) cyanoacetic acid, NH4OAc or piperidine, CH2Cl2/CH3CN,
reflux.

Figure 4.9: Left: UV-vis and normalized emission spectra of dyes 2 and 4 in dichloromethane
(c=10−5 M). Emission spectra measured upon excitation at 500 nm (2) and 460 nm (4).Right:
UV-vis spectra of dyes 2 and 4 adsorbed on a transparent TiO2 film.
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Table 4.3: Optical and electrochemical data of sensitizers 2 and 4 in dichloromethane.

Dye λabs (ε ) λem Eopt
g E0

Ox1 E0
Ox2 E0

Red HOMO LUMO
nm (M−1cm−1) nm eVa V V V eVb eVb

2 308 (21 000) 681 1.70 0.21 0.61 -1.51 -5.20 -3.74
395 (27 200)
579 (21 900)

4 308 (30 800) 665 1.98 0.30 0.64 -1.57 -5.33 -3.66
392 (38 000)
515 (29 400)

a Estimated using the onset of the UV-vis spectra in dichloromethane.b set ELU MO (Fc+/Fc)=-5.1 eV vs. vacuum.

red-shifted absorption. Furthermore, the molar extinction coefficient for the CT transition

of dye 4 (ε = 29 400 M−1cm−1) is increased by a factor of 1.6 compared to dye 2 (ε = 18 900

M−1cm−1). The emission maxima of dyes 2 and 4 can be found at 681 and 665 nm, respectively.

Dye 4 showed a much larger Stokes shift (4 379 cm−1) in comparison to 1 (2 860 cm−1) which is

an indication of a significant structural reorganization of the dye 4 upon photoexcitation. The

UV-Vis spectra of dyes 2 and 4 adsorbed on transparent TiO2 films (Figure 4.9, left) showed a

slight blue-shift of the CT band for dye 4 (506 nm) compared to the solution spectra, while the

shift is more pronounced for dye 2 (540 nm). Hence, the steady-state results clearly hint to a

reduction of the overall π-conjugation in the cationic form of 4 due to a possible torsion of the

additional phenyl ring.

Redox properties. Dye 4 was characterized electrochemically as well (Figure 4.10). Dissolved

in dichloromethane, with the addition of 0.1 M tetrabutylammonium hexafluorophosphate as

a supporting electrolyte and ferrocene couple as an internal standard, exhibited two reversible

oxidation waves and one irreversible reduction wave (detailed data is provided in the Table

4.3). Compared to dye 2 (E0
Ox1 = 0.21 V), the first oxidation potential of dye 4 (E0

Ox1 = 0.30 V) is

shifted to more negative values. This is another hint for the weaker donor-acceptor interaction

in dye 4 due to probable torsion of the phenyl ring.

4.3.2 Quantum chemical calculations

Due to the suspicion of the significant changes in geometry of the molecules after the imple-

mentation of a phenyl ring, the quantum chemical calculations were performed for the two
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Figure 4.10: Cyclic voltammograms of dyes 2 and 4 in CH2Cl2/TBAHFP (0.1 M) solution
c=5×10−4M, 295 K, scan rate = 100 mV s−1,vs. Fc+/Fc.

dyes, which additionally gave insights into the electron density distribution of their frontier

orbitals. Density functional theory (DFT) using the B3LYP hybrid functional with 6-31G* basis

set was the method of choice7. First, the ground state geometries of molecule 2 and 4 were

optimized using the restricted Hartree-Fock conditions. The calculations showed that the

CT absorption bands of these dyes were due to the HOMO→LUMO transition in the ground

state. The calculated HOMO and LUMO energies were -4.96 and -3.36 eV, respectively, for 2

and -4.81 and -3.01 eV for 4. In comparison to HOMO and LUMO energies determined by

electrochemical methods the calculated values are by 0.3–0.4 eV higher, but the same trend

is observed, i.e. the values for dye 4 are lowered in comparison to dye 2. In the neutral form

both molecules do not exhibit significant differences in the electron density distribution of

the orbitals (Figure 4.11).

For dye 2, the HOMO and LUMO orbitals are slightly more delocalized, giving rise to a better

conjugation between the donor and acceptor moiety, which corroborates well with the out-

come of the UV-Vis studies. On the other hand, in dye 4 the additional phenyl ring induces

a slight out-of-plane torsion (18°) with respect to the BTDA moiety. As a consequence, the

HOMO is no longer extended to the cyanoacrylic acid carbon as in the case of the dye 2. How-
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Figure 4.11: HOMO and LUMO electron density distributions for frontier orbitals of dyes 2
and 4 calculated using DFT methods (B3LYP/6-31G*).

ever, this does not impact the HOMO-LUMO overlap, which is reflected by the extension of

the LUMO orbital coefficient over the thiophene units. Hence, both orbitals provide sufficient

overlap between donor and acceptor to guarantee a fast charge transfer transition. Therefore,

excitation from the HOMO to the LUMO should lead to an efficient photoinduced electron

transfer from the electron donating triarylamine moiety to the TiO2 film via the terminal

cyanoacrylic acid. This nicely follows the trends of the almost identical charge separation

rates for 2 and 4 as stated in the photophysical section (vide infra). Significant differences

arise when considering the cationic form of 2 and 4, as calculated using the unrestricted

Hartree-Fock method. The optimized cationic structure of 2 becomes completely planar with

dihedral angles of ∼1° each (Figure 4.12). In contrast, the BTDA unit and the adjacent phenyl

rings in the cation of dye 4 are twisted out-of-plane by 48°. It should be noted that, in the

cationic form of the dye 4, the phenyl ring is twisted by almost 30° more compared to the

neutral conformation (dihedral angle = 18°). This deviation from planarity, as suggested by

the large Stokes shift of 4 as compared to 2, has an impact on the orbital energies. In fact, the

energies of the singly-occupied molecular orbital (SOMO) are lowered to a higher extent in

4 than in 2. The SOMO in 4 (-6.80 eV) is 0.2 eV lower in energy than the SOMO in 2 (-6.61

eV). This brings to the conclusion that releasing an electron leads to a more stable cation
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Figure 4.12: Geometry optimized structures of the neutral (left) and cationic (right) species of
2 and 4 with the corresponding dihedral angles between each plane.

of 4 than that of 2. This corroborates well with the difference in solar cell performance of

devices with 2 vs. 4, as discussed in the photovoltaic section. As shown below, the charge

recombination rates in 4 are remarkably slower due to a better stabilization of its cationic

form. Furthermore, the insertion of the phenyl ring in 4 and the consequential out-of-plane

torsion of the adjacent plane upon oxidation leads to an interruption of the π-conjugation

between donor and anchoring group. On the contrary, the cationic form of 2 remains entirely

planar and the π-conjugation is preserved as shown in the Figure 4.12. This fact is clearly in

favour of an intramolecular electron back-transfer process as the deactivation pathway of the

charge separated state. In other words, the electron back-transfer from TiO2 to the acceptor

moieties of 2 is energetically possible and facilitated.
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Table 4.4: Composition of electrolytes used for optimization of the performance of the de-
vices with dye 4. The components were dissolved in a solvent mixture of acetonitrile and
valeronitrile (85:15, v/v).

Code DMII / M I2 / M GuNCS / M TBP / M LiI / M

E1 0 0.044 0 0.25 1
E2 1 0.3 0.1 0.5 0
E3 1 0.3 0.1 0.5 0.05
E4 1 0.3 0.1 0.5 0.1

4.3.3 Application in DSC

Photovoltaic performance. The J-V characteristics of the solar cells sensitized with dyes 2

and 4 on 5 µm TiO2 films with the volatile electrolyte E1 measured under standard AM 1.5G

conditions (100 mW cm−2) are displayed in the Figure 4.13, left. The electrolyte compositions

are presented in the Table 4.4. Dye 4 sensitized cells provided an overall power conversion

efficiency (η) of 5.59% with a high short-circuit current density (JSC ) of 16.26 mA cm−2, while

dye 2 sensitized cells showed a relatively poor performance with an overall η of 1.78% due to

lower JSC and open-circuit potential (VOC ) values (Table 4.5). The dramatically increased JSC

value for dye 4 was also clearly seen in the incident photon-to-current conversion efficiency

(IPCE) spectra reaching ∼78%@570 nm compared to only ∼28%@550 nm for 2 (Figure 4.13,

right). The concentration of dye 2 and 4 on the TiO2 surface is found to be 39.8 µM and 35.5

µM, respectively. Dye loading experiments showed that there is not much difference in the

concentration of the two dyes on the surface, indicating that this is not the reason for the lower

JSC of the device with dye 2.

In order to optimize the conditions of the photovoltaic performance for dye 4, we employed a

thicker TiO2 layer with scattering nanoparticles on the top (8µm transparent + 5µm scattering)

and varied the LiI content in the electrolyte (coded as E1 to E4). This allowed us to reach a

very high JSC value of 18.97 mA cm−2 for a LiI concentration of 1 M (E1). Unfortunately, VOC

and the fill factor decreased with increasing Li+ concentration in the electrolyte and on the

TiO2 surface 8. It was found that the system is very sensitive to the change of Li+ concentration

in the electrolyte and the short-circuit current density saturates even with small amounts

of Li+. At an optimal LiI concentration of 100 mM (electrolyte E4), an excellent η of 8.21%
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Table 4.5: Photovoltaic parameters of dye 2 and 4 adsorbed on nanocrystalline TiO2 films of
different thicknesses. Electrolyte optimization by varying the LiI content and its influence on
the photovoltaic parameters of the cells sensitized with dye 4. Devices were made using single
(5 µm) and double layered TiO2 film (8 µm transparent + 5 µm scattering layer).

Dye Electrolyte LiI content TiO2 film thickness JSC VOC FF η

mM µm mA cm−2 mV %

2 E1 1000 5 6.04 423 0.70 1.78
4 E1 1000 5 16.26 593 0.57 5.59
2 E4 100 8+5 3.40 489 0.74 1.24

4 E2 0 8+5 14.26 688 0.73 7.19
4 E3 50 8+5 17.52 655 0.65 7.26
4 E4 100 8+5 18.47 640 0.69 8.21
4 E1 1000 8+5 18.97 558 0.55 5.91

Figure 4.13: Left: J-V curves of cells sensitized with dyes 2 and 4 and using E1 electrolyte on
5µm TiO2 films. Right: IPCE of the same devices.

was achieved. The significant difference in the photogenerated current densities obtained

for electrolytes containing various concentrations of Li+ may be ascribed to an extended

electron lifetime in the titania and change n the conduction band position induced by the

using the electrolyte with higher concentration of Li+. For the cells with lower content of

Li+, the electron lifetime is one order of magnitude shorter than for the one with 100 mM Li+

(Figure 4.14).

The molecular structures of dye 2 and 4 differ only by an additional phenyl ring placed between

the BTDA unit and the anchoring group in dye 4. Nevertheless, this subtle modification has a

significant impact on the photovoltaic performance. In a direct comparison with the above-
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Figure 4.14: Influence of the concentration of Li+ in the electrolyte on the apparent electron
lifetime in TiO2 for cells sensitized with dye 4.

mentioned champion cell, using electrolyte E4, dye 2 exhibited a more than 5 times lower

JSC and the resulting η was almost 7 times lower, as shown in the Figure 4.15, left, and Table

4.5. The difference in JSC was further confirmed by IPCE spectra. Both dyes showed a wide

spectral coverage of the 380–750 nm region (Figure 4.15, right), but the maximum IPCE at 600

nm for dye 2 is only 20% as compared to >90% for dye 4.

Figure 4.15: J-V curves (left) and IPCE spectra (right) for devices sensitized with dye 2 and 4
using a double-layered TiO2 film (8+5 µm) and electrolyte E4.
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4.3.4 Detailed investigation: transient measurements, laser study and EIS

Transient measurements. Transient photovoltage and photocurrent measurements revealed

that the apparent electron lifetime in the case of the device with dye 4 exhibits typical expo-

nential behaviour when plotted against charge density in the film. It seems that for dye 2 an

asymptotic-like saturation limit exists for the amount of charges injected into TiO2. Above this

limit, the recombination processes are vastly enhanced, thus reducing the lifetime of injected

electrons (Figure 4.16).

Figure 4.16: Apparent electron lifetimes of the dyes 2 and 4 measured with a transient photo-
voltage technique.

Electron injection study. Time-correlated single photon counting (TCSPC) technique was

used to study the excited state lifetimes of dyes 2 and 4 in an acetonitrile solution and adsorbed

on the TiO2 surface (Figure 4.17). Lifetimes of the species in solution are in the nanosecond

range, 5.6 ns for dye 2 and 7 ns for dye 4. In the case of molecules adsorbed on the TiO2

layer, the lifetime decreased significantly as a result of the injection of the electron into the

conduction band of the semiconductor. Dye 2 adsorbed on the TiO2 substrate is characterized

by an excited state lifetime, τT iO2 of 296 ps, whereas dye 4 is slightly longer-lived (τT iO2 =

373 ps). The estimated electron injection efficiencies for both dyes were found to be fairly

similar (dye 2: 94.8%; dye 4: 94.7%) (Eq. 4.1). The lack of a significant difference between
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Figure 4.17: Histograms of the dyes 2 and 4 dissolved in acetonitrile and adsorbed on the
surface of TiO2 film. Faster exponential decays in case of dyes adsorbed on TiO2 are indication
of efficient electron injection into the semiconductor. There is no significant difference
between the injection yields of the two dyes.

electron injection efficiencies for the two systems may turn the focus on the charge collection

efficiency or enhanced recombination processes as main reasons for the dramatically different

performance of the two dyes in DSC application.

ηi n j = 1− τT iO2

τsol uti on
(4.1)

Ultrafast laser spectroscopy. Nanosecond laser photolysis experiments focusing on the decay

of the oxidized state of the dye performed on TiO2 films covered with dye 2 and 4 in the

absence and presence of the redox electrolyte have confirmed 5 times faster recombination

(half-reaction time τ1/2 = 12 µs) in the case of dye 2 (Figure 4.18). Spectra recorded in the

presence of redox electrolyte exhibited a fast decay (9 µs) due to the efficient regeneration of

the oxidized dye molecules by iodide. Nevertheless, in the absence of the redox couple, the dye

cations can only be reduced by the dye-injected electrons from TiO2 (electron back-transfer).

In the case of well-performing device, in order to ensure quantitative electron collection at

the back contact of the cell, this process is expected to be rather slow and non-competing

with the dye regeneration by I−. This requirement is fulfilled in case of the dye 4 and allows
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for the generation of high current densities in the device. In contrast, dye 2 recombines with

electrons from TiO2 in the absence of a redox couple at a time-scale comparable to that of

the dye regeneration rate. This undesirable behaviour may indicate a facilitated electron

flow from the TiO2 back to the dye cation. Furthermore, this is in agreement with the planar

molecular geometry of the cation of dye 2 as compared to the twisted structure of dye 4 cation

as discussed above. Apart from the TCSPC and nanosecond flash photolysis studies, further

Figure 4.18: Transient absorption data following the decay of the oxidized states of the dyes 2
and 4 adsorbed on a transparent TiO2 nanocrystalline film in presence and absence of a redox
couple.

insight into the excited state deactivation processes was provided by transient absorption

measurements. Dyes 2 and 4 were studied on TiO2 films in the absence of a redox electrolyte.

This permits to focus particularly on the interactions between the dyes and TiO2. 530 nm laser

excitation was used, which directs the light energy mainly to the CT absorption band of both

dyes. At this wavelength, both dyes exhibit similar extinction coefficients, which allows for a

good comparison even at slight variations of the TiO2 film thickness. Immediately after laser

excitation, the instantaneous formation of the singlet-excited states of the dyes is observed.

Specifically, the singlet-excited states of the dyes 2 and 4 are characterized by a maximum

at 501 nm and a transient bleach between 535 and 598 nm. After only 0.6 ps singlet-excited

features of both dyes transform into new bands (Figure 4.19). This transduction of singlet-

excited state energy is then identified by the shift of the minimum of the transient bleach from
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Figure 4.19: Differential absorption spectrum obtained upon femtosecond pump-probe spec-
troscopy (λexc = 530 nm) of a film of the dye 2 on 5 µm thick TiO2 with several time delays
between 0 and 0.6 ps at room temperature illustrating the radical cation formation with the
ground-state transient bleaching between 555 and 590 nm and the triarylamine cation (TA•+)
beyond 680 nm.

555 to 584 nm and a broadening of the signal. The bleaching is attributed to the ground-state

bleaching due to the radical cation formation of the triarylamine (TA•+), which is represented

by the appearance of a new absorption band beyond 680 nm (Figure 4.19). For both dyes these

features appear on a time-scale of less than 2 ps. Hence, after a rapid transfer of singlet-excited

state energy, the formation of the charge separated state occurs with equal rate constants for

both dyes. Averaging first-order fits of the time-absorption profiles leads to singlet-excited

state lifetimes of 0.95 ps for 2 and 0.79 ps for 4. This supports comparable charge-separation

dynamics for both dyes and nicely complies with the fact that the charge-injection efficiencies

will be equal when a redox electrolyte is present. The analysis of the decay dynamics reveals

the key difference between both dyes (Figure 4.20). For dye 2 the ground-state bleaching

and the radical cation signature are vanished after 300 ps, whereas in 4 they remain visible

beyond this time scale. The results clearly revealed the faster recombination process in devices

prepared using dye 2 compared to dye 4 sensitized devices.

In particular, in the dye 2 absorption profile the radical cation features decay with a lifetime of

18 ps. On the contrary, for the dye 4 it is persistent on the time-scale of our experiment (1100
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Figure 4.20: Differential absorption spectra obtained upon femtosecond flash photolysis (λexc

= 530 nm) of films of dye 2 (left) and 4 (right) on 5 µm thick TiO2 with several time delays
between 0 and 300 ps at room temperature illustrating the difference decay dynamics of the
radical cation signatures as stated in the text.

Figure 4.21: First-order-fits of the time-absorption profiles obtained from the femtosecond
pump-probe studies of the dyes 2 and 4 illustrating the different charge recombination dy-
namics of the radical cation signatures at 700 nm (left) and the ground-state bleaching at 580
nm (right).

ps) and give rise to a lifetime of 526 ps (Figure 4.21). Conclusively, charge recombination for

the dye 2 occurs almost 30 times faster than for the dye 4, which is in line with the fact that in

the cationic form of 2 the electron back-transfer is facilitated due to the preserved planarity of

the π-conjugated system. In other words, dye 2 recombines with electrons from TiO2 in the

absence of a redox couple due to a facilitated electron flow from the TiO2 back to the dye cation.

On the contrary, the electron back-transfer in 4 is hindered by the out-of-plane twist of the

additional phenyl ring upon oxidation. This leads to longer lifetimes of the charge-separated

state and thus may explain the improved device performances. Importantly, in this context

the charge recombination lifetimes do not match the lifetimes obtained by nanosecond laser
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photolysis. The reason for this is that the laser intensities used for the transient absorption

studies exceed the laser power of the nanosecond experiment by 2 orders of magnitude. As a

consequence, interfacial back electron flow is facilitated due to the high intensities and the

generation of many more electrons per laser pulse. This, on the other hand, leads to study

much faster charge recombination dynamics as compared with the nanosecond experiments.

Figure 4.22: Left: Charge transfer resistance as a function of the corrected applied potential
at the TiO2/electrolyte interface measured by EIS in the dark on the complete cells. Right:
Charge collection efficiency for a cell with the dye E4 as a function of the corrected applied
potential calculated from EIS measurement under 0.5 Sun illumination.

Impedance study. Electrochemical impedance spectroscopy (EIS) measurements performed

on complete cells in the dark revealed that the charge transfer resistance of the TiO2/electrolyte

interface in the cell sensitized with dye 2 is lower than that with dye 4 (Figure 4.22, left). This

may be the reason for faster recombination in the device with dye 2, which is in accordance

with our above-mentioned results. Using the Equation 4.2, where Rct stands for a charge

transfer resistance and Rtr is a transport resistance, the charge collection efficiency for the

best performing cell measured under 0.5 Sun with dye 4 was found to be over 90% (Figure

4.22, right). The fitting of EIS measurements could not provide the values required to calculate

the charge collection efficiency for the cell with dye 2, because a Gerischer-type impedance

was observed, where the transport resistance, Rtr , and recombination resistance, Rct , cannot

be resolved explicitly 9. Nevertheless, the presence of Gerischer impedance confirms that the

electron back-transfer reaction is faster than the transport of charge carriers through the film,

which explains the very low JSC measured for the device with dye 2.

ηcol =
Rct

Rct +Rtr
(4.2)

82



4.4. Conclusions

4.4 Conclusions

It is of crucial importance to understand the role of the dyes’ building blocks so as to improve

the molecular design in the future. Incorporation of a BTDA unit close to the anchoring

acceptor group led to a bathochromic shift of the CT bands in the UV-Vis spectra, as was shown

in the examples of the dyes 1–3. However, the promising capability of harvesting a broader

range of photons by these dyes did not translate into improved cell performance. Cells with

the dyes 1–3 exhibited ample electron injection efficiencies and suffered from unusually fast

recombination with the electrons from TiO2, which was reflected by the low PCEs. Insertion of

a phenyl ring in order to electronically separate the anchoring group and the BTDA unit in

the dye 4 turned out to be a good solution to improve JSC and the overall performance. The

additional phenyl ring in the dye 4 seems not to be co-planar with the π-conjugated donor

and BTDA part. Theoretical studies revealed that upon formation of the cation of the dye 4,

the out-of-plane torsion of the adjacent BTDA and cyanoacrylic acid unit is enhanced, leading

to an interruption of the π-conjugation between donor and anchoring group. The results lead

to the conclusion that this configuration inhibits the electron back-transfer. In particular,

the electron injection rate was barely affected, but the geminate recombination reaction was

slowed down over 5 times.

Extensive laser studies revealed that dye 2 adsorbed on TiO2 film exhibits a very fast fast

decay of its oxidized state even in the absence of the redox couple. In this case, the reduction

of the dye 2 has to be realized via the electrons from TiO2, since the anchoring part of the

molecule is flat and the extended LUMO may be overlapping with the TiO2 conduction band

(the electrons flow goes in two directions: dye � TiO2). The geometry of the dye cation 2

allows for this process to occur. In the case of the dye 4 adsorbed on TiO2, the oxidized state is

long-lived in the absence of redox couple, which indicates that the recombination with the

conduction band electrons is negligible. The inserted phenyl ring fulfills its role of creating

the unidirectional electron flow (dye → TiO2) by introducing a torsion angle in the anchoring

unit. Thus, the insertion of the phenyl ring maintains near to quantitative electron injection.

Electrochemical impedance spectroscopy confirmed a very low charge transfer resistance for

the devices sensitized with the dye 2. Moreover, in their spectra the Gerischer-type impedance

was observed - a clear sign of the back electron transfer reaction being faster than the electron
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transport within the TiO2 film. Blocking this electron leak by structural dye modification with

a twisted and electronically decoupling unit may be a possible way to obtain high JSC s and

efficiencies in DSCs.
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5 Molecular engineering on D-A-π-A

dyes featuring indoline donor and

benzothiadiazole bridge.

This part is adapted from a peer reviewed publication by Yongzhen Wu, Magdalena Marszalek,

Shaik M. Zakeeruddin, Qiong Zhang, He Tian, Michael Grätzel and Weihong Zhu published in

2012 in Energy and Environmental Science, Vol. 5, pp 8261–8272

5.1 Introduction

Amongst various strategies for improving the power conversion efficiency of dye-sensitized so-

lar cells, successful molecular engineering of the photosensitizers has remarkably contributed

to the light harvesting and interfacial environment optimization. Organic dyes with donor-π-

acceptor (D-π-A) configuration are the most common among metal-free organic sensitizers 1–4.

Generally, D-π-A molecules with short π-conjugation length only absorb short wavelength

photons, while long π-conjugated dye molecules easily form unfavourable π-stacks 5 and are

not very stable when irradiated with high-energy photons6. To further improve the perfor-

mance of DSCs, including efficiency and stability, it is necessary to remodel the molecular

design of organic sensitizers. One of the new design concepts is to realize broad spectral

response on relatively small and sturdy organic molecules.
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Along this line, Tian et al. have recently proposed a novel D-A-π-A configuration for the design

of novel organic dyes which are different from the traditional organic D-π-A dyes due to the

incorporation of an additional electron-withdrawing unit in the π-spacer7. The idea of the

specific design of D-A-π-A molecules was based on several deliberate considerations: firstly,

the electron-withdrawing unit is usually a low-band gap unit, which is helpful to decrease

the HOMO-LUMO gap of organic dyes, and extends their absorption spectra 8,9; secondly, the

extension of absorption to longer wavelengths, introducing a low-band gap unit to replace

a long conjugated structure between D and A is beneficial for the photostability of organic

dyes10; thirdly, it is easy to realize long wavelength absorption in short and small organic

molecules, simplifying the synthesis and reducing the material cost.

WS-2 (Figure 5.1, left) 7, one of the D-A-π-A dyes, employing an indoline derivative as electron

donor, cyanoacrylic acid as an electron acceptor and a benzothiadiazole as the additional

acceptor in the π-bridge, showed a broad spectral response (IPCE onset > 800 nm), high

efficiency (η = 8.7%) and good photostability. The WS-2 based device could be kept for long

time without dye desorption and decoloration. The short-circuit current density (JSC ) of

WS-2 is comparable with that of a standard Ru-dye N719; however, its open-circuit voltage

(VOC ) is unsatisfactory. The reason for this relatively lower VOC is that WS-2 possesses a good

co-planarity across the π-conjunction, making it prone to forming unfavourable π-stacks,

namely aggregation. This unfavourable aggregation may lead to intermolecular quenching

or back reaction of the injected electron, limiting the electron accumulation in the TiO2

conduction band and resulting in low VOC output. Therefore, controlling dye-aggregation is

an important issue for D-A-π-A dyes in order to obtain highly efficient DSCs. Bearing this in

mind, a novel D-A-π-A indoline dye WS-9 (Figure 5.1, right) was designed by introducing an

n-hexyl substituted thiophene subunit into the π-conjunction of WS-2 to retard the strong

aggregation tendency of the latter.

We carefully studied the differences between WS-2 and WS-9 caused by the n-hexylthiophene

modification, including their absorption spectra, energy levels and photovoltaic perfor-

mance. The aggregation effect of the two dyes was carefully investigated. The aggregates are

formed during dye adsorption in the bath solution, and the types of solvents or coadsorbent

have a significant influence on the dye adsorption as well as its aggregation. In this work
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N

N N
S

S COOH

CN

N

N N
S

S S

COOH
NC

WS-2 WS-9

Figure 5.1: Chemical structures of D–A–π-A sensitizers WS-2 and WS-9.

dichloromethane (CH2Cl2) and chloroform (CHCl3) were used as the bath solvents, and chen-

odeoxycholic acid (CDCA) was added to the dye bath as the coadsorbent. The WS-9 based

DSCs system shows better performance than that of WS-2, regardless of the dye bath solvents

employed and the addition of CDCA coadsorbent. Impressively, when coadsorbed with 20

mM CDCA, WS-9 based DSCs showed remarkable PV performance (JSC > 18.0 mA cm−2, VOC

> 700 mV, and η > 9%). Transient photovoltage and photocurrent decay measurements show

that the apparent electron lifetime of WS-2 based DSCs increases an order of magnitude upon

CDCA coadsorption. In contrast, there is only a minor variation in the electron lifetime for

WS-9 after CDCA addition. As demonstrated, the introduction of n-hexylthiophene can signi-

ficantly improve the potential anti-aggregation ability of D-A-π-A organic dye, proving that

a small chemical modification on the sensitizer structures can largely affect its photovoltaic

performance. Our research indicates that the D-A-π-A featured organic dyes are promising

candidates in the development of highly efficient DSCs.

5.2 Synthesis and characterization of the dyes WS-2 and WS-9

5.2.1 Design and synthesis

In the previous work of Tian et. al, they found that the D-A-π-A configuration dyes showed

several merits with respect to the common D-π-A organic dyes7,11. Especially, WS-2 with

an indoline unit as the electron donor, cyanoacrylic acid as the electron acceptor, a thienyl

group as π-conjunction and a benzothiadiazole as the additional acceptor, showed extremely

high photovoltaic performance after coadsorption with CDCA. To further improve the per-

formance of this organic sensitizer, we specifically introduced a hexylthiophene group into
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the structure of WS-2 for the design of WS-9. The sterically hindering hexyl chain was ex-

pected to suppress the serious aggregation tendency of WS-2 on the TiO2 film. The novel

dye WS-9 was synthesized according to the synthetic route in the Figure 5.2. The starting

material 2 is an important intermediate for preparing WS-2. After Suzuki coupling with a

pinacol ester of 4-hexylthiophene-2-boronic acid (1), the pivotal hexylthiophene unit was

successfully incorporated into the target system. It is widely known that the introduction of

long alkyl chains into dyes can not only inhibit the dye aggregation 12–14 but also improve the

solubility 15, which is of great benefit to the synthesis and purifications. For further grafting

another thiophene unit, a simple bromination was done on the reactive hexylthiophene unit.

Suzuki coupling with a low cost and commercially available 5-formylthiophene-2-boronic

acid resulted in the aldehyde precursor. Finally, the obtained intermediate 5 was converted to

sensitizer WS-9 by Knoevenagel condensation with cyanoacrylic acid by reflux in acetonitrile

in the presence of piperidine. The important intermediates 3, 4, 5 and the target sensitizer

were well characterized by 1H NMR, 13C NMR, and HRMS. The obtained WS-9 is dark in solid

state and can be dissolved in dichloromethane, chloroform, and THF.
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Figure 5.2: Synthetic route of dye WS-9. Reaction conditions: (i) Pd(PPh3)4, 2 M K2CO3

aqueous solution, THF, Ar, 80°C; (ii) NBS CH2Cl2, 0°C; (iii) Pd(PPh3)4, 2 M K2CO3 aqueous
solution, THF, Ar, 80°C; (iv) piperidine, acetonitrile, Ar, 80°C.
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Figure 5.3: Absorption spectra of WS-2 and WS-9 in CH2Cl2.

5.2.2 Optical and redox properties

The UV-vis absorption spectra of WS-2 and WS-9 in CH2Cl2 solution are shown in the Figure

5.3. The absorption peaks as well as their extinction coefficients are summarized in the Table

5.1. In general, commonly used D-π-A organic dyes show two principle groups of absorption

bands: one intramolecular charge transfer (ICT) absorption in the visible region and one

local π-π* absorption band in the UV region16. However, it is interesting to find that the two

D-A-π-A dyes show three major electronic absorption bands in the UV and visible regions. It

is worthwhile to investigate the origins of the additional absorption band and to evaluate its

contribution to the photo-induced charge separation. In addition, although WS-9 contains

one more thienyl unit in the π-conjunction, its ICT absorption peak is not red-shifted, but

blue-shifted by 10 nm with respect to that of WS-2. Meanwhile, the most significant difference

in absorption spectra between WS-9 and WS-2 is the band around 400 nm, where the former

shows a 50 nm red shift compared to the latter. Obviously, the elongation of the π-conjunction

does not broaden the ICT band, but red-shifts the absorption band around 400 nm, evoking
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further interest on that specific absorption band. The density functional theory (DFT) is

employed for further study on the absorption bands of D-A-π-A dyes.

Table 5.1: Absorption and electrochemical properties of WS-2 and WS-9 measured in CH2Cl2.

Dye λabs (ε)a HOMO Ec
0−0 LUMO

nm (M−1cm−1) Vb Vd

WS-2 318 (25600) 0.67 2.02 -1.35
408 (16400)
546 (20400)

WS-9 327 (15800) 0.66 2.05 -1.39
458 (12700)
536 (20800)

a Absorption peaks (λabs ) and molar extinction coefficients (ε) were measured in CH2Cl2 (10−5 M). b The first
formal oxidation potentials (vs. NHE) were internally calibrated with ferrocene, and taken as the HOMO. c E0−0
was estimated from the differences between the redox peaks of dyes in anodic and cathodic voltammograms. d

The LUMO was calculated with the expression of LUMO = HOMO - E0−0.

Figure 5.4: Cyclic voltammetry scans of the dyes WS-2 and WS-9 measured in CH2Cl2 (left:
anodic scans, right: cathodic scans).

5.2.3 Theoretical calculations

To understand the origins of the additional absorption band in D-A-π-A dyes and the absorp-

tion in variation of WS-9 with respect to WS-2 caused by the additional thienyl unit, TD-DFT

calculations were performed on the B3LYP optimized ground-state geometries taking into

consideration the solvent effect (CH2Cl2) 17. Theoretically, the D-A-π-A dyes show three groups

of absorption bands (Table 5.2):
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i) the lowest energy absorption bands (S1 transition) for both dyes correspond to the

HOMO→LUMO transition

ii) the additional absorption band around 400 nm (S2 transition) is composed of the elec-

tronic excitations of HOMO→LUMO+1 and HOMO-1→LUMO

iii) the absorption band in the UV region (S3 transition) is ascribed to other high energy

transitions, such as HOMO→LUMO+2 or HOMO-1→LUMO+1

The energy level values, including HOMO-2, HOMO-1, HOMO, LUMO, LUMO+1 and LUMO+2,

were further likewise simulated and are displayed in the Figure 5.5. The HOMO and LUMO

levels of both dyes are similar, resulting in a nearly identical ICT absorption band at around

540 nm. However, the HOMO-1 and LUMO+1 levels of WS-9 drift significantly with respect to

that of WS-2. Considering the upward shift in HOMO-1 and downward shift in LUMO+1 of

WS-9 (Figure 5.5), it is easy to understand that the HOMO→LUMO+1 and HOMO-1→LUMO

transition energy become smaller, resulting in the observed red shift in absorption band at

458 nm.

Figure 5.5: The calculated molecular orbital energy levels of WS-2 and WS-9, including HOMO-
2, HOMO-1, HOMO, LUMO, LUMO+1 and LUMO+2.
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Table 5.2: Calculated TDDFT (CAMB3LYP) excitation energies for the lowest transition (eV,
nm), oscillator strengths (f), composition in terms of molecular orbital contributions, and
experimental absorption maxima.

Dye State Compositiona E f Exp.
eV (nm) eV (nm)

WS-2 S1 77%H→L 2.31 (535.9) 1.2417 2.27 (546)
S2 34%H→L+1 3.16 (391.8) 0.3657 3.04 (408)

48%H-1→L
S3 28%H-1→L+1 4.07 (304.3) 0.1083 3.89 (318)

WS-9 S1 61%H→L 2.32 (533.5) 1.7286 2.31 (536)
S2 44%H→L+1 2.87 (432.3) 0.2035 2.71 (458)

36%H-1→L
S3 33%H→L+2 4.06 (305.7) 0.4483 3.79 (327)

a H = HOMO, L = LUMO, H-1 = HOMO-1, H-2 = HOMO-2, L+1 = LUMO+1, L+2 = LUMO+2.

Here, the upward shift of HOMO-1 orbital can be cross-checked by the cyclic voltammetry

(CV) measurement. Figure 5.4, left, shows the anodic CV scans of WS-2 and WS-9 in CH2Cl2.

Both dyes reveal two groups of redox process in the anodic region. The first one around 0.7

V (vs. NHE, same below) corresponds to HOMO level, while the second peak couple can be

attributed to the redox potential of the HOMO-1 orbital. The second redox couple peak of

WS-9 was apparently negatively shifted by 0.24 V with respect to WS-2 from +1.397 V to +1.156

V. For experimentally determining the HOMO-LUMO gap, namely E0−0, the cathodic CV scans

were also carried on these two dyes in CH2Cl2 solutions (Figure 5.4, right). It is worth noting

that both of the two dyes are redox stable since their CV curves are almost overlapping after

repeatedly scanning. The HOMO and LUMO levels (calibrated with the internal ferrocene

reference) are shown in the Table 5.1. The slight upward shift of HOMO and LUMO for WS-9

in experimental results is in agreement with the theoretical calculations.

It is important to evaluate the contributions of the absorbed photons from different transitions

to the effective charge separation, hence the ground-state geometries of WS-2 and WS-9 were

optimized in the gas phase by DFT with the Gaussian09 package17, using the hybrid B3LYP

functional and the standard 6-31G(d) basis set. The electron distributions of the frontier

orbitals (HOMO-2, HOMO-1, HOMO, LUMO, LUMO+1, LUMO+2) in the systems of WS-2 and

WS-9 are shown in the Figure 5.6. Due to the similar configuration, the most frontier orbitals

of two dyes possess similar spatial distribution, except for the LUMO+2 orbital. For both dyes,
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Figure 5.6: The frontier orbitals of sensitizers WS-2 and WS-9 (isodensity = 0.020 a.u).
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the HOMO orbitals are mainly located on the indoline and benzothiadiazole skeleton, while

HOMO-1 orbitals are distributed on the whole molecules. Interestingly, for the two dyes, the

LUMO and LUMO+1 orbitals are almost the same, covering the whole A-π-A conjunction,

with a distinct overlap with the HOMO and HOMO-1 orbitals on the benzothiadiazole core.

Notably, the LUMO and LUMO+1 are very important for the two dyes, because most of their

electron transition bands involve transporting electrons to these two orbitals. Apparently,

besides the HOMO→LUMO absorption band, the observed additional absorption bands at

408 and 458 nm for WS-2 and WS-9, respectively, are also favourable to the photon-to-electron

conversion since they correspond to efficient electron-transitions to the LUMO or LUMO+1

orbitals, where electrons could be smoothly injected into the semiconductor. The origins

of the additional absorption band in the D-A-π-A dye and the electron distributions for the

frontier molecular orbitals are well understood with the aid of DFT and TDDFT calculations.

The featured D-A-π-A dyes are preferable to use in DSCs, as compared to common D-π-A dyes

for the light harvesting, since they possess an additional absorption band for efficient charge

separation.

5.2.4 The effect of an additional acceptor on the optical properties of the depro-

tonated form of the dye

In the previous work, it was found that the strong electron-withdrawing unit in the D-A-π-

A dyes could weaken the large blue-shift in ICT band caused by the deprotonation of the

carboxylic acid group (–COOH). For instance, when organic dyes adsorbed onto the TiO2 film,

the free –COOH group became a –COOTi form, which equals to the deprotonation of the COOH.

Most D-π-A organic dyes show a large blue-shift in absorption spectra during this process,

which is unfavourable to the long wavelength light harvesting. Taking the triphenylamine

dye C219 as an example, its ICT peak was observed at 584 nm in a chloroform solution, but

distinctly blue-shifted to <500 nm after adsorption on a 2.4 µm TiO2 film 18. The blue-shift was

not as apparent in the D-A-π-A featuring dyes. Previously, we only compared the absorption

spectra of D-A-π-A dyes in solutions and on TiO2 films7. Considering that the absorption

spectra of sensitizer dyes on TiO2 film were also affected by the dye-aggregation and scattering

effect of the nanoparticles, here we use triethylamine (TEA) to neutralize the –COOH in the
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Figure 5.7: The effect of TEA on absorption spectra of dyes in dichloromethane solutions.

CH2Cl2 solutions and investigate the deprotonation directly. Note that the amount of TEA

was excessive for dyes in solution. A reference D-π-A dye LS-1 7 having a similar structure to

WS-2 with the exception of benzothiadiazole unit was used in this experiment. The absorption

spectra of the three dyes (WS-2, WS-9 and LS-1) in the presence and absence of TEA in CH2Cl2

solutions are shown in the Figure 5.7. After the addition of TEA, the absorption spectra of all

three dyes showed a blue-shift to various extent. The degree of this blue-shift is also illustrated

in the Figure 5.7, ie., 15, 18 and 28 nm for WS-9, WS-2 and LS-1, respectively. The reference

D-π-A dye LS-1 exhibits a larger blue-shift than WS-2 and WS-9, indicating the weakening of

the deprotonation effect by the additional ‘A’ unit in D-A-π-A dyes. The electron transition in

D-π-A structure dyes is facilitated by the push-pull effect of the electron donor and acceptor.

The deprotonation of the –COOH group will decrease the electron withdrawing ability of the

acceptor group, leading to an inevitable blue-shift in the absorption spectra19. The longer

π-bridge will lead to a larger blue-shift. However, in the D-A-π-A dyes, the additional electron-

withdrawing group in the structure assists the electron transition process. The deprotonation
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induced blue-shift is thus not as evident for D-A-π-A dyes. In addition, it is interesting to

find that the shoulder peak of WS-9 at around 450 nm was significantly blue-shifted by the

addition of TEA, resulting in three changed absorption bands in 300, 400 and 500 nm intervals

to form a broad and high absorption. By contrast, WS-2 showed similar absorption width, but

low absorbance in region of 400–500 nm; LS-1 showed a much narrower absorption range in

the presence of TEA.

5.3 Optimization of the photovoltaic performance

5.3.1 General PV characterization including the effects of the dye-bath solvent

and coadsorbents

Preliminary photovoltaic performance comparison between WS-2 and WS-9. In the first

set of experiments, WS-2 and WS-9 were adsorbed onto the TiO2 electrode from a dye solution

using CH2Cl2 as solvent. The devices were filled with a volatile electrolyte (Z960). In order

to check the difference in aggregation between the two dyes, parallel experiments were also

conducted by adding 2 mM chenodeoxycholic acid (CDCA) into the dye solutions. The J-

V curves of DSCs based on both dyes in the presence and absence of CDCA are shown in

the Figure 5.8, left. Photovoltaic parameters such as JSC , VOC , FF, and η are collected in the

Table 5.4. As expected, CDCA is effective in increasing photovoltaic performance for both

dyes. However, the improvement witnessed in presence of coadsorbent for WS-2 is much

greater than that of WS-9. For WS-2, 2 mM CDCA increases the photovoltaic performance

significantly: JSC augments from 8.46 to 17.50 mA cm−2, VOC from 601 to 657 mV and the

power conversion efficiency (η) improved from 3.86% to 8.56%. For WS-9, 2 mM CDCA has

only small influence on JSC and η. The significant increase in JSC following CDCA coadsorption

with WS-2 can be explained by the incident photon-to-electron conversion efficiency (IPCE)

(Figure 5.8, right). The IPCE of WS-2 was almost doubled after CDCA treatment, while for

WS-9 there was only a small variation. The manifestly different influence that coadsorption

of CDCA in presence of WS-2 and WS-9 based DSCs is a strong indication that the structural

differences of the two dyes have a great impact on dye aggregation. A comparison between

WS-2 and WS-9 photovoltaic data shows that the introduction of n-hexylthiophene leads to
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an increase in the VOC of WS-9 device regardless of the presence of CDCA. It is indicative that

the introduction of the n-hexylthiophene in WS-9 yields a VOC value of 692 mV, which is 91

mV higher than that of WS-2 without CDCA. Although the presence of 2 mM CDCA increased

the VOC value of WS-2 based DSCs from 601 to 657 mV, it is still far lower than that of WS-9.

Figure 5.8: Left: J-V curves of devices with dyes WS-2 and WS-9 in the dark and under 1 Sun
illumination. The dyes were deposited from CH2Cl2 solutions. Right: IPCE of the same devices,
with volatile Z960 electrolyte. TiO2 film consisted of an 8 µm transparent layer and 5 µm
scattering layer.

Table 5.3: The effect of CDCA addition to the dye-bath on dye loading.

Dye Solvent Γa

×1020µm−1

pure dye with CDCA

WS-2 CH2Cl2 6.37 4.82
CHCl3 4.45 3.97

WS-9 CH2Cl2 5.34 4.96
CHCl3 4.18 3.43

a Γ: number of dye molecules normalized to the film thickness.

Dye-bath solvent effect on photovoltaic performance. The adsorption and aggregation of

sensitizer dyes on TiO2 films are strongly dependent on the solvent used as a dye bath20.

Consequently, we systematically studied the aggregation effect of the two dyes on TiO2 pho-

toanodes stained from two dye solutions containing either in CH2Cl2 or CHCl3. A dye loading

experiment was performed in order to determine the number of molecules grafted on the

TiO2 surface. For each dye, either a CH2Cl2 or CHCl3 solution of pure dye, and another one

containing 10 mM of CDCA were prepared. Transparent TiO2 electrodes were immersed in
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these solutions, following the standard cell preparation procedure. Before treating the samples

with desorbing solution, the photoanodes were thoroughly rinsed using the corresponding

solvent in order to remove the loosely bound molecules, not chemically attached to the TiO2

surface. The number of adsorbed molecules was determined by UV-Vis spectrometry and the

values were normalized to the film thickness (assuming that other film parameters, namely

porosity and specific surface area, were identical for the same batch of the substrates). As

shown in the Table 5.3, it is evident that the number of WS-2 molecules deposited from pure

CH2Cl2 is significantly higher than for all other samples in both solvents. However, this aug-

mentation of surface coverage does not lead to an increase of the photocurrent density (Table

5.4). The addition of CDCA decreased the total number of WS-2 molecules by almost 25%.

Nevertheless, the current drawn from the corresponding solar cell is more than doubled. WS-9

is not very much affected by the presence of the coadsorbent, regardless of the solvent used;

the dye loading is somewhat lower due to the occupation of the adsorption sites by CDCA.

A significant increase in photovoltaic performance is not to be expected, since the structure

of WS-9 should ensure sufficient steric repulsion between the molecules. We also present

the results of the dye adsorption from different solvent, CHCl3. When using CHCl3 as a dye

bath, surprisingly, the number of WS-2 molecules is diminished to a level comparable to WS-9

(without CDCA). CHCl3 is a non-polar solvent and appears to solvate the dye molecules better,

resulting in lower dye loading, but in better spatial distribution, preventing the undesired π−π
stacking. The addition of CDCA in CHCl3 has no significant effect on the number of adsorbed

dye molecules.

The electrodes stained from CHCl3 solutions (with and without the addition of 2 mM CDCA)

were used to fabricate solar cells, according to the previously described procedure (see: Chap-

ter 3 Experimental methods). The η of DSC stained by WS-2 (without CDCA) from CHCl3

(7.22%) was almost 2 times higher than that stained from CH2Cl2 (3.86%) (Table 5.4). However,

in the case of coadsorption with 2 mM CDCA the solvent has negligible influence on the

photovoltaic parameters. It indicates that WS-2 easily forms aggregates on the surface of TiO2

when adsorbed from CH2Cl2 solution in the absence of CDCA. In contrast to WS-2, WS-9

based DSCs show comparable photovoltaic performance whether CH2Cl2 or CHCl3 is used as

bath solvent for sensitization. In the case of WS-2 based devices, coadsorption with CDCA
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Table 5.4: Photovoltaic characteristics of DSCs based on WS-2 and WS-9 using CH2Cl2 or
CHCl3 as sensitizing bath solvent and Z960 (volatile) as electrolyte, with or without CDCA as a
coadsorbent.

Dye Solvent CDCA JSC VOC FF η

mM mAcm−2 mV %

WS-2 CH2Cl2 0 8.46 601 0.76 3.86
2 17.50 657 0.74 8.56

CHCl3 0 16.25 618 0.72 7.22
2 17.82 646 0.72 8.29

WS-9 CH2Cl2 0 17.26 692 0.64 7.63
2 18.28 689 0.71 8.99

CHCl3 0 16.99 689 0.70 8.15
2 17.88 702 0.67 8.40

Figure 5.9: J-V curves of devices with dyes WS-2 and WS-9 in the dark and under 1 Sun
illumination. The dyes were deposited from CHCl3.

is helpful in breaking this kind of aggregates, resulting in a significant increase in JSC , VOC

and η. In addition, CDCA may also adsorb on the surface of TiO2, and is believed to hinder

the recombination of injected electrons from the TiO2 surface to the oxidized species of the

redox electrolyte. Coadsorption of WS-9 with 2 mM CDCA increased the JSC of DSCs stained

in CH2Cl2 and CHCl3 by around 5%. It is worth noting, that in the case of WS-9 changing the

solvent from CH2Cl2 to CHCl3 did not induce formation of aggregates, indicating that the
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presence of a hexyl chain on the thiophene spacer can likewise be helpful in retarding the

recombination process. CDCA coadsorption has a marginal influence on the WS-9 sensitized

devices. The dye aggregation on the TiO2 surface is simultaneously influenced both dye struc-

ture and bath solvent used for sensitization and coadsorbent. Backing our primary purpose

in the specific design of WS-9 it is observed that this dye exhibits superior anti-aggregation

capacities and gives better overall performance than WS-2.

Table 5.5: Photovoltaic characteristics for DSCs based on WS-2 and WS-9 using CH2Cl2 or
CHCl3 as a dye-loading solvent and Z960 (volatile) as electrolyte, with 20 mM CDCA as a
coadsorbent.

Dye Solvent JSC VOC FF η

mAcm−2 mV %

WS-2 CH2Cl2 17.95 649 0.73 8.56
CHCl3 17.93 661 0.74 8.90

WS-9 CH2Cl2 18.15 702 0.71 9.02
CHCl3 18.00 696 0.72 9.04

Coadsorption with the excess of CDCA (20 mM). As discussed above, addition of 2 mM CDCA

to the dye solution is helpful in suppressing unfavourable dye aggregation and augmenting

the DSCs performance. Since 2 mM CDCA used as a coadsorbent had a major influence

on the photovoltaic parameters of WS-2 in CH2Cl2, we decided to study the influence of

saturated solution of CDCA on photovoltaic parameters. Another set of experiments, where

the concentration of CDCA in dye solution is increased to 20 mM was performed. As the

solubility of CDCA in CH2Cl2 and CHCl3 is not high, much time was required to dissolve 20

mM CDCA into these solvents using ultrasonic bath, meaning that the concentration of CDCA

in the dye solution was close to saturation. As shown in the Table 5.5, following coadsorption

with 20 mM CDCA, the photovoltaic performances of both WS-2 and WS-9 devices were

further improved. Specifically, WS-9 based DSCs show JSC >18 mA cm−2, VOC >700 mV, and

η>9%. Importantly, we found that the VOC of WS-2 was limited to around 660 mV, regardless

of the CDCA concentration. Therefore, the VOC is the key parameter hindering the efficiency

improvement of WS-2 based DSCs. For WS-2, an increase in VOC was observed with CDCA

(600 mV for dye alone and 660 mV with CDCA coadsorbed), whereas the VOC of WS-9 dye was

relatively high, and not influenced by CDCA concentration in the dye solution (690 mV for no

CDCA and 700 mV for CDCA coadsorbed). The reason why WS-9 shows higher VOC will be
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studied by transient photovoltage and photocurrent decay experiments and electrochemical

impedance spectroscopy analysis.

5.3.2 Apparent electron lifetime and electrochemical impedance spectroscopy

As discussed above, the lower device performance of WS-2 with respect to WS-9 dye in pres-

ence and absence of the CDCA coadsorbent results mainly from the dye aggregation in addition

to enhanced electron recombination. Transient photovoltage and photocurrent experiments

performed on the above-discussed set of cells with various concentrations of CDCA confirm

the recombination-blocking effect of the coadsorbent. WS-2 dye, which lacks a hexyl chain on

its π-conjugated moiety, requires the addition of a coadsorbent to prevent the back electron

transfer. The VOC of WS-2 sensitized devices is low compared to either WS-2 or WS-9 based

devices with a coadsorbent. Open-circuit voltage is defined as a difference between the redox

potential of the electrolyte and the quasi-Fermi level of TiO2. As the redox potential was kept

constant during the experiment through using the same electrolyte, the quasi-Fermi level of

TiO2 must be changing. The population of electrons in the semiconductor under illumination

determines the position of quasi-Fermi level, thus, by assuming constant electron injection

rate for each dye, it can be concluded that the difference in the VOC between the two dyes

results from the existence of more electron leakage paths in the case of WS-2 based devices.

Bare TiO2 sites exposed directly to the redox electrolyte are examples of such leakage paths.

Closer packing of dye molecules on the surface of TiO2 would prevent this exposure, but it

would also cause the undesirable aggregation, allowing for dye-dye interactions, and most

probably a decrease in the electron injection efficiency. Coadsorbents, like CDCA, are believed

to adsorb on the TiO2 surface along with the dye molecules, as well as separating them from

each other. It is also possible that coadsorbents break dye aggregates already in the solution.

This role may be as well attributed to the presence of hexyl chain on the thiophene of WS-9

dye. This concept proved to work – the difference in the VOC is well pronounced in comparison

to WS-2. At the same charge density, the electron lifetime of WS-9 is approximately an order

of magnitude longer than that of WS-2 (Figure 5.10, left). As expected, the hexyl chain helps

in shielding the non-sensitized TiO2 surface and retarding the electron loss channel. The

addition of CDCA results in an order of magnitude increase of the electron lifetime in case of
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the WS-2 dye, while for the WS-9 dye it remained almost unchanged. This could happen due

to the coadsorbed CDCA occupying the free spaces on TiO2 surface in WS-2 sensitized device,

thus retarding the recombination processes.

Figure 5.10: Left: Apparent electron lifetime as a function of the cell capacitance, which
corresponds to the density of states in TiO2. The devices within each dye series contained
increasing amount of CDCA in the CH2Cl2 dye solution used for staining the photoanodes.
Lines are only guides for eyes. Right: The effect of the coadsorbent (CDCA) on the charge
transfer resistance of DSC devices with the dyes WS-2 and WS-9.

Electrochemical impedance spectroscopy (EIS) measurements give a direct access to the

charge transfer resistance of the TiO2-dye-electrolyte interface21. A set of devices with and

without CDCA was investigated using WS-2 and WS-9 dyes. The lowest charge transfer resis-

tance was found for the WS-2 dye alone cell (Figure 5.10, right), which confirms that injected

electrons are more likely to undergo recombination with the oxidized form of the redox species

present in the electrolyte. The addition of 10 mM CDCA to the dye solution is helpful to in-

crease the interfacial resistance, mainly due to the blocking of recombination sites, correlating

to the higher VOC . WS-9 sensitized cells exhibit an order of magnitude higher charge transfer

resistance at the same potentials, regardless of the presence of the coadsorbent.

5.3.3 Stability of the dyes and the devices

For the practical application of DSCs, the long lifetime of the devices is an important prereq-

uisite, besides the high η. Among many factors controlling the lifetime of DSCs, the stability

of sensitizers is an especially critical factor. Katoh and coworkers22 have developed a simple

and efficient method to evaluate the stability of sensitizers. Since the most unstable state of
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the sensitizers is their oxidized state, the corresponding sensitizers must remain stable in the

cation state for at least 10 s to be capable of realizing a 10-year operation cycle 22. Actually, we

can accelerate the dye aging process upon light irradiation on dye-loaded TiO2 film without

redox electrolyte, because the dye regeneration process under this condition occurs in the

millisecond time range, thus taking 104 to 103 times longer than that in a complete solar cell

device (100 ns – 1 ms). Figure 5.11 shows the absorption curves of dyes WS-2, WS-9 and LS-1

with aging upon light irradiation of AM 1.5 light (5 or 30 min). Obviously, the photostability

of benzothiadiazole-containing WS-2 and WS-9 is much higher than that of the reference

dye LS-1. Moreover, the photostability of WS-2 seems a little higher than that of WS-9 (Fig-

ure 5.11), suggesting that the existence of the hexyl chain on the thiophene group in WS-9

may decrease its intrinsic photostability 23,24. However, according to Katoh’s experience, the

benzothiadiazole-incorporating dyes WS-2 and WS-9 are stable enough, without any distinct

absorption peak shift, for DSCs application, because the variation in absorption curves before

and after irradiation is smaller than that of the MK-2 22.

Figure 5.11: Absorption spectra of LS-1, WS-2 and WS-9 adsorbed on nanocrystalline TiO2

films before(0 min) and after light irradiation for 5 and 30 minutes.
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Figure 5.12: Variations of the photovoltaic parameters (JSC , VOC , fill factor and η) with ageing
time for the DSC based on WS-9 and ionic liquid electrolyte Z952 under AM 1.5 light soaking.

On the other hand, the composition of redox electrolytes as well as the encapsulation of

the devices also influence the device stability. For the long term test of device’s stability, we

chose a more stable ionic liquid electrolyte Z952 to fabricate solar cells. Figure 5.12 shows

the photovoltaic performance during a long term accelerated aging of a WS-9 sensitized solar

cell under AM 1.5 irradiation. As shown in the Figure 5.12, the JSC , VOC , FF and η values were

recorded, indicating that the WS-9 based DSC is stable under AM 1.5 light for at least 500

h. These preliminary stability tests indicate that the overall device efficiency increased from

6.38% to 6.95% in ionic liquid electrolyte, then slowly dropped, but was still higher than at the

starting point after 500 h of light soaking.

5.4 Conclusions

In summary, we have successfully designed and synthesized a new D–A–π-A organic dye WS-9,

solving the aggregation problem of the dye WS-2 through incorporation of a hexylthiophene

unit on the π-bridge. The absorption, energy levels and frontier orbitals of WS-9 and WS-2

were studied in detail. We found that D–A–π-A organic dyes show more complicated elec-

tronic absorption behavior in comparison to the common D–π-A dyes, resulting in a broader
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absorption range. The high performance of WS-2 sensitized DSCs relies on the appropriate

choice of dye bath solvent as well as the addition of coadsorbents to diminish its tendency

to form aggregates. In contrast, WS-9 exhibits inherent anti-aggregation ability resulting in

high performance independent of the use of coadsorbent and the choice of dye bath solvent.

Transient photovoltage and photocurrent decay experiments and electrochemical impedance

spectroscopy showed that the injected electron lifetime and charge recombination resistance

were increased for WS-9 devices. These results can be attributed to the introduction of a

hexylthiophene unit in the π-bridge of WS-2, resulting in a higher VOC and a promising high

power conversion efficiency of 9.04% for the WS-9 dye. The dye photostability in accelerated

conditions was tested upon light irradiation of a dye-adsorbed TiO2 film in the absence of

redox electrolyte, and a WS-9-based DSC device with ionic liquid redox electrolyte. These

findings pave a new way in the design of novel efficient D–A–π-A organic dye sensitizers.
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6 Donor-π-Acceptors containing a 10-

(1,3-dithiol-2-ylidene)anthracene unit

for dye-sensitized solar cells.

This part is adapted from a peer reviewed publication by Pierre-Antoine Bouit, Magdalena

Marszalek, Robin Humphry-Baker, Rafael Viruela, Enrique Ortí, Shaik M. Zakeeruddin, Michael

Grätzel, Juan Luis Delgado and Nazario Martín published in 2012 in Chemistry A European

Journal, Vol. 18, pp 11621–11629

6.1 Introduction

Within the field of organic sensitizers, a large variety of organic dyes including coumarins 1, in-

dolines 2, tetrahydroquinolines 3, hemicyanines 4, boron-dipyrromethenes 5, oligothiophenes 6,

and triarylamines7, anthracenes and heteroanthracenes 8 have been reported. Recently, the

use of π-extended tetrathiafulvalene (exTTF, 2-[9-(1,3-dithiol-2-ylidene)anthracen-10(9H)-

ylidene]-1,3-dithiol) 9–13 as a donor unit in a sensitizer (1, Figure 6.1) have been introduced for

the preparation of DSCs that show an efficient photovoltaic conversion as well as unusual elec-

trochemical and kinetic properties 14. The donor ability of the exTTF unit increases the HOMO

level of the organic dye and significantly reduces the required energy for the regeneration of

the dye by the electrolyte to 150 mV. Stimulated by these results, we decided to explore the

closely related 10-(1,3-dithiol-2-ylidene) anthracene group as an appealing electron-donor
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unit for the preparation of efficient DSCs.

Figure 6.1 shows the structure of a push-pull chromophore (2) incorporating the 10-(1,3-

dithiol-2-ylidene) anthracene electron-donor unit15. Interestingly, molecule 2 is highly dis-

torted from planarity due to the strong S· · ·H steric repulsions, which is crucial to prevent dye

aggregation. Additionally, compound 2 shows strong UV-vis absorption owing to the efficient

intramolecular charge transfer (ICT) transition that takes place from the donor to the acceptor

unit upon excitation. Molecular engineering using the 10-(1,3-dithiol-2-ylidene)anthracene

core allows the design of dyes featuring two anchoring groups, which was previously shown to

enhance the performance and the stability of the photovoltaic (PV) devices 16,17.
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Figure 6.1: A previously reported exTTF-based sensitizer for DSCs (1) and a push-pull chro-
mophore based on the 10-(1,3-dithiol-2-ylidene)anthracene core (2).

Considering all these precedents, we designed two new push-pull sensitizers (6 and 7) based

on the 10-(1,3-dithiol-2-ylidene)anthracene core as electron-donor group with two cyano-

acrylic acid units as acceptor/anchor groups. To modulate the absorption properties, each

sensitizer contained a different π-bridge between the donor group and the anchoring units:

two benzene rings in compound 6 and two 3,4-ethylenedioxythiophene (EDOT) units for 7.

EDOT spacers have been successfully employed for red-shifting the spectral response and en-

hancing the molar extinction coefficient of triphenylamine and exTTF-based sensitizers 7,14,18.

Theoretical calculations have been carried out at the density functional theory (DFT) level

to gather information about the geometrical and electronic properties of the new sensiti-

zers. Their photovoltaic potential in DSCs has been investigated by J-V measurements. The
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differences between the performances of these two molecules were scrutinized by transient-

photovoltage technique. This technique supported the existence of enhanced recombination

processes within devices that were functionalized by the compound 7.

6.2 Synthesis and characterization of the dyes

6.2.1 Synthetic route
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Figure 6.2: Synthesis of the new sensitizers 6 and 7. Reagents and conditions: (i, ii)
PdCl2(PPh3)2, CuI, THF/Et3N (4:1), reflux overnight. (iii, iv) cyanoacetic acid, NH4(CH3COO),
CH3COOH, reflux overnight.

The synthesis of the two new sensitizers was accomplished according to a multistep synthetic

procedure (described in the Supporting Information of the corresponding publication). The

intermediate 3, which featured two terminal alkyne groups (Figure 6.2), was synthesized in
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four steps in good yield according to modified previously published procedures19.

The conjugated bridges were introduced by means of the Sonogashira cross-coupling reaction

using [PdCl2(PPh3)2] and CuI as catalysts. Thus, reaction of 3, with either 4-iodobenzaldehyde

or with 7-bromo-3,4-ethylenedioxythiophene-5-carbaldehyde 20, afforded compounds 4 and

5, respectively, in moderate yields (both ∼50%). The introduction of the acceptor/anchor units

was achieved by two-fold Knoevenagel condensation of aldehydes 4 and 5 with cyanoacetic

acid, to afford the new sensitizers 6 and 7 in moderate yields (40 and 64%, respectively).

The structures of all the new compounds and the new sensitizers were confirmed by 1H and

13C NMR spectroscopy. Furthermore, their chemical structures were ascertained by high-

resolution mass spectrometry measurements [6: [M]+ = 774.051 (Calculated for C44H26N202S4:

774.077) and 7: [M]+ = 901.964 (Calculated for C44H26N208S6: 902.001)].

6.2.2 Optical and electrochemical properties

The optical properties of sensitizers 6 and 7 were studied by means of UV-vis spectroscopy.

The absorption spectra of both compounds display two absorption bands (Figure 6.3). The first

band with maximum at 354 nm for 6 and 440 nm for 7 is in the region of the π−π* transitions

of the anthracene core15. The weaker, broad band in the visible region, with absorption

maximum at 495 nm for 6 and 540 nm for 7, is assigned to an internal charge transfer (ICT)

transition from the donor to the acceptor moieties 15. As expected, extending the conjugation

with EDOT in compound 7 allowed for a red-shift of the absorption spectrum up to 700 nm.

Compared to the previously reported exTTF sensitizers, which mainly absorb in the 400–500

nm region 14, this extension represents a significant improvement in the optical properties of

the sensitizer. The HOMO-LUMO gap was determined from the combination of the UV-Vis

absorption and emission measurements (Figure 6.4). The gap, in fact corresponding to the

E0−0 transition, was taken as the interception of the UV-Vis and fluorescence spectra.

Electrochemical characterization of the new dyes was performed by cyclic voltammetry and

differential pulse voltammetry in dimethylformamide (DMF) solution using tetrabutylammo-

nium hexafluorophosphate (TBAPF6) as a supporting electrolyte and a typical three-electrode

setup in controlled Ar atmosphere. Both molecules show reversible redox behaviour. Accord-
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Figure 6.3: UV-vis absorption spectra of 6 (black) and 7 (red) in diluted dimethyl sulfoxide
(DMSO) solution (2×10−5 M).

Figure 6.4: Determination of the HOMO-LUMO gap from the UV-Vis absorption and fluores-
cence spectra for the dye 6 (left) and the dye 7 (right) adsorbed on a transparent 5.5 µm TiO2

film.

ing to the optical measurements, a decrease of the gap is observed when the phenyl spacer in

6 is replaced by the EDOT in 7 (Table 6.1). The oxidation potential for both compounds (Table

6.1), related to the highest occupied molecular orbital (HOMO), is around 0.25 V vs. ferroceni-

um/ferrocene (Fc+/Fc) couple and is sufficiently more positive than the redox potential of

the I−/I−3 electrolyte (–0.21 V vs Fc+/Fc in ionic liquid)21 for efficient dye regeneration. The

reduction potential of the dyes, related to the lowest unoccupied molecular orbital (LUMO), is

considerably more negative than the TiO2 conduction band, providing enough driving force

for electron injection.
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Table 6.1: Oxidation and reduction potentials and experimental/theoretical HOMO-LUMO
energy gaps (Eg ) for dyes 6 and 7.

Dye Eox Er ed Eel ect
g Eopt

g EDF T
g

Va Va eVb eVc eVd

6 0.25 -1.76 2.01 2.10 2.25
7 0.23 -1.69 1.92 1.95 2.11

a Values determined by differential pulse voltammetry in DMF versus Fc+/Fc. b Estimated as Eox -Er ed . c Taken as
the intersection of the absorption and emission spectra. d Obtained from DFT calculations (B3LYP/6-31G**) in
DMF.

6.3 Theoretical calculations

6.3.1 Geometry of the molecules

The molecular geometries of the two dyes were fully relaxed, both as isolated systems and

in the presence of the solvent, by using DFT calculations performed at the B3LYP/6-31G**

level. Figure 6.5 displays three minimum-energy conformations computed for the dye 6 at the

B3LYP/6-31G** level. The conformations differ in the relative orientation of the cyanoacrylic

acid groups. Calculations predict that these conformations are very close in energy and all

of them should coexist in solution. Conformations C1 and C2 are almost isoenergetic, both

in the gas phase and in the solution. Conformation C3 is slightly higher in energy (3.50 kcal

mol−1 in the gas phase and 1.76 kcal mol−1 in DMSO) due to relative orientation of the C=O

group that prefers to be in an s-trans disposition with respect to the C≡N group. The relative

orientation of the carboxylic groups could, in principle, have an influence on the anchoring

mode (unidentate or bidentate) of the dye on the semiconductor oxide surface, and, depending

on the conformation, the anchoring of one group could even impede the anchoring of the other

group. For instance, if one COOH group of a molecule with conformation C1 is anchored on

the TiO2 surface, the anchoring of the second COOH group would not be possible. In contrast,

conformations C2 and C3 favour the unidentate anchoring of both COOH groups and they

become equivalent upon deprotonation on the semiconductor surface. Conformation C2 has

therefore been adopted for the calculations.

A mixing of conformations is also expected for the molecule 7, for which the three most stable

conformations are depicted in the Figure 6.6 (other conformations with higher energies were
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Figure 6.5: Minimum-energy optimized conformations (C1 to C3) calculated for the dye 6.
Relative B3LYP/6-3G** energies calculated in gas phase and in DMSO are given.

Figure 6.6: Minimum-energy optimized conformations (C1 to C3) calculated for the dye 7.
Relative B3LYP/6-3G** energies calculated in gas phase and in DMSO are given.

also calculated). The presence of EDOT groups leads to the appearance of less symmetric

structures, like C1, that results to be more stable than the symmetric structures C2 and C3.

The energy differences between conformations C1-C3 are significant when calculated for

the isolated system, but they almost disappear when solvent effects (DMSO) are included in

the calculation. In this case, conformation C2 would favour the bidentate anchoring of only

one COOH group, whereas the unidentate anchoring of both COOH groups is favoured for

conformation C3 and this conformation has been adopted in the calculations. The molecular

conformation can indeed evolve after the anchoring of one COOH group on the TiO2 surface,

since the interconversion between the different possible structures implies internal rotations

around single bonds with low energy barriers.

Among the various possible conformations discussed shortly above, due to the internal rota-

tion and relative orientation of the cyanoacrylic acid groups (Figures 6.5 and 6.6), the Figure
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6.7 displays the minimum-energy structures calculated for dyes 6 and 7 that favoured the

unidentate anchoring of both carboxylate groups. As shown in the Figure 6.7,b , for the dye 6,

the molecule adopts the typical butterfly- or saddle-like shape observed for exTTFs15,22–28.

To relieve the short-range interactions of the peri hydrogen atoms of the anthracene core

with the sulfur atoms of the dithiol ring and the carbon atoms of the acetylene units, the

central ring of the anthracene core with both of the sulfur atoms of the dithiol ring and the

carbon atoms of the acetylene units, the central ring of the anthracene unit folds in a boat

conformation along the C9–C10 vector by an average angle of 36.9° for both dyes 6 and 7

in the gas phase. This value is very similar to that determined by X-ray crystallography for

tetramethylthio-exTTF (38°)15, for which an almost identical value (38.3°) was calculated

at the B3LYP/6-31G** level26–28. The dithiol ring and the diacetylene unit are tilted down

by 33.3 and 31.9°, respectively, with respect to the plane defined by the anthracene atoms

C11-C12-C13-C14. Almost identical tilting angles are computed for compound 7 (34.0 and

31.2°, respectively). The molecular structures of dyes 6 and 7 are therefore highly distorted

from planarity, which helps to prevent molecular aggregation.

Figure 6.7: Optimized B3LYP/6-31G** structures calculated for the dye 6, front view (a) and
side view showing the distortion from planarity (b), and the dye 7 (c).
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6.3.2 The character of the molecular orbitals

The Figure 6.8 shows the atomic orbital (AO) composition of the highest-occupied (HOMO–2

to HOMO) and lowest unoccupied (LUMO and LUMO+1) molecular orbitals calculated for

the dye 6 in DMF. Identical MO topologies are obtained for the isolated dyes in the gas

phase. The HOMO (–5.14 eV) is mainly localized on the electron-donor dithiol unit and is

calculated at lower energy than the HOMO of the tetramethylthio-exTTF molecule (–4.90 eV)

that contains two dithiol units29. The HOMO–1 (–5.75 eV) spreads over the dithiol and the

diacetylene units and is separated by 0.64 eV from the HOMO–2 (–6.39 eV), which is fully

localized over the acceptor part of the molecule. The LUMO (–2.89 eV) and LUMO+1 (–2.63

eV) are close in energy and correspond to the symmetric and antisymmetric combination of

the LUMOs of the two molecular arms that constitute the acceptor moiety, respectively. An

equivalent MO distribution is obtained for the molecule 7. Therefore, dyes 6 and 7 present

small HOMO-LUMO energy gaps of 2.25 and 2.11 eV, respectively, and low-energy charge-

transfer (CT) absorption bands are to be expected - which is in agreement with that observed

in the electronic spectra (Figure 6.3).

The nature of the HOMO and LUMO indicates that oxidation should mainly affect the dithiol

moiety, whereas reduction concerns the acetylene/benzene/cyanoacrylic acid units (see

Figure 6.8). DFT calculations support the observed experimental trends found for the redox

potentials (Table 6.1). In passing from the dye 6 to the dye 7, the HOMO increases in energy

slightly from –5.14 to –5.10 eV, which is in good agreement with the small cathodic shift of 0.02

V recorded experimentally for the first oxidation potential. In contrast, the LUMO decreases in

energy from –2.89 eV (6) to –2.99 eV (7), which justifies the less negative reduction potential

measured for the dye 7 (–1.69 V) compared with the dye 6 (–1.76 V). The shift of the HOMO to

higher energy and of the LUMO to lower energy leads to a narrowing of the HOMO-LUMO gap

in passing from the dye 6 (2.25 eV) to the dye 7 (2.11 eV), which is in good accordance with the

electrochemical (6: 2.01 eV, 7: 1.92 eV) and spectroscopical (6: 2.10 eV, 7: 1.95 eV) estimates.

To investigate the nature of the electronic transitions that give rise to the absorption bands

observed in the electronic spectra, the lowest-energy singlet excited states (Sn) of dyes 6 and 7

were calculated by using the time-dependent DFT (TDDFT) approach and the B3LYP/6-31G**-
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Figure 6.8: Electron density contours (0.025 e bohr−3) and orbital energies calculated for the
HOMOs and LUMOs of the dye 6 at the B3LYP/6-31G** level in DMF solution. H and L denote
HOMO and LUMO, respectively.

optimized ground-state geometries. All parameters obtained for the lowest-energy singlet

states of the molecule 6 using the B3LYP and PBE0 functionals together with the 6-31G**

basis set and the geometry optimized for conformation C2 in the ground electronic state are

presented in the Table 6.2. Both functionals led to an identical description of the lowest-energy

singlets, yet the PBE0 functional yields slightly higher excitation energies. TDDFT calculations

at the B3LYP/6-31G** level were also performed in the presence of the solvent (DMSO). The

description of the excited states in terms of molecular orbitals remains the same in DMSO, the

only significant change being the reduction of the excitation energies by about 0.1 eV.

TDDFT calculations predict that the low-energy absorption band that is observed experi-

mentally at 495 nm (2.50 eV) for the dye 6 and 540 nm (2.30 eV) for the dye 7 (Figure 6.3)

mainly results from the electronic transition to the first excited singlet state, S1, at 2.12 eV
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Table 6.2: Lowest singlet excited states calculated at the TDDFT level for the dye 6. Vertical
excitation energies (E), oscillator strengths (f ), dominant monoexcitations with contributions
(within parentheses) greater than 10%, and description of the excited states are given.

State E f Monoexcitations Description
eV

B3LYP/6-31G**

S1 1.94 0.34 H→L (98%) Donor→Acceptor CT
S2 2.20 0.26 H→L+1 (100%) Donor→Acceptor CT
S3 2.61 0.40 H-1→L (97%) Donor→Acceptor CT
S4 2.80 0.37 H-1→L+1 (99%) Donor→Acceptor CT
S5 2.89 0.10 H→L+2 (94%) Donor→Acceptor CT
S6 3.13 0.96 H-2→L (96%) π→π* Acceptor

PBE0/6-31G**

S1 2.04 0.41 H→L (89%) Donor→Acceptor CT
S2 2.39 0.31 H→L+1 (96%) Donor→Acceptor CT
S3 2.73 0.45 H-1→L (87%) Donor→Acceptor CT
S4 3.01 0.42 H-1→L+1 (95%) Donor→Acceptor CT
S5 3.05 0.10 H→L+2 (89%) Donor→Acceptor CT
S6 3.27 0.81 H-2→L (90%) π→π* Acceptor

(6) and 1.94 eV (7) with oscillator strengths (f ) of 0.34 and 0.54, respectively. The calculated

S0 →S1 transition supports both: the shift to the red and the higher intensity of the low-energy

absorption band for the dye 7. The second excited singlet state, S2, computed at slightly higher

energies (6: 2.34 eV f = 0.26; 7: 2.25 eV; f = 0.16), could also contribute to that band. The

S1 and S2 states originate in the HOMO→LUMO and HOMO→LUMO+1 monoexcitations,

respectively, and imply an electron density transfer from the dithiol moiety, where the HOMO

mainly resides, to the acceptor part of the molecule, where the LUMO and LUMO+1 are located

(Figure 6.8). Therefore, calculations confirm the CT nature of the low-energy absorption band

observed in the electronic spectra of the new dyes 6 and 7. The higher intensity, that was

experimentally observed and theoretically calculated for this band in the compound 7, can be

ascribed to the better electronic communication existing between the donor and acceptor

units through the EDOT bridge. The high-energy absorption band recorded in the spectra

of 6 and 7 (Figure 6.3) results from the excited states associated with the HOMO–2→LUMO

excitation, that is localized on the acceptor part of the molecule, and the HOMO–1→LUMO

and LUMO+1 excitations, which also imply some intramolecular electron density transfer
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(Figure 6.8).

The calculations clearly show that the molecules 6 and 7 become more polarized in the S1 state.

The acceptor part of the dye 6 accumulates a charge of -0.54 e in the S1 state, which is extracted

from the anthracene moiety (+0.31 e) and the dithiol unit (+0.23 e). The charge transfer that is

associated with the S1 state is also reflected by the computed value for the molecular dipole

moment, which increases from 1.41 D in S0 to 12.94 D in S1. The charge that is transferred

from the donor unit to the acceptor unit in the S1 state is slightly smaller for the dye 7 (acceptor

unit: -0.43 e; anthracene moiety: +0.27 e; dithiol unit: +0.16 e). The polarization of the dye in

the excited state S1 facilitates the electron injection in the semiconductor TiO2 conduction

band.

6.4 Dye adsorption and photovoltaic performance

6.4.1 Adsorption of the two-anchor dyes

ATR-FTIR studies. The surface-binding mode of the sensitizer on titania is an interesting

aspect to investigate since two anchoring groups are present in the dyes 6 and 7, which may

allow these dyes to attach onto the semiconductor surface through either one or two anchoring

groups. ATR-FTIR measurements performed on the dye powders and the sensitized films

(Figure 6.9) revealed that, most likely, both dyes 6 and 7 were bound to the surface via both

anchoring groups. In the ATR-FTIR spectra of the dye powders, the peaks at 1680-–1720 cm−1

are attributed to the carboxylic acid groups. The spectra obtained for the dyes adsorbed on

transparent TiO2 films do not contain these peaks, which indicates that both anchoring groups

form bonds with the surface of titania. Moreover, the symmetric stretching modes of the

carboxylate groups can be identified at 1340—1380 cm−1 and the asymmetric stretching at

about 1600 cm−1. The position of these frequencies is consistent with the unidentate form of

binding of the carboxylate to the TiO2 surface 30.
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Figure 6.9: FTIR spectra of the dye 6 (left) and 7 (right) as powders (dotted lines) and adsorbed
on a transparent TiO2 layer (solid lines). The spectra were corrected for residuals of CO2,
surface-adsorbed water and TiO2 itself.

6.4.2 General PV characterization

The photovoltaic performance of dyes 6 and 7 was tested with a volatile acetonitrile-based

electrolyte and a solvent-free ionic liquid electrolyte. The devices were fabricated using a

transparent, 5.5-µm-thick TiO2 (200 nm sized nanoparticles). Photoanodes were immersed

in the dye solutions (0.3 mM in DMSO/EtOH, 1:9 v/v with 10 mM chenodeoxycholic acid,

CDCA) for 2 h upon prior heating at 500°C for 30 min. In this study two types of electrolytes

were used; a volatile electrolyte coded Z960 (1.0 M 1,3-dimethylimidazolium iodide, 0.03 M

iodine, 0.1 M guanidinium thiocyanate, 0.5 M tert-butylpyridine, 0.05 M lithium iodide in

acetonitrile:valeronitrile, 85:15, v/v) and ionic-liquid-based Z952 (1,3-dimethylimidazolium

iodide/ 1-ethyl-3-methylimidazolium iodide/ 1-ethyl-3-methylimidazolium tetracyanobo-

rate/ iodine/ N-butylbenzoimidazole/ guanidinium thiocyanate, 12:12:16:1.67:3.33:0.67). The

J-V curves for the volatile systems are presented in the Figure 6.10. The devices sensitized

Table 6.3: Photovoltaic parameters of devices with volatile and ionic liquid electrolytes under
simulated AM 1.5G illumination (100 mW cm−2)

Dye Electrolyte JSC VOC FF η

mAcm−2 mV %

6 Z960 8.8 560 0.75 3.7
Z952 7.4 520 0.71 2.8

7 Z960 6.3 500 0.70 2.2
Z952 6.1 490 700 2.1
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Figure 6.10: J-V plots for the DSCs sensitized with dyes 6 (black) and 7 (red) measured under 1
Sun (AM 1.5G, 100 MWcm−2) conditions (solid line) and in the dark (dashed line).

with the dye 6 yielded better photovoltaic performance, due to higher JSC and VOC . This result

seems somewhat surprising, since the absorption spectra of the dyes either in solution (Figure

6.3) or adsorbed on a transparent TiO2 layer (Figure 6.11) show a better spectral response for

the dye 7. The bathochromic shift of 40 nm accompanied by a significant broadening of the

spectra on the film would suggest better performance for the device that contain compound

7. However, the JSC is 1.3—2.5 mA cm−2 lower, depending on the electrolyte used, than that

obtained for the device containing 6. Detailed photovoltaic parameters of both the devices are

given in the Table 6.3.

The absorption spectrum of the dye 6 adsorbed on the titania surface seems to be notably

broadened in the complete device (filled with electrolyte). The incident photon-to-current

conversion efficiency (IPCE) spectra of the complete devices are also shown in the Figure

6.11. The integrated current obtained from the IPCE spectrum of the device containing the

dye 7 (35%) is significantly smaller than that measured for the device that incorporated the

dye 6 (60%). This result is consistent with the lower current densities measured from the J-V

curves for the device contained dye 7 (Figure 6.10 and Table 6.3). To calculate the amount

of dye that was adsorbed onto the surface of TiO2, we stained transparent 2 µm-thick films
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Figure 6.11: Comparison of the absorption spectra of 6 and 7 adsorbed on a transparent 1.9
µm TiO2 film (dotted line, right axis) and the IPCE spectra of the devices with a 5.5 µm TiO2

layer (solid line, left axis).

with the dyes and measured their optical density by using UV-vis spectroscopy. By using the

Lambert-Beer law (Equation 3.1), we calculated the concentration of the dye within this 2

µm-thick volume, assuming that the film porosity and the surface area were exactly the same

for all of the samples. This result entitled us to compare the calculated concentrations 150 mM

for the dye 6 and 158 mM for the dye 7. Because the dye-loading results show that there is no

difference between the number of molecules that effectively sensitize the semiconductor, the

differences between the performances of devices based on the dyes 6 and 7 should originate

from other factors that affect the processes in the cell, such as charge recombination.

6.4.3 Charge recombination problem

In addition to the above-observed difference in JSC , there is also a substantial difference in

the VOC of the two devices: at 1 Sun illumination, the VOC for the cell sensitized with the dye

6 is 60 mV (Z960 electrolyte) higher than that with the dye 7. This difference is even more

pronounced when comparing the onset of the dark currents. The logarithmic plot of the dark

currents of both devices (Figure 6.12) reveals that there is a tenfold difference between the

current densities, which can be interpreted as a sign of enhanced charge recombination in the
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Figure 6.12: Dark currents of the DSCs that incorporated dyes 6 and 7, which show the
undesired behaviour (“leak”) of the dark current in the case of the device sensitized with the
dye 7, thus indicating additional channels for recombination.

Figure 6.13: Apparent electron lifetime plotted against density of states for DSCs with dyes 6
and 7.
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device sensitized with the dye 7. To investigate this behaviour, a transient photovoltage decay

measurement was performed on both devices. The apparent electron lifetimes measured at

the same density of states level are much shorter for the DSCs incorporating the dye 7 (Figure

6.13). By assuming that the position of TiO2 conduction band remains at the same level in both

cases, these results support the previous suggestion that a much faster recombination takes

place in the case of the device sensitized with the dye 7 and explains the lower photovoltaic

performances obtained when using this dye.

6.5 Conclusions

The work presented in this chapter focuses on the investigation of the synthesis, characteri-

zation and application of new dye molecules based on the exTTF core. They were designed

in such a way to improve their spectral responses, which makes them more attractive to

incorporate in the DSCs. For instance, inserting EDOT in the structure has led to the extension

of the spectrum up to 700 nm, which in comparison with the previously reported analogous

molecules gives a 200–300 nm of red-shift. FTIR measurements revealed that both dyes are

bound to the TiO2 surface through the two anchoring groups in a unidentate binding form.

The preferable conformations that were obtained from the DTF calculations support this

binding mode and showed that the molecular geometry is highly distorted from planarity,

mainly due to the saddle-like-shaped exTTF core, with the anthracene core being folded in

a boat-type structure. In the light of this spatial arrangement, lower aggregation is expected.

Optical and electrochemical characterization of these new materials satisfied the criteria

for their successful incorporation into photovoltaic devices. The highest obtained efficiency

reached 3.7%, while the IPCE being stretched out beyond 700 nm for the dye 6 sensitized

device. EDOT-containing molecule, the dye 7, despite having a slightly broader UV-Vis spec-

trum, was inferior to the phenyl-substituted one in terms of the overall PV performance. The

main reason behind this discrepancy is the higher recombination rate manifested in a higher

dark current and a shorter electron lifetime.
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7 Tuning the photovoltaic performance

of the D-π-A dyes with a phenothia-

zine and carbazole donor in dye-

sensitized solar cells.

This part is adapted from a peer reviewed publications

1. Magdalena Marszalek, Satyawan Nagane, Amol Ichake, Robin Humphry-Baker, Vin-

cent Paul, Shaik M. Zakeeruddin and Michael Grätzel published in 2012 in Journal of

Materials Chemistry, Vol. 22, pp 889-894

2. Magdalena Marszalek, Satyawan Nagane, Amol Ichake, Robin Humphry-Baker, Vincent

Paul, Shaik M. Zakeeruddin and Michael Grätzel published in 2013 in RSC Advances, Vol.

3, pp 7921-7927

7.1 Introduction

Phenothiazine, containing electron-rich sulphur and nitrogen atoms, is particularly interest-

ing as an electron donor, mainly because of a non-planar geometry and good thermal and

electrochemical stability. However, it has not been investigated much as a potential donor

unit for D-π-A for DSCs. A few simple molecules containing phenothiazine were tested by Sun

et al. 1, but the efficiencies reached with the devices were reaching only 5.5%. In this work we

decided to revisit this particular donor, at the same time applying all the known concepts for

129



Chapter 7. Tuning the photovoltaic performance of the D-π-A dyes with a phenothiazine
and carbazole donor in dye-sensitized solar cells.

the design of an efficient dye for dye-sensitized solar cells.

First we designed and synthesized two new dyes (V5 and V7) using 10-butyl-(2-methylthio)-

10H-phenothiazine as a donor with/without vinyl thiophene group as a π-bridge and one

with a cyanoacrylic acid as an acceptor. The photophysical properties of these dyes were

characterized by UV-Vis spectroscopy and electrochemical techniques. Additionally, theo-

retical calculations were performed in order to optimize geometry and visualize HOMO and

LUMO. The dyes were then used as sensitizers in DSCs and the devices’ performances were

evaluated under standard AM 1.5G conditions, yielding up to 7.3% efficiency. The extension of

the π-conjugated bridge has led to an increase in the efficiency and we explain this effect using

transient photovoltage and photocurrent decays techniques, and electrochemical impedance

spectroscopy (EIS). Nevertheless, the increase in the current density (mainly due to the widen-

ing of the absorption spectra upon introducing a thiophene unit) was tied with the significant

drop in the VOC . That is why a follow-up dye (V11) containing a π-bridge with alkyl chains

was synthesized, as the introduction of more bulky group close to the semiconductor surface

may improve its effective shielding from the redox species in the electrolyte. Additionally,

following the increased interest in the dyes with a carbazole donor group 2–4, we synthesized a

dye which is similar to the V11 dye, where the donor part is a 9-butyl-9H-carbazole in place of

the phenothiazine. With this set of dyes the comparisons in two directions could be made:

the influence of the extending the π-bridge on the phenothiazine dyes (V5, V7 and V11) and

the effect of the donor part (V11 and V4), where in this configuration the difference is just one

additional sulphur atom in the ring.

7.2 Synthesis and characterization of the dyes V5, V7, V11 and V4

7.2.1 Chemical synthesis of the dye molecules

In the Figure 7.1 we present the synthetic approach for the two sensitizers: V5 and V7. Alky-

lation of 2-methylthiophenothiazine, followed by Vilsmeier-Haack formylation, provided

the common aldehyde intermediate 2. Knoevenagel condensation with cyanoacetic acid

in the presence of piperidine resulted in the sensitizer V5 (91% yield) as a product. The

Horner-Wadsworth-Emmons coupling reaction between the aldehyde 2 and diethyl-(thio-
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Figure 7.1: Synthetic route for V-dyes. (a) 1-bromobutane, KOH, KI, DMSO, rt; (b) POCl3,
DMF, 80°C; (c) cyanoacetic acid, piperidine, toluene, reflux; (d) diethyl-(thiophen-2-yl)-
methylphosphonate, NaH, THF, rt; (e) POCl3, DMF, 1,2-dichlorobenzene; (g)/(i) Pd(PPh3)4,
K2CO3, THF, H2O, 80°C; (h)/(j) cyanoacetic acid, piperidine, toluene, reflux 7 hrs.

phen-2-yl)-methylphosphonate afforded crude 3 in 89% yield. Several attempts to purify the

product by column chromatography could not afford pure single product. NMR measurement

indicated a mixture of two compounds, of which 90–95% was the desired product 3. Hence,

the crude product was taken as it is without purification for further reaction. The compound 3

underwent a reaction with phosphorus oxychloride (POCl3) and N,N-dimethyl formamide

(DMF) to give the aldehyde 4 in 82% yield. The sensitizer V7 in 85% yield (after silica gel

column chromatography) was obtained after a condensation with cyanoacetic acid in the

presence of piperidine.

V11 dye was synthetised by Suzuki coupling of the (10-butyl-10H-phenothiazin-3-yl)boronic

acid, 5, with the aldehyde 6, followed by Knoevenagel condensation with cyanoacetic acid.

The reaction yield was rather high (81%) and resulted in the dye as red solid.

Additionally, the dye V4 bearing the carbazole donor was synthesized along with the previous
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three phenothiazine dyes. A compound 8 was prepared according to the reported methods 5.

Suzuki coupling reaction of the aldehyde 6 with (9-butyl-9H-carbazol-3-yl)boronic acid, 8,

afforded compound 9 in 89% yield after column chromatography. Knoevenagel condensation

of the aldehyde 9 with cyanoacetic acid afforded the desired sensitizer V4 as a red solid in 81%

yield.

7.2.2 Optical properties

All measured photophysical properties of the molecules are summarized in the Table 7.1.

UV-visible spectra of the dyes in dichloromethane are presented in the Figure 7.2. V7 dye

exhibits a bathochromic shift of 27 nm in respect to the dye V5. The insertion of a vinyl

thiophene unit clearly extends the absorption spectrum of the dye V7 – the onset of the

spectral response reaches up to 700 nm. The insertion of the CPDT unit clearly has some

impact on the absorption spectrum of the dyes. The lowest energy absorption band for the V4

and V11 dyes is located at 532 nm, corresponding to intramolecular charge transfer from the

N-butyl-carbazole or the N-butyl-phenothiazine donor to the cyanoacrylic acid, providing

efficient charge separation at the excited state. Emission measurements in combination with

UV-Visible spectra show that the Stokes shift is much larger for the dyes without the CPDT

units reaching almost 200 nm, whereas for the dyes V4 and V11 it is two times smaller.

Table 7.1: Absorption, emission and electrochemical properties of dyes V4, V5, V7 and V11 in
dichloromethane solution.

Dye V4 V5 V7 V11

λmax / nm (abs) 532 451 478 532
ε(λmax ) / M−1cm−1 57 500 11 500 29 300 46 500
λmax / nm (em) 636 644 665 610
Eox / V 1.15 1.09 0.97 0.97
E0−0 / eV 2.11 2.03 1.85 2.20
Eox -E0−0 / V -0.96 -0.94 -0.88 -1.23

Oxidation potentials measured with ferrocene as an internal standard and the values are given vs. NHE (Fc/Fc+ =
+0.7 V NHE). E0−0 transition energy was estimated from the emission and absorption spectra.
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7.2.3 Electrochemistry - experimental determination of HOMO/LUMO

It is important to determine the highest occupied molecular orbital (HOMO) and lowest

unoccupied molecular orbital (LUMO) energy of the dye molecules to know whether there

is enough driving force to inject electrons into the TiO2 conduction band and to afford the

regeneration of the dye cation with the redox electrolyte. First, the cyclic voltammograms

recorded for the four molecules have shown that the compounds undergo reversible reduc-

tion/oxidation reactions. The electrochemical properties of the dyes were then studied with

differential pulse voltammetry to obtain formal redox potentials of the molecules and are

presented in the Table 7.1. The oxidation potential of V11 dye is observed at 0.97 V, which is in

agreement with the values of V7 that has the N-butyl-(2-methylthio)-phenothiazine as a donor.

The oxidation potential of V4 dye is 180 mV more positive than that of V7 dye indicating that

the HOMO is stabilized more in the presence of the N-butyl-carbazole donor than that of the

N-butyl-(2-methylthio)-phenothiazine donor moiety. The excited state reduction potentials

of all dyes are obtained by combining the oxidation potentials with the energy of the transition

Figure 7.2: UV-Vis spectra of the dyes V4, V5, V7 and V11 in dichloromethane solution.
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upon light absorption (the HOMO-LUMO energy difference was taken as an intersection of

the absorption and emission plots after normalization). The excited state potentials are placed

sufficiently above the TiO2 conduction band edge (-0.5 V vs. NHE) to ensure no energetic

barriers for the electron injection. Since the HOMO energy levels of the dyes are both below

0.90 V vs NHE, i.e. lower than the redox energy level of I–/I–
3 couple (0.35 V vs NHE), there

should be enough driving force for the dye regeneration.

7.2.4 Quantum chemical calculations

Figure 7.3: Frontier molecular orbitals of the V-dyes calculated with DFT (B3LYP/6-31G*) in
vacuum.

In order to get more insight into the molecular structure and electron distribution within

the molecules, DFT calculations were performed. These analyses were carried out using

B3LYP/6-31G* basis set (Spartan’10, Wavefunction) to optimize dye geometries and energies

in vacuum. The molecules were simplified by replacing alkyl chains attached to the CPDT,

carbazole and phenothiazine units by methyl groups to reduce the number of basis functions.

Initial optimization of the geometry of the molecules reveals that the carbazole donor (V4) is

the least distorted from planarity. Phenothiazine donor (V5,V7 and V11) exhibits a fold along
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Table 7.2: Summarized photovoltaic parameters of DSCs sensitized with the V dyes and
incorporating a volatile electrolyte

Dye V4 V5 V7 V11

JSC / mA cm−2 13.1 11.2 15.2 12.9
VOC / mV 770 768 691 774
Fill factor 0.73 0.75 0.70 0.70
η / % 7.50 6.53 7.44 7.00

the sulphur-nitrogen axis going through the middle ring. As can be seen in the Figure 7.3, the

HOMO orbitals are mainly located at the donor end of the molecule. There is some extension

of the HOMO onto the π-conjugated building block. Nevertheless, the LUMO is confined

to the π-bridge and acceptor in all cases, which confirms that there should be no problem

with effective charge separation and subsequent unidirectional electron transfer to the titania

conduction band.

7.3 Evaluation of the photovoltaic performance

7.3.1 Overall photovoltaic characterization

A set of dye-sensitized solar cells fabricated as described in the Chapter 3 Experimental meth-

ods was tested under standard conditions (AM 1.5G, 100 mW cm−2) in order to investigate

the photovoltaic performance of the dyes. The cells consisted of a double-layered TiO2 pho-

toanode (8 µm transparent and 5 µm scattering layer) and standard Pt counter-electrode and

electrolyte that was used in the experiment was a standard volatile electrolyte containing

1.0 M 1,3-dimethylimidazolium iodide, 0.03 M I2, 0.05 M lithium iodide, 0.1 M guanidinium

thiocyanate and 0.5 M tert-butylpyridine. The J-V curves of the devices are shown in the Figure

7.4 and the photovoltaic parameters are presented in the Table 7.2.

There is a substantial difference between the performances of the devices with the dyes V5 and

V7 containing volatile electrolyte. The extension of the π-conjugated bridge, by inserting a

vinyl thiophene unit into the V5 structure to obtain the V7 molecule has led to the increase of

the photocurrent drawn from the cell with the latter by 4 mAcm−2. This effect can be ascribed

to the enhanced optical properties of the latter, namely a bathochromic shift accompanied
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Figure 7.4: J-V curves of the devices sensitized with the V-dyes measured at 1 Sun intensity.

with doubling the absorption cross-section (vide infra).

Devices with V4 and V11 dyes yielded a power conversion efficiency (η) of 7.5 and 7.0% at full

sunlight intensity under standard AM 1.5G condition. Both these devices show comparable

η with similar JSC and VOC values as shown in the Table 7.2. This shows that there is not

much influence of the donor group on the devices η values, whether it is N-butyl-carbazole

or N-butyl-phenothiazine. Here we would like to make a comparison with a similar D-π-A

dye V7, which has N-butyl-(2-methylthio)-phenothiazine as a donor and its π-conjugated

spacer is vinyl thiophene in place of the CPDT on the V11 dye. Maintaining identical TiO2

films, redox electrolyte and counter-electrodes, the only difference in the devices is in the

structure of two dyes, which have different π-conjugated spacer. This comparison gives us

more insight into the structure-performance relationship of D-π-A dyes within the context of

photovoltaic performance. The photovoltaic parameters of V7-sensitized devices compared

to V11-sensitized ones show larger differences in the JSC and VOC values.
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Figure 7.5: Incident photon-to-current efficiency spectra for the champion devices sensitized
with the V-dyes.

7.3.2 IPCE comparison

The incident-photon-to-current efficiency (IPCE) plots for the above-mentioned devices are

presented in the the Figure 7.5. Despite the difference in the molar extinction coefficient, the

dyes V5 and V7, when incorporated in the DSC, exhibit a plateau of 80% from 450 nm up to

550 nm and 640 nm (V5 and V7, respectively). In the IPCE plot, the bathochromic shift of the

dye V7 is even more pronounced (in comparison to the UV-Vis spectrum of the pure dye), the

onset of the plot reaching 750 nm.

The incident photon-to-conversion efficiency (IPCE) of devices sensitized with V4 and V11

also exhibit a plateau of 70 to 80% from 450 nm to 600 nm as shown in the Figure 7.5. The

V11 dye sensitized device exhibits somewhat lower IPCE values compared to the V4 dye. The

maximum IPCE of 86% at 600 nm was obtained with V4 dye, which is in agreement with the

proposed optical loss mechanisms for DSC. In the absence of antireflection UV cut-off film on

top of the devices, the reflections from the glass surface account for ∼10% of the losses. Since

IPCE is a product of the efficiencies of three consecutive processes occurring within the cell:
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Figure 7.6: UV-vis absorption spectra of the V-dyes adsorbed on the 3-µm thick TiO2 layers.

light harvesting, electron injection and charge collection, it could then be inferred that none

of the above listed phenomena impedes the work of the devices, and they are close to their

peak performance. The IPCE spectral response for the V4 and V11 dyes reach up to 700 nm

whereas for the V7 device it extends up to 750 nm. The higher JSC values obtained with the

V7 dye are due to its broader spectral response. The difference in the IPCE spectra of V7 dye

compared to V4 and V11 is in agreement with the red shift in the absorption spectra adsorbed

on a transparent TiO2 film, respectively (as shown in the Figure 7.6). In addition to the red

shifted spectral response, the concentration of V7 dye adsorbed on the TiO2 film is ∼234 mM

and is higher than that of the V4/V11 dyes (111 and 157 mM) due to smaller molecular size,

which is contributing to the higher JSC value that was observed in the J-V measurements.
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7.4 Controlling the TiO2 interface - recombination rate and conduc-

tion band shift

7.4.1 V5-V7 comparison

The V7 dye could be perceived as an extended version of a very simple molecule V5. The

incorporation of the thiophene unit close to the anchoring group of the dye seems to have

influence on the electronic processes in the fabricated devices. The significant difference of

the obtained open-circuit voltages (77 mV) could be a sign of the enhanced recombination

at the TiO2/dye/electrolyte interface. In order to investigate further this issue, a series of

transient photovoltage and photocurrent experiments as well as electrochemical impedance

spectroscopy (EIS) characterization were performed for the complete devices. EIS measure-

ment conducted under 0.5 Sun illumination reveals that the charge transfer resistance of the

cell with the V7 dye is approximately 1 order of magnitude lower (initially), which may hint to

facilitated recombination (Figure 7.7, V5 - blue and V7 - green). Even though there are many

more electrons harvested and injected into the mesoporous structure of V7 sensitized cell,

there are still some losses that influence the VOC . Additionally, there is a shift of the conduction

band detected by both: EIS and transient photovoltage decay, which agree very well with the

J-V data that we have presented before. This conduction band shift is significant and has to be

included in the Rct plot from EIS (horizontal shift towards higher potential). The difference

in the charge transfer resistance, after the correction, is not as much pronounced. The plots

obtained from the two measurements are presented in the Figure 7.8, left and Figure 7.9, where

the potential is plotted against the capacitance, which can be directly scaled up to obtain

DOS (see: Equation 2.47). Thus, the difference in the VOC can result from both: downward

shift of the conduction band (because the relative position of the Fermi level in regards to the

conduction band stays fairly close in both of the cells) and lowered charge transfer resistance

leading to easier recombination in case of the cell sensitized with V7.

Despite the enhanced recombination observed for the V7 sensitized DSC, which manifests

itself in the lower charge collection efficiency (Figure 7.8, right) in comparison with the

V5 sensitized device, the short-circuit current drawn from the cell is much higher. Having

analysed the processes in the cells and probing the properties of the interfaces, we ascribe the
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Figure 7.7: Charge transfer resistance derived from the electrochemical impedance spec-
troscopy plotted against applied potential corrected for the IR drop.

increase in the current purely to the extended spectral response of the dye V7.

Figure 7.8: Left: Cell capacitance measured with the electrochemical impedance spectroscopy
under 0.5 Sun light bias for the cells with V5 and V7 dyes. Right: Charge collection efficiency
derived from the same EIS experiment for the V5 and V7-sensitized devices.
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7.4.2 Introduction of CPDT with alkyl side-chains

Again, in order to better understand the difference in the VOC of the V7 and V4/V11-sensitized

devices, transient photovoltage decay characterization was the technique of choice. The V7

cell, with the 80 mV lower VOC than V4/V11, exhibited the highest current density. The trapped

electron density estimated from the short-circuit current density in the cell with V7 is higher

than for V4/V11. At short-circuit conditions, the recombination flux is negligible, thus the

JSC is a good measure of the electrons in the film6. Taking the ratio of the number of charges

approximated from the corresponding short-circuit current densities (Table 7.2) we find that

the calculated change in VOC between V4/V11 and V7 is about 10 mV. This suggests that a 70

mV difference is arising due to a shift in the conduction band position. For all devices the VOC

measured under decreasing light intensity against cell capacitance is plotted in the Figure

7.9. The V7 sensitized cell shows the lowest lying quasi-Fermi level as compared to the other

devices, which is in line with the VOC as measured during a standard J-V characterization.

As a consequence of the higher molecular concentration on the TiO2 surface of the V7 dye,

an increased concentration of protons on that surface might be expected. This could be

responsible for shifting the DOS of the V7 device.

7.4.3 Electrochemical impedance study

The DSCs were further subjected to EIS investigation. The obtained results confirm the

hypothesis of an upward shift of the conduction band for V4/V11 dyes, when compared with

V7. Fitting the impedance data as presented in Figure 7.7, the important circuit element,

electron transfer resistance at the dye-sensitized TiO2/electrolyte interface, Rct , was derived.

As reported previously, the electron transfer resistance is related to the densities of electrons in

the conduction band and that of oxidized state of redox couple 7,8. The parallel displacement

of the plots along the bias voltage (corrected for the IR drop, see Figure 7.7) follows the order of

V7<V4≈V11. The resistance from the device with V7 is shifted downward from that of devices

with V4 and V11. As presented in Figure 7.7, the difference among the three devices will be

very small if the resistances of V7 are shifted positively by 70 mV, indicating that the interfacial

recombination of these devices is similar under an identical quasi-Fermi level of the electrons.

This can also be supported by the apparent electron lifetime plot (Figure 7.10), where the
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Figure 7.9: Cell capacitance measured with transient photocurrent and photovoltage tech-
niques under varying light intensity.

Figure 7.10: Apparent electron lifetimes as a function of cell capacitance for the devices
sensitized with V4, V5, V7 and V11 dyes.
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plots lie relatively close to each other, especially at the high capacitance conditions. Under

these conditions the contribution of the recombination rate difference on the device VOC is

insignificant.

When compared the two dyes with CPDT as a spacer (V4 and V11), the electronic properties

of the interface remained unchanged – the devices sensitized with them exhibit similar capac-

itances and charge transfer resistances. One can conclude that the donor part of the dye is not

affecting the nature of the interface and device performance. The molecules’ structural units,

like alkyl chains substituted on the chromophore of the CPDT, have more impact on the dye

loading and conduction band edge position.

7.5 Conclusions

In this chapter I have gathered the studies performed on the D-π-A dyes with a phenothiazine

unit as an electron donor where the π-bridge was consequently extended - starting from one

double bond (V5), through the vinylthiophene (V7) to the alkyl-substituted cyclopentadithio-

phene unit (V11). The last dye was directly compared with another synthesized molecule (V4),

because both molecules have the same π-bridge and acceptor part, differing only in the donor:

phenothiazine vs. carbazole.

It has been shown, that gradual extending of the conjugated bridge enhances the optical

properties of the molecules. First of all, a bathochromic shift of the peak of the absorption

spectrum of the dyes is noticed (from 451 nm to 532 nm). Additionally, the molar extinction

coefficient value has increased 4 times. After applying the dyes to DSCs it can be seen that

the best performing molecule with phenothiazine donor is V7, yielding an efficiency of 7.44%.

The V7-stained cells exhibited the largest photocurrent density, which originates from the

broadest absorption spectrum. The IPCEs of these cells stretch up to 750 nm - at least 50

nm more than the other dyes in question. Having analysed the processes inside the cells

by the means of transient techniques and EIS, one can clearly attribute the best efficiency

among the phenothiazine dyes presented in this work to this particular feature of the dye. It

was observed that the electron recombination rate in this case is high, which is manifested

in the considerably lower VOC . The augmented recombination processes are most probably
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enhanced by the proximity of the sulphur on the thiophene unit to the TiO2 surface. Sulphur

atoms are thought to associate with triiodide and be responsible for its local concentration

increase, resulting in higher probability of an electron being recaptured by the I–
3. Thiophene

unit in the V7 dye at the TiO2/electrolyte interface has clearly an impact on the charge transfer

resistance, as concluded from the EIS measurements. Lowered charge transfer resistance

contributes to the significantly increased recombination rate, which can be further deduced

from the comparison of the apparent electron lifetime plots. This phenomenon is accom-

panied by a slight downward shift of the conduction band of the TiO2 for the V7 cell. The

cell-probing experiments explain very well the parameters that have been obtained from the

J-V measurements.

V7-sensitized devices, in spite of great overall performance, suffered from the low VOC . That

is why a strategy of employing the state-of-the-art π-bridge unit was employed in the course

of the project (molecule V11). CPDT unit with long alkyl chain proved to be efficient in

shielding the TiO2 surface and decreasing the recombination rate and simultaneously raising

the conduction band edge upwards - effectively increasing the VOC . In direct comparison of

the two donors - carbazole and phenothiazine - attached to the exactly same core of the dye,

the carbazole was shown to be slightly more efficient than the phenothiazine. The photovoltaic

parameters are very similar for the devices sensitized with dyes V11 and V4, which leads to

the conclusion that in this case the donor part of the dye has insignificant influence on the

overall performance of DSCs.
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8 Application of ionic liquids contain-

ing tricyanomethanide [C(CN)3]− or

tetracyanoborate [B(CN)4]− anions in

dye sensitized solar cells.

This part is adapted from a peer reviewed publication by Magdalena Marszalek, Zhaofu Fei,

Dun-Ru Zhu, Rosario Scopelliti, Paul J. Dyson, Shaik M. Zakeeruddin and Michael Grätzel

published in 2011 in Inorganic Chemistry, Vol. 50, pp 11561–11567

8.1 Introduction

Despite the on-going interest in ionic liquids (ILs)1–8, the majority of the research is based

on ILs containing a rather limited set of fluorine containing anions, notably tetrafluorobo-

rate (BF−
4 ), hexafluorophosphate (PF−

6 ) and bis(trifluoromethylsulfonyl)imide (Tf2N−)9. In

contrast, ILs based on non-fluorous anions, i.e. tricyanomethanide ([C(CN)3]−) 10–12 and tetra-

cyanoborate ([B(CN)4]−) 13,14, are somewhat under-explored. Indeed, it has been reported that

ILs with [C(CN)3]− and [B(CN)4]− anions have low viscosities 10,14. For example, [EMI][C(CN)3]

(where EMI = 1-ethyl-3-methylimidazolium cation) has a viscosity of 18 cP at 22°C and a melt-

ing point of 11°C 10 and [EMI][B(CN)4] has a viscosity of 19 cP at 21°C 14 both being lower than

that of [EMI][Tf2N], 27 cP at 20°C 15,16. N,N,N’,N’-tetramethyl-N”,N”-dipentylguanidinium

tricyanomethanide has a viscosity of 88 cP12 the value being relatively low as in the case for

this particular cation.
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There is only a limited number of ILs that contain [C(CN)3]− and [B(CN)4]− anions and

their applications have been scarcely explored, despite the high stability and interesting

electrochemical and physicochemical properties of the [B(CN)4]− anion17–20. Indeed, in

nearly all the applications, including electrolytes, as well as others21,22, studies are almost

exclusively conducted on the [EMI]+-based systems.

In this chapter the synthesis and characterization of a series of new ILs with [C(CN)3]− and

[B(CN)4]− anions are described. The ionic liquids were characterized by NMR and IR spec-

troscopy and ESI-mass spectrometry, and their physical properties were investigated. Solid

state structures of the N-propyl-N-methylpyrrolidinium and triethylpropylammonium tetra-

cyanoborate salts were obtained by single crystal X-ray diffraction. The salts that are liquid at

room temperature were evaluated as electrolyte additives in dye sensitized solar cells giving

rise to efficiencies 7.35 and 7.85% under 100 and 10% Sun, respectively, in combination with

the standard Z907 dye.

8.2 Synthesis and characterization of ionic liquids

8.2.1 Synthetic route

The preparation of ILs with BF−
4 , PF−

6 and Tf2N− anions is well established 23–25, whereas there

are relatively few reports describing the synthesis of ILs with [C(CN)3]− anions. Synthesis of

ILs with [B(CN)4]− anions is only covered in a patent and details of the anion exchange of the

alkali metal salts of tetracyanoborate with imidazolium or pyridinium halides have not been

reported 13. In this work, we used a literature protocol to react 1-propyl-3-methylimidazolium

chloride [PMI]Cl with Na[C(CN)3] in aqueous solution and the resulting IL, [PMI][C(CN)3]

(1a), was extracted with dichloromethane. Similarly, reaction of [PMI]Cl with K[B(CN)4] gives

the IL [PMI][B(CN)4] (1b). Using the same approach ILs containing N-propylpyridinium,

N-propyl-N-methylpyrrolidinium and triethylpropylammonium cations with the [C(CN)3]−

anion 2a-4a and the [B(CN)4]− anion 2b-4b were prepared (see Figure 8.1 ).

The [C(CN)3]− containing ILs, 1a-4a, are liquid at room temperature, whereas of the ILs

containing the [B(CN)4]− anion, i.e. 1b-4b, only 1b and 2b are liquid at room temperature.
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Figure 8.1: Structures and numbering scheme of the ionic liquids prepared in this study.

The 1H and 13C NMR spectra of 1a-4a, 1b and 2b are recorded as neat ILs in the absence of a co-

solvent (only using a C6D6 capillary for external lock-in). Spectra of 3b and 4b were obtained

in CD2Cl2 solution. In general, the signals do not differ much to those of the precursor salts –

the variation being typical for ILs26,27. The IR spectra of 1a-4a contain absorptions between

2153 to 2164 cm−1 that correspond to the C≡N bond; the absorptions lie in a rather smaller

range compared to those observed in salts with metal cations 28–31. In 1b-4b the absorptions

of the CN group are observed at markedly higher wavenumbers (ca. 2222 cm−1), and are signi-

ficantly shifted from those containing metal cations which are found in the range 2250 to 2290

cm−1 32–34, but nonetheless are close in value to those observed in tetrabutylammonium35
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and tetrabutylphosphonium36 salts. It is known that the C≡N absorption in salts containing

[C(CN)3]− and [B(CN)4]− anions are sensitive to the structure of the cations and is susceptible

to π · · ·π and/or π · · ·H non-covalent interactions 28.

8.2.2 Crystallography

Although salts containing the tetracyanoborate anion were reported many years ago37, the

structure of simple lithium salt was reported only recently38, followed by the structures of

potassium39, sodium, rubidium, cesium and ammonium32 salts, several transition metal

salts33,34, and somewhat more exotic salts40. Single crystals of 3b and 4b were obtained by

slow cooling from the liquid state from 110°C to room temperature over a period of 24 hours,

and their structures were determined by X-ray diffraction. Data collection was performed

on a KUMA CCD using graphite-monochromated Mo Kα (0.71073 Å) radiation and a low

temperature device [T = 140(2) K]. Data reduction was performed by CrysAlis RED 41. The

structure was solved with SHELX97 42. Refinement was performed using the SHELX97 software

package, and graphical representations of the structures were made with Diamond43. The

whole structure was solved by direct methods and successive interpretation of the difference

Fourier maps, followed by full matrix least-squares refinement (against F2). All non-hydrogen

atoms were refined anisotropically. The contribution of the hydrogen atoms, in their calculated

positions, was included in the refinement using a riding model. Relevant details for the

structure refinements of 3b and 4b are listed in the Table 8.1.

Only very few salts with organic cations (e.g. tetrabutylphosphonium and tetrabutylammo-

nium salts) have been reported35,36, and the structures of 3b and 4b (Figure 8.2), represent

the first examples of tetracyanoborate salts containing asymmetric cations. In 3b and 4b the

anion adopts a nearly ideal tetrahedral structure with the C-B-C angles close to 109.4° and

B-C-N angles close to 180°. The average C-N distance in the nitrile groups is 1.14 Å in 3b and in

4b, nearly the same as those observed in the lithium (1.14 Å) 38 and potassium (1.14 Å) salts 39.

These values are in the range of found in the ammonium and phosphonium salts(1.141–1.143

Å)35,36. In the crystal of 3b the anions are connected by weak hydrogen bonds forming a

C-H· · ·N-C-B-C-N· · ·H-C network (Figure 8.3). The D· · ·A distances of the C-H· · ·N hydrogen

bonds range from 3.40 to 3.53 Å (Figure 8.3 and Table 8.2). These distances are rather longer
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Table 8.1: Crystal data and structure refinement details for 3b and 4b.

empirical formula C12H18BN5 (3b) C13H22BN5 (4b)

fw 243.12 259.17
temperature / K 140(2) 140(2)
crystal size / mm3 0.32×0.22×0.17 0.23×0.20×0.11
crystal system monoclinic tetragonal
space group P21/c P4̄2(1)m
a / Å 8.5730(17) 11.9402(9)
b / Å 16.777(3) 11.9402(9)
c / Å 9.822(2) 5.5735(11)
β / deg 94.74(3)
V / Å3 1407.9(5) 794.60(18)
Z 4 3
Dcalc / g cm−3 1.147 1.083
F (000) 520 280
abs coefficient / mm−1 0.072 0.067
θ range / deg 2.38–24.50 3.41–25.98
h/k/l -9, 9/-19, 19/0, 11 -14, 14/-14, 14/-6,6
reflections collected 2301 6902
indexed reflections 2301 [Ri nt =0.0] 6902 [Ri nt =0.0447]
observed reflections 1502 709
data/restrained/parameters 2301/0/165 833/0/57
goodness-of-fit on F2 1.175 1.095
R, wR indices [I> 2σ(I )] 0.0796, 0.2079 0.0494, 0.1142
R, wR indices (all data) 0.1225, 0.2315 0.0583, 0.1175
largest difference peak and hole / e·Å−3 0.225, -0.257 0.141, -0.107

than those that exist in series imidazolium salts with other anions such as Tf2N−, BF−
4

44,45.

The CH3 group of the propyl substituent in 4b is disordered, but hydrogen bonds are observed

between CH3 group of the ethyl substituents and the anion, with the shortest C-H· · ·N-C

distance being 2.638 Å.

8.3 Photovoltaic application evaluation

8.3.1 Electrolyte formulation and characterization

The room temperature ILs 1a/b, 2a/b, 3a and 4a were used to prepare electrolytes, and their

viscosities and triiodide diffusion coefficients were determined. Finally, they were evalu-

ated in dye sensitized solar cells following the procedure described for the standard eutectic
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Figure 8.2: Solid state structures of 3b (left) and 4b (right) with the thermal ellipsoids at 50%
probability; H atoms were omitted for clarity. Selected bond distances (Å) and angles (deg).
3b N(1)-C(5) 1.506(4), N(1)-C(1) 1.522(5), N(2)-C(9) 1.153(5), N(3)-C(10) 1.143 (5), B(1)-C(10)
1.590(6), B(1)-C(11) 1.594(7), C(10)-B(1)-C(11) 109.7(3), C(10)-B(1)-C(12) 108.7(3).4b N(1)-
C(1) 1.518(3), N(1)-C(4) 1.522(3), N(2)-C(6) 1.143(2), B(1)-C(6) 1.5941(18), C(6)-B(1)-C(6A)
109.00(6).

Table 8.2: Principal hydrogen bond parameters in 3b.

D-H· · ·A D-H H· · ·A D· · ·A D-H· · ·A
Å Å Å deg

C4-H4B· · ·N5a 0.990 2.570 3.408(5) 142.00
C8-H8A· · ·N3b 0.980 2.560 3.536(5 ) 171.00

a Symmetry code: x, 3/2-y, 1/2+z. b Symmetry code: -x, 1-y, -z.

Figure 8.3: Crystal packing in 3b (left)and 4b (right).

melt electrolyte coded Z95221. For a more detailed picture, this state of the art eutectic

ionic-liquid-based electrolyte was used as a model for further modifications. Its compo-
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sition comprises 1,3-dimethylimidazolium iodide ([DMI][I])/1-ethyl-3-methylimidazolium

iodide ([EMI][I])/1-ethyl-3-methylimimdazolium tetracyanoborate ([EMI][B(CN)4])/iodine/N-

butylbenzimidazole/guanidinium thiocyanate (6:6:8:0.83:1.67:0.33). Essentially, the new ILs

were incorporated into the electrolytes in place of 1-ethyl-3-methylimidazolium tetracyanob-

orate [EMI][B(CN)4] at the same molar ratio giving electrolytes termed M-1a, M-1b, M-2a,

M-2b, M-3a, M-4a.

The electrolytes with [C(CN)3]− are less viscous than their [B(CN)4]− analogues (namely M-1a

vs. M-1b and M-2a vs. M-2b). Diffusion coefficients of I−3 were obtained by cyclic voltammetry

and electrochemical impedance spectroscopy (EIS) performed on symmetric cells, and the

results obtained by these two methods are shown in the Table 8.3. Electrolytes M-1a and M-2a

have slightly higher triiodide diffusion coefficients presumably due to their lower viscosity.

Table 8.3: Comparison of the diffusion coefficients of I−3 in electrolytes and their viscosities.a

Electrolyte M1-a M2-a M3-a M1-b M2-b

DI−3 / 10−7 cm2s−1 CV 2.51 2.27 3.42 2.39 2.09
EIS 1.66 1.54 1.82 1.20 1.27

Viscosity / cP at 20°C 49.8 49.4 59.1 56.5 53.0
a Data for M-4a is not available because it is a quasi-solid substance.

8.3.2 Photovoltaic performance

The six new electrolytes have been formulated for use in DSCs in combination with Z907 dye

as a sensitizer (Table 8.4). The best DSC contains the electrolyte M-1a, the open-circuit voltage

(VOC ), short-circuit current density (JSC ), fill factor (FF) are 725 mV, 13.7 mAcm−2 and 0.743,

respectively, yielding an overall photoconversion efficiency (PCE) of 7.35% at full sunlight

intensity. However, the PCE at 10% light intensity is as high as 7.85% due to diminished

problems with diffusion connected with lower photocurrents under these light conditions.

The J-V curves of the device with electrolyte M-1a are presented in the Figure 8.4. The incident

photon-to-current efficiency (IPCE) of the device M-1a is shown in the inset of Figure 8.4. The

maximum IPCE value at 550 nm is more than 70%. The DSCs exhibit rather linear performance

with increasing intensity of irradiating light and only a small current drop (∼5%) was noticed

at 1 Sun presumably due to mass transport limitations of triiodide.
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Figure 8.4: Current density-voltage characteristic of the device containing the electrolyte M-1a
under various Sun intensity: 1 Sun (red), 0.1 Sun (blue) and in the dark (black). Incident
photon-to-current conversion efficiency spectrum of the same cell (inset).

Table 8.4: Photovoltaic characteristics of the solar cells measured under AM 1.5G, 100% Sun
and 10% Sun.

Electrolyte Sun intensity JSC VOC Fill factor η

% mA cm−2 mV %

M-1a 100 13.70 725 0.743 7.35
10 1.43 655 0.802 7.85

M-2a 100 13.60 710 0.750 7.20
10 1.41 645 0.797 7.60

M-3a 100 12.65 725 0.722 6.70
10 1.32 655 0.798 7.20

M-4a 100 12.20 725 0.733 6.50
10 1.36 660 0.806 7.50

M-1b 100 14.80 685 0.714 7.20
10 1.54 620 0.779 7.70

M-2b 100 12.70 700 0.746 6.60
10 1.36 635 0.805 7.25
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8.3.3 Conduction band shift induced by the counter-anions in the electrolyte

Figure 8.5: Left: Apparent electron lifetimes in DSCs with electrolytes M-1a, M-1b, M-2a and
M-2b. The lines are only present to guide the eye. Right: The upward shift of the conduction
band of TiO2 induced by the different anions present in the electrolyte in a DSC.

There is a clear trend between the open circuit potential of the DSCs and the counteranion

of the IL used in the electrolyte. Electrolytes containing the [C(CN)3]− anion exhibit higher

VOC values, by ∼20 mV, compared to those with the [B(CN)4]− anion. We employed transient

photovoltage decay measurements with different electrolytes to compare the rate of interfa-

cial recombination of electrons from the TiO2 conduction band to the oxidized form of the

redox mediator, triiodide. In the Figure 8.5, left, the apparent electron lifetime calculated

for cells with the different electrolytes is plotted against extracted charge, which provides a

clearer comparison, because the difference between the quasi-Fermi level and the conduction

band is kept constant for each measured point. The DSCs with electrolytes 1a, 1b, 2a and 2b

were compared. It appears that the two anions, [C(CN)3]− and [B(CN)4]−, do not influence

the recombination rate, since the electron lifetimes for the cells with electrolytes sharing

the same cation are practically identical. Nevertheless, the planar [C(CN)3]− anion46 could

potentially facilitate access to the TiO2 surface as it could adsorb on it more easily than the

tetrahedral [B(CN)4]− anion39. Indeed, a more detailed comparison between the [B(CN)4]−

and dicyanoamide, [N(CN)2]−, anions has been reported 47. It was found that [N(CN)2]− con-

taining electrolytes have higher open circuit potential than [B(CN)4]− based electrolytes, and

this difference was ascribed to suppressed interfacial charge-transfer behaviour in addition to

an increase in the conduction band edge position of TiO2 due to the surface interaction with

the [N(CN)2]− anion. While we did not observe similar differences in the recombination rates
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the specific adsorption of [C(CN)3]− may be responsible for the upward shift of the conduction

band of TiO2, especially as this difference corresponds very well with the difference between

VOC of the devices (Figure 8.5, right) at a given density of states.

8.4 Conclusions

In conclusion, we have prepared and characterized a series of new fluorous-free ILs con-

taining imidazolium, pyridinium, pyrrolidinium and ammonium cations and [C(CN)3]− and

[B(CN)4]− anions. These ILs were evaluated as electrolyte components in dye-sensitized solar

cells, and the influence of the anion was found to be negligible, giving comparable results

to those containing Tf2N anions. Nevertheless, these results are likely to generate increased

interest in ILs containing these anions.
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9 Summary and final conclusions

The work presented within the scope of this thesis revolves around one of the most exciting

and blooming 3rd generation photovoltaic systems - dye-sensitized solar cells. The techno-

logy, which is already entering the worldwide markets via companies like Sony, Dyesol-Tata,

Solaronix, DyeTec Solar, Fujikura, g2e or G24i, is being constantly improved and optimized

at the laboratory level. A DSC, which is a successful marriage of various materials, has to be

studied simultaneously at very different angles, because a small change in one component

has a non-negligible influence on the others.

Undoubtedly, the most extensively developing area is the dye design and synthesis. At the

time this work was commenced, ruthenium sensitizers were dominating the field: in 2009

B11 dye giving 11.5% was published1, surpassed in 2010 by C106 dye, reaching 12.1%2. A

cell of 1 cm2 was fabricated by Sharp and certified at AIST, Japan (The National Institute

of Advanced Industrial Science and Technology), giving the efficiency of 11.9%3. Parallelly,

the purely organic sensitizers, utilizing D-π-A concept, were being developed - having the

advantage of much larger freedom in the choice of the building blocks of the molecule. C219

dye, presented in 2009, yielded the efficiency of 10.0–10.3% 4, but was then outperformed by

the porphyrin dye YD-2 with 11% power conversion efficiency 5. All above-mentioned records

were achieved using electrolytes with iodide/triiodide redox couple and so are the systems

that were the subjects of this thesis. In the ocean of countless possibilities for the design of

dyes it is of crucial importance to understand the role of particular building blocks: donor,

acceptor, π-conjugated bridge and the modifications introduced to them. As discussed in
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the respective chapters, valuable contributions to deeper understanding of dye design and

application for DSCs could be stated briefly:

• The use of benzothiadiazole (BTDA) unit in the π-bridge is not trivial. The incorpora-

tion of this building block in the D-π-A molecule causes a desired bathochromic shift in

the absorption spectrum. Nevertheless, the flat structure induced by the fused 6- and 5-

membered rings close to the anchoring group results in an unsually fast recombination

of the dye cation with the electrons previously injected in the TiO2. In order to ensure

unidirectional electron flow from the excited state of the dye to the conduction band of

TiO2, an out-of-plane torsion was introduced with a phenyl unit in between the BTDA

and the anchoring group. This improvement granted the generation of a remarkably

high current density (18.47 mA cm−2) and power conversion efficiency of 8.21%, as

compared with 3.40 mA cm−2 JSC and η of 1.24% for the dye with BTDA attached directly

to the anchoring group. It constitutes a very clear evidence of how much care has to be

taken while designing dyes and which interactions within the molecule itself and at the

sensitized interface can be influenced by the structure of the sensitizer. This concept

was implemented already in a few molecules bearing porphyrin units. Especially in

these cases BTDA proves to be very useful, because it fills in the absorption dip in the

green region, while still stretching the spectrum into the red.

• Preventing aggregation of the D-A-π-A dye containing BTDA was realized by the in-

troduction of hexyl chains on the π-bridge. This time the electron-accepting BTDA unit

was placed next to the indoline donor, efficiently spaced from the anchoring group by

bithiophene. π-π stacking of such molecules led to aggregation and, in order to achieve

reasonable efficiencies (8.56%), an addition of coadsorbent was a necessity. Grafting

a hexyl chain on one of the thiophenes allowed for obtaining similar efficiencies with

much enhanced VOC - a sign of reduced recombination rate. Inherent anti-aggregation

ability and more freedom in the use of solvent are the advantages of the modified

D-A-π-A molecule WS-9.

• Exploring new donor unit - phenothiazine - along with the study on the extending

π-conjugated bridge. Starting from a very simple molecule with only a double bond

between donor and acceptor, it was found that reasonable efficiencies (6.5%) can be

162



achieved. Absorption spectrum of the phenothiazine dyes was gradually extended by

modification of the π-bridge with thiophene and cyclopentadithiophene and led to the

significance increase in current density and η of 7.44%. This result is purely attributed

to the broad absorption spectrum of molecule V7 reaching up to 750 nm.

• Bianchoring dyes with exTTF donors were investigated as a continuation of study on

dyes with minimal driving force required for the regeneration 6. The effect of employing a

second anchoring group with either benzene or EDOT was studied first on the geometry

of the dye via theoretical calculations, then the adsorption mode on TiO2 and finally

the photovoltaic performance. It was found - both, theoretically and experimentally -

that in these cases the dyes favour the conformation that allows for anchoring with two

carboxylic groups. This would definitely improve the stability of the molecule attached

to the semiconductor surface. However, the choice of spacer groups (particularly EDOT)

could affect the overall performance, by increasing the recombination rate. The concept

of bianchors is not used very widely, however, it was proven that when applied correctly

it inhibits the dye desorption7. Nevertheless, the electronic structure of the dye has to

be taken into consideration while implementing a second anchor, because the widely

spreading LUMO level covering both anchoring groups may not be very beneficial for

unidirectional electron transfer, and this may explain rather short electron lifetimes.

Probably if one of the groups would be electronically cut off from the charge-transfer

path - serving purely as the attaching unit, it would help to make the LUMO more

centralized on the other one, hopefully leading to a higher number of the electrons

efficiently injected in the conduction band (higher current density and higher quasi-

Fermi level directly related to VOC ).

As mentioned above, dye-sensitized solar cell is a combination of different materials and

as a device can be studied at different angles of interests. Apart from high efficiency and

low fabrication costs, stability is of the highest importance when one wants to shift from

laboratory samples to a real market product. Implementation of ionic liquids as easy-to-

handle, non-volatile electrolytes reached its peak interest after the introduction of binary

eutectic melts in 20088. Following this successful attempt a series of ionic liquids with

tricyanomethanide and tetracyanoborate anions with various cations was synthesized in
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order to replace 1-ethyl-3-methylimidazolium tetracyanoborate. The electrolytes with tri-

cyanomethanide were less viscous than the ones with tetracyanoborate and yielded better

photovoltaic performance, unfortunately, at the expense of slightly lower stability. There was

no influence of the anion exchange on the recombination rate, however, tricyanomethanide

anion is believed to adsorb easier on TiO2 surface and consequently raise its conduction

band edge. Similar observations were also published on dicyanoamide anion employed in

ionic-liquid based electrolyte 9.

The research in DSC field is going on parallelly on many different tracks: semiconductor

nanostructures, light absorbing materials, redox mediators and hole transporting materials,

and - last but not least - developing theories and new methods of investigation to shed brighter

light on the physical phenomena occuring in the cells. It should be made obvious, that one

cannot progress fast without understanding the fundamentals of processes within the device.

In the constant race for the highest efficiency it is worth to spend a while on trying to solve the

problems which at first glance may not directly be related with realisation the ideal champion

DSC. Nevertheless, the answers found during these investigations will certainly help to develop

new strategies or concepts, which later can be combined with the state-of-the-art in order to

continue the progress. While investigating, it should never be forgotten to look at the system

from different perspectives or at various levels or scales: each cell’s component should be

carefully tailored, but what is of major importance, is the essence of the DSC system - the

interfaces between the materials.

After 4 years of study and gaining experience in the dye-sensitized photovoltaics I stay strong

in my opinion that this field still has a lot of potential and should be explored deeper. During

my PhD stay I witnessed two major paradigm shifts: successful use of cobalt-based redox

mediators in combination with porphyrin dye leading to the new record efficiency 10 and the

employment of hybrid organic-inorganic light absorber11 - perovskite - which established

the efficiency record 12 for both, conventional electrolyte containing and solid-state devices. I

believe that the last word has not been said yet.
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