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Chapter 1
Introduction

“Begin at the beginning,” the King said gravely "and go on till you come to the
end: then stop." – Lewis Carroll, Alice in Wonderland

Chapter 1

The Sun and it’s Place in History
The Sun can be considered central to life on Earth. Primal prokaryotes ﬁrst
adapted photosynthesis to harvest the solar energy and convert it into chemical
energy. These single-celled organisms, such as cyanobacteria, used this chemical
energy to grow and the reliable energy source enabled evolution into more complex
organisms such as trees and plants. Diﬀerent complex organisms including prehistoric humans consumed the plants and trees to reproduce, to grow and evolve in
turn, indirectly powered by energy of the Sun. With the advent of ﬁre, mankind
found another way to use stored solar energy in plant matter to help them stay
warm and allowed massive migrations to otherwise uninhabitable places. Tens of
thousands of years later, at the dawn civilization the Sun would still be at the
center. Across the globe and time mankind has been fascinated by this celestial object. The Sun also known as Utu (ancient Sumeria), Ra (ancient Egypt),
Apollo (classical Rome), Tonatiuh (Aztecs) or Amaterasu (Shinto religion) has
always been an ubiquitous symbol of life and of light. This is not surprising, as
the Sun has played an essential role in the development of civilization. As soon as
humans explored agriculture, the role of the Sun was key. Agriculture has allowed
humankind to harvest energy from the Sun for its own consumption. Solar energy
was used to provide food for both people and livestock, paving the way for culture
and society to emerge. Several thousands of years later, with the advent of the
steam engine, coal was burned as a fuel, enabling the expansion and development
of humankind. The burning of coal is also an indirect use of solar energy, since it
is organic matter that has stored solar energy for millions of years. The consumption of fossil resources has fueled an unprecedented leap forward in the quality
and quantity of human life. However, this burning of fossil fuels and the releasing
of years of stored solar energy back onto the Earth, is resulting in detrimental
consequences to the planet due to the eﬀects of global warming. Now, it is only
natural for humans to look at the Sun once more and to see if we can use solar
energy directly to sustain our modern lifestyle.
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1.1. Solar Energy
Human energy consumption has increased exponentially since the start of the
industrial revolution (10.000–372.000 PJ yr−1 ). 1 The majority of this energy comes
from the burning of fossil fuels such as coal, oil and gas. 1,2 In 2018, the global total
ﬁnal energy consumption reached over 372.000 PJ and according to the Renewable
Energy Roadmap (REmap), it is expected to be around this number in 2050
(Figure 1.1). 3,4

Figure 1.1. Global total ﬁnal energy consumption (PJ yr−1 ) from 2010–2015 and forecast from 2015–2050 according to the Renewable Energy Roadmap, obtained from the
International Renewable Energy Agency (IRENA). 4
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There are several approaches of satisfying this enormous need for energy, one of
which is the continuous and increased burning of the aforementioned fossil fuels.
While the infrastructure and technology for this approach is well established, it
comes at a major environmental cost. Burning of these fossil fuels releases carbon
dioxide into the atmosphere that behaves as a greenhouse gas that will gradually
warm our planet. 5,6 This increased global temperature is already causing damage
to ecosystems, reducing habitable places and arable land and will trigger more
extreme weather conditions. 7–9 It is because of these detrimental eﬀects that the
burning of fossil fuels is increasingly considered undesirable by society. The share of
fossil fuels in the global total ﬁnal energy consumption needs to decrease from 65%
in 2018 to 19% in 2050, according to the REmap (Figure 1.1). 4 Another approach
is the use of nuclear power. In nuclear ﬁssion heavy atomic nuclei are split and
the process releases a tremendous amount of energy (80 GJ g−1

235

U). 10 However,

due to historical catastrophic events and the limitations of treating nuclear waste,
society is largely divided over the use of nuclear ﬁssion as a mean to meet the
energy demand, therefore more sustainable alternatives are needed. 11
Several energy sources are considered to be a sustainable approach to meet the
world’s energy demand. Each sustainable energy source can serve a role in the
total sustainable energy picture, but is largely subjected to regional supply. The
regional supply of energy should always be considered in determining whether a
energy source can be considered sustainable. Geothermal energy is for example
sustainable in Iceland, while Finland can sustain the use of biomass as an energy supply. 6 Wind energy, both oﬀ-shore and on-shore, can provide a signiﬁcant
amount of energy and will most likely play a signiﬁcant role in the energy transition. Nuclear fusion can be considered as an ultimate achievement of technological
prowess but will most likely not be accessible for the next 50 years. 12 In the end,
the transition towards a sustainable energy supply will require several synergistic
energy technologies that are placed in tactical geographical locations.
Solar energy is one of the most promising and scalable approaches for the transition
towards sustainable energy. The Sun delivers around 120.000 TW of energy to the
surface of the Earth, which means that in one hour more solar energy reaches
the surface of the Earth (432.000 PJ) than the yearly total energy consumption
(372.000 PJ). 13,14 If only a fraction of this energy could be collected, there would be
4

Chapter 1
more than enough energy for generations to come. In reality, not all of the Earth’s
surface can be used to harvest solar energy, making it necessary to engineer the
process of harvesting solar energy as cost and energy eﬃcient as possible. Solar
energy can be harvested through the heat that is produced when light hits a
surface. This is often done by "solar-concentrators" in which numerous mirrors
focus the sunlight onto one location. The solar energy can also be harvested by
using photovoltaics, where photons radiated from the Sun are directly converted
to electricity. In 2020, only 3% of the total energy was supplied by solar energy,
and given the immense solar energy input available, it leaves a lot of room for
expansion. 15

5
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1.2. Photovoltaics
1.2.1. The History of Photovoltaics
In 1839, a young scientist called Alexandre Becquerel made a remarkable discovery
at the Museum National d’Histoire Naturelle in Paris. 16 He dipped two silver
halide covered electrodes into an acidic solution and measured the current between
the two electrodes (Figure 1.2). He found that a current was obtained when the
electrodes were irradiated by light and the highest currents were obtained when
using blue light or sunlight. He termed this the "photovoltaic eﬀect", because
quite literally the photons that struck the electrodes produced a voltage between
them. Becquerel knew he discovered something interesting, but he probably did
not foresee that his invention would start a revolution in the ﬁeld of sustainable
energy.

Figure 1.2. Experimental setup by Alexandre Becquerel demonstrating the photovoltaic
eﬀect.

Almost ﬁfty years after the invention of Becquerel, the ﬁrst operational solar cell
was constructed by Charles Fritts in 1883 using a copper / selenium ﬁlm / gold
junction. 17 At this point it was not known that the selenium ﬁlm was a "semiconductor" but Fritts saw the potential of this device and he installed the ﬁrst
6
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solar panel on his roof a year after his discovery. The solar panel was received
with much skepticism and they were then termed "Fritts’ magic panels". This
skepticism was simply because the working of the panel was not yet understood.
Twenty years later, Albert Einstein discovered the photoelectric eﬀect and this
would also provide an explanation for the photovoltaic eﬀect. 18
It would seem that this discovery would pave the way for the development and
mass production of solar cells. However, the rise of the fossil fuel industry quickly
stopped any wide-scale interest in the solar cells. During the First World War,
the interest in the semiconductor technology was regained by the use of so-called
"Cat-Whiskers", which are crystal detectors used in radio receivers. Here the
semiconductor was used as a diode to rectify current for radio-telecommunications.
During the Second World War Cat-Whiskers were further developed for radar
technology by the laboratory of Alexander Bell. 19 It was at this laboratory in
1941 that Russel Ohl discovered and patented a solar cell based on silicon that
was doped with aluminum and phosphorus. The doping created the so-called p–n
junction, which is at the heart of every silicon solar cell. The Cold War then
served as catalyst for the development of solar cells. In order for the United
States to win the Space Race, modules needed to be developed that could power
spacecraft based on solar energy. Thanks to this external political pressure, the
power conversion eﬃciency (PCE)—the eﬃciency of how much solar energy is
converted to electrical energy—of the solar cell was increased from under 1% in
1960 to over 15% in 1970. 20 After the Cold War, since 1991, many technological
innovations were made to increase the solar cell eﬃciencies even further. The
current record for the highest-eﬃciency single-junction solar cell based on silicon
is held by the group of Kaneka reaching 26.6% in 2012 and the highest singlejunction solar cell is held by the group of Yablonovitch reaching an impressive
28.8% in 2017. 21,22 The high eﬃciency solar cells are still mainly used in the
aerospace sector, while lower eﬃciency (15%) and cheaper solar cells are routinely
used in the energy sector.

7
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In 2001, Martin Green coined the terms ﬁrst-, second- and third-generation solar
cells to classify the types of these devices by their potential power output and
their costs (Figure 1.3). 23 First generation solar cells include all devices based on
highly crystalline silicon wafers—the purity of the silicon wafer needs to have at
least a 5N (5 nines) or 99.999% purity. 24 —that have decent eﬃciencies of around
20% with the highest costs (US 3.50$ W−1 ). Second generation solar cells include all thin-ﬁlm technologies that allow the production of larger modules but
at a lower eﬃciency of around 10% and at a lower cost (US 1.00$ W−1 ). This
class includes copper indium gallium selenide (CIGS), cadmium telluride (CdTe)
and gallium arsenide (GaAs). 25 Finally, there are the third-generation solar cells
that aim for superior eﬃciency at low costs (US 0.10–0.50$ W−1 ). The thirdgeneration class include multi-junction solar cells, hot-carrier solar cells, perovskite
solar cells, tandem solar cells, organic photovoltaics (OPV) and dye-sensitized solar cells (DSSCs). Third-generation solar cells will be discussed in detail in Section
1.2.3. and 1.3..

Figure 1.3. Classiﬁcation of photovoltaic solar cells into three categories, ﬁrstgeneration (I), second-generation (II) and third-generation (III), based on the nature
of the materials used and associated cost of electric power generation.
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1.2.2. Working Principle of the Solar Cell
At the heart of each ﬁrst- and second-generation solar cell lies the semiconductor.
When two atoms are bonded together their highest occupied molecular orbital
(HOMO) and lowest unoccupied molecular orbital (LUMO) levels merge to form
a linear combination of orbitals with new energies. When many silicon atoms
are bonded together, as is the case in a crystal lattice, individual frontier orbitals
agglomerate into bands of electron rich and electron deﬁcient orbitals (Figure 1.4).

Figure 1.4. Band structures of (a) an insulator, (b) a conductor and (c) a semiconductor.

The valence band (VB) is the highest band ﬁlled with electrons and the valence
band edge (EV ) is the upper edge of the VB. The conduction band (CB) is the
lowest band deﬁcient of electrons and the conduction band edge (EC ) is the lower
edge of the CB. The gap that is formed between the valence and conduction bands
is called the bandgap, with its corresponding bandgap energy (Eg ). Electrons
cannot be transferred from the VB to the CB when a material has a large Eg . The
material is then called an insulator, since it cannot conduct electricity (Figure 1.4
a). When Eg is small or non-existing, electrons can move from the VB to the
CB by thermalization, and can conduct electricity, hence the material is called a
9
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conductor (Figure 1.4 b). When Eg is large enough that only a small amount of
electrons can move from the VB to the CB by thermalization and small enough
that electrons can be excited between these bands by light, the material is called
a semiconductor (Figure 1.4 c). The excitation of an electron from the VB to the
CB is termed a "direct bandgap excitation" and is analogous to a HOMO–LUMO
excitation in a molecular species. The energy of the incident photon must be equal
or greater than Eg in order to facilitate promotion of an electron from the CB to
the VB. Photons that are higher in energy than Eg excite the electron high into
the CB. The electron will then thermalize back to the EC , and all excess energy is
lost as heat. It has been calculated that the ideal Eg is 1.1 eV, and it is therefore
that silicon with a Eg of 1.12 eV is often the material of choice, which will be
discussed in depth in Chapter 2. 26

Figure 1.5. a) Individual energy levels of p-doped and n-doped semiconductors. b)
Band-bending that is formed between the EC and EV of the semiconductors when a p–n
junction is formed.

Two ohmic contacts attached to a piece of pure silicon in the light will not produce a
photocurrent. A potential is required to move the electron through the conduction
band to the contact. To create this driving force, the silicon is doped, achieved by
incorporating a small amount of atoms that have either an extra valence electron
(i.e. phosphorous), or have one valence electron less (i.e. boron or aluminium).
10
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For example, when the material is doped with phosphorus, the material is said
to be n-doped, since it has more electrons (Figure 1.5 a). Conversely, when the
material is doped with boron the material is said to be p-doped, since it has a net
electron deﬁciency.
The n-doped material has a higher Fermi level (EF ), which is equivalent to the
chemical potential energy of the material and explained in detail in Chapter 2.
The higher EF can be explained by the increased amount of high-energy electrons
in the material. In contrast, the p-doped material has a lower EF , since it has less
high-energy electrons in the material (Figure 1.5 a).
When the n- and p-doped materials are brought together, the EF will be equal
throughout the newly formed material. This assembly will cause band-bending at
the p–n junction of the EV and EC of the two materials (Figure 1.5 b), which
creates a potential diﬀerence that generates a driving force to move electrons from
the p-doped material to the n-doped material.
The photogenerated-electrons in the CB are the free charge carriers, since they are
free to move the charge around in this band. Likewise, a hole is the free charge
carrier in the VB of the semiconductor. Holes are quasi-particles (not physical
particles), and they describe the places in the semiconductor void of electrons,
and therefore carry the positive charge in the VB. Electrons, holes and free charge
carriers will be discussed in more detail in Chapter 2.

1.2.3. Third-generation Solar Cells
While a semiconductor and p–n junction are present in all types of solar cells, the
junction can take various forms. In this section, several third-generation solar cells
are outlined and are brieﬂy discussed. One type of third-generation solar cell is the
OPV cell, in which the semiconductor is made from organic materials. In a typical
OPV solar cell, a layer of glass is coated with a layer of transparent conductive
oxide (TCO). 27 On this layer, an electron-transport layer (ETL) is deposited that
serves to selectively transport photogenerated electrons to the front contact. On
top of the ETL an organic layer is deposited that has a relatively high EF , and
therefore functions similar to that of the n-doped silicon. Subsequently, a second
organic layer is deposited that has a relatively low EF , and therefore paralleling the

11
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p-doped silicon. After this, a hole-transport layer (HTL) is deposited, that serves
to extract holes from the organic material. 28 Finally, a back contact is installed,
to which an external circuit can be connected. 27 OPV solar cells are especially
interesting for applications at low light intensity, for which an impressive PCE of
26% has been recorded, while the current record PCE under 1 Sun illumination
(Chapter 2) is 18%. 29,30 Also, since OPV is a thin-ﬁlm technology, they can
be applied on ﬂexible materials. 31 The major drawback of OPV solar cells is the
sealing of the solar cell, since the organic molecules in the OPV cell can readily
react with oxygen in the air when they are in their photo-excited state. Due to this
sealing-problem, many high performing OPV solar cells lack long-term stability.
Another promising third-generation solar cell—that is similar to the OPV solar
cell—is the perovskite solar cell. In the silicon solar cell, the role of the semiconductor was both to absorb light and to function as an ETL. The semiconductor
therefore also creates directionality to the photogenerated current. On a layer of
TCO coated glass, an ETL is deposited. In perovskite cells, this layer is a semiconductor and is almost always a layer of TiO2 . On the ETL a layer of perovskite
material is deposited, which is a class of materials that follow the ABX3 chemical
formula in which B is often lead. The material has a cubic structure into which
methylammonium cations are encapsulated. The perovskite material has excellent
light absorbing and conducting properties. On the perovskite layer a HTL is deposited, and ﬁnally a contact is installed at the back. Light is absorbed by the
perovskite material and the excited electrons and hole are injected into the ETL
and HTL respectively. 32
The ﬁrst reported perovskite solar cell in 2009, already showed a PCE of 3.81%
with a liquid HTL. 33 Liu et al. drastically improved upon this system using a
solid-state HTL, reaching a PCE of 12.3%. 34 Within a decade, reported eﬃciencies
reached 20.1%, which is an unprecedented pace of development. Unfortunately,
there are two major drawbacks, withholding large scale commercial applications
for the perovskite solar cell. First, the organolead compounds are toxic and may
hamper the use of perovskite solar cells. Second, like the OPV solar cells, is the
stability of the perovskite solar cells. Highly eﬃcient (>15%) perovskite solar
cells suﬀer from light and temperature stability issues, and some only show stable
performance for a few hours rather than years. 35
12
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1.3. Dye-Sensitized Solar Cells
In 1991, Michael Grätzel and Brian O’Regan published the ﬁrst dye-sensitized
solar cell (DSSC). 36 The solar cell was revolutionary because, unlike the silicon
solar cells, the DSSC did not need high-purity materials for high PCEs. Silicon
solar cells need pure silicon crystals and any defects generally lower the eﬃciency,
while for DSSCs controlled defects can sometimes lead to an improved eﬃciency. 37
A DSSC is fabricated by depositing a layer of semiconducting metal oxide nanoparticles onto a TCO-covered piece of glass. Molecular dyes are adsorbed on these
nanoparticles, functioning as light harvesters. A liquid redox-active electrolyte
that holds a redox mediator (RM) and functions as the hole-transport material (HTM), is present in between the nanoparticles. This redox-active electrolyte
is in contact with the back contact or counter electrode (CE) that is covered with
a conducting material, such as platinum nanoparticles (Figure 1.6). 38

Figure 1.6. A schematic representation of a dye-sensitized solar cell, adapted from
Kalyanasundaram et al. 13
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1.3.1. Working Principle of Dye-Sensitized Solar Cells
The reason that the DSSCs do not need very pure crystalline materials, is because
the working principle is diﬀerent than silicon solar cells. There are two classes of
DSSCs—n-type and p-type—the diﬀerence between the two types is the direction
in which the current ﬂows, discussed in detail in Chapter 2. In this section, the
n-type DSSC will be discussed alongside the energy diagram showing all of the
main processes within a DSSC shown in Figure 1.7.

Figure 1.7. Energy diagram of a n-type DSSC. Photocurrent generating processes are
shown in green with (1) photon absorption (2) electron injection (3) electron diﬀusion
(4) hole injection and (5) electrolyte diﬀusion. Recombination processes are shown in red
with (6) ﬂuorescence (7) RM recombination and (8) dye recombination.

For the photocurrent generating process, a molecular dye ﬁrst absorbs a photon
and creates an electron–hole pair or exciton (1). The exciton is broken, and the
excited electron is injected into the CB of the semiconducting TiO2 nanoparticle
(2). In the TiO2 the electron diﬀuses towards the TCO contact layer by moving
through the sintered contacts between the nanoparticles (3). The hole is injected
14
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into the RM, i.e. the electron from the RM is supplied to the oxidized dye (4).
The oxidized RM diﬀuses from the working electrode (WE) to the CE where it
is regenerated (5). All of these processes contribute to a photogenerated current. 39
At the same time, undesirable recombination processes occur, leading to the loss
of photogenerated charges, which limit the PCE of the solar cell. In Figure 1.7,
these processes are shown in red and involve: ﬂuorescence (exciton recombination) from the LUMO to the HOMO (6), recombination of excited-electrons from
the semiconductor to the RM (7) and recombination of the excited-electron from
the semiconductor back to the dye (8). 39 The timescale of both photocurrentgenerating processes and recombination processes dictates the quantum-eﬃciency
of the solar cell. The timescale of these processes varies signiﬁcantly by the materials used for the solar cell. It is therefore not possible to provide general timescales
for each process. However, for illustration purposes the timescales of the most
standard n-type DSSC will be given. This standard DSSC has TiO2 nanoparti−
cles, a ruthenium-based dye and a I−
RM with a platinum nanoparticle CE.
3 /I

In general, the dye excitation process (1) happens almost instantaneously after
photon absorption. In the ruthenium-based solar cell the injection process (2)
occurs at the femtosecond timescale and is therefore considered a very fast process. 40 This fast injection ensures that exciton recombination via ﬂuorescence (6)
or recombination from the dye to the RM (not depicted), do not essentially occur.
Electron diﬀusion (5) through the TiO2 is relatively slow compared to the other
processes and happens at the millisecond timescale. Both recombination from the
semiconductor to the RM and from the semiconductor to the dye, happen at the
millisecond timescale, and are therefore heavily in competition with each other. 41
These recombination processes mostly hamper the quantum-eﬃciency of the solar cell. Hole injection (4) from the dye to the RM occurs at the microsecond
timescale similar to the rate of charge diﬀusion of the electrolyte from the WE to
the CE. 39,42
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1.3.2. State-of-the-Art of Dye-Sensitized Solar Cells
The ﬁrst DSSC reported by Grätzel and O’Regan achieved a PCE of 7.1% under
standard 100 mW cm−2 AM1.5 illumination. 36 In this study Grätzel and O’Regan
−
used a I−
3 /I redox couple and a ruthenium-based dye adsorbed to a mesoporous

TiO2 semiconductor layer. This mesoporous TiO2 layer allows for a high dye
loading, but in turn also creates a large surface area for semiconductor–RM recombination as TiO2 has a low electron transport mobility (1 × 10−4 cm2 V−1
s−1 ). 43 Since then, many studies have been performed to optimize each diﬀerent component of the DSSC. Some noteworthy ﬁndings will be discussed in this
section.
At the heart of the DSSC lies the molecular dye. While ruthenium-based dyes have
long excited-state lifetimes—thanks to stable triplet states—they also generally
suﬀer from a low molar absorbtivity, which is balanced by a thicker TiO2 layer.
To this end, organic push–pull dyes have been developed that have a higher molar
absorbtivity and therefore do not require a thick TiO2 layer. The HOMO and
LUMO in these dyes are spatially separated, which allows charge separation to
occur quickly after excitation. The LUMO is located close the semiconductor
surface, ensuring fast electron injection, while the HOMO is located away from
this surface, preventing semiconductor–dye recombination. Thanks to this spatial
separation, recombination from the semiconductor surface to the dye is prevented
and a higher PCE is obtained. By the introduction of alkyl-chains onto the organic
dye, semiconductor–RM recombination could be prevented even further and also
allowed for metal-based RMs that boosted the open-circuit voltage (V OC ) and
in turn the PCE. The SM315 porphyrin-based dye exploited this principle and
achieved an impressive long-standing record PCE of 13% (Figure 1.8). 44
Besides modiﬁcations to the dye, other components have also been revised. The
−
RM also plays an important part in the solar cell, and substitutes for the I−
3 /I

−
couple have been explored. 45 The main downside of using the I−
3 /I redox couple

is that it strongly absorbs light that competes with light absorption by the dye. To
this end, redox couples based on organocobalt complexes have shown promising
results. 46 To this date, the highest reported PCE of a DSSC, employing a push–
pull dye with a cobalt-based RM, amounts to 14.7%. 47
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Figure 1.8. The SM315 push–pull dye, adapted from Mathew et al. 44

The search for higher eﬃciency DSSCs is still ongoing and there are many ways to
develop these solar cells. One promising approach is the use of so-called tandem
DSSCs. These cells have two dye-covered photoelectrodes (PEs) rather than one
PE and a CE. The tandem DSSC is thus a combination of a n-type DSSC and
a p-type DSSC. It is generally the p-type side of the tandem cell that diminishes
the overall tandem solar cell performance. To this end p-type DSSCs are also
investigated extensively. The highest reported PCE today of a tandem DSSC is
only 1.91%, discussed in greater detail in Chapter 5. 48
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1.3.3. p-type Dye-Sensitized Solar Cells
As mentioned at the beginning of this section, the photocurrent of a p-type DSSC
runs in the opposite direction than that of its n-type counterpart. This means
that the overall processes shown in Figure 1.7 are the same, but occur at diﬀerent interfaces. Hole injection, for example, now occurs at the dye–semiconductor
interface. While this seems like a trivial change, the change of direction of the
ﬂow of current has major consequences to the performance of the cell. Figure 1.9
shows the energy diagram with the photogeneration and recombination processes
of a p-type DSSC.

Figure 1.9. Energy diagram of a p-DSSC. Photocurrent generating processes are shown
in green with (1) photon absorption, (2) hole injection, (3) hole diﬀusion, (4) electron
injection and (5) electrolyte diﬀusion. Recombination processes are shown in red with (6)
ﬂuorescence, (7) RM recombination and (8) dye recombination.

The light absorption process is the same as for n-type solar cell (1), but from this
point the direction changes. Rather than electron injection from the excited dye to
18
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the semiconductor CB to yield the oxidized dye, there is now hole injection from
the excited dye to the VB to generate a reduced dye (2). From this point, the
injected hole needs to diﬀuse through the semiconductor to the TCO (3). Next,
the reduced dye transfers its photoexcited electron into the RM to regenerate the
dye (4). The reduced RM then diﬀuses to the counter electrode for regeneration
and the electron is collected (5). Hole diﬀusion in p-type semiconductors is a 100
fold slower compared to electron diﬀusion in n-type semiconductors (NiO hole
mobility: 1 × 10−6 cm2 V-1 s-1 , TiO2 electron mobility: 1 × 10−4 cm2 V-1 s-1 ). 43,49
For this reason, recombination processes from the dye to the semiconductor or
from the RM to the semiconductor are much more prevalent leading to a lower
PCE.
The ﬁrst reported p-type DSSC only reached a PCE of 0.0078% using a NiO
semiconductor and Erythrosin B as the dye. 50 Similar strategies as in n-type
DSSCs have been used to increase the eﬃciency of p-type DSSCs. In 2015 Perera
et al. reported the highest p-type DSSC to date, with a PCE of 2.51%. 51 In this
research they used a push–pull dye in combination with an iron-based RM and a
NiO semiconductor (Figure 1.10).

Figure 1.10. a) The PMI-T6-TPA push–pull dye and b) the [Fe(acac) 3 ] 0/−1 RM,
adapted from Perera et al. 51
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Although the eﬃciency reported by Perera et al. is greatly enhanced compared
to the seminal example of a NiO DSSC, it is still much lower than the n-type
DSSCs. The NiO semiconductor is the limiting factor in these p-type DSSCs due
to its slow hole mobility and its light absorbing properties. Many attempts have
been made to ﬁnd a suitable replacement for NiO, with some promising results.
CuO 52,53 and copper delafossite(CuCrO2, CuAlO2, CuGaO2) 54–56 are amongst
these promising alternatives, but are not commercially available due to tedious
synthetic preparation methods.
As mentioned at the beginning of this section, the performance of p-type DSSCs
need to be enhanced for high eﬃciency tandem solar cells. However, tandem
solar cells are not the only reason that p-type DSSCs are investigated. Dyesensitized photoelectrochemical cells (DSPECs) heavily relies on well-developed
p-type photoelectrodes. DSPECs are a part of the solar-to-fuels research ﬁeld,
which will be outlined and discussed in the following section.
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1.4. Solar-to-Fuels
Solar energy is an intermittent source of energy, meaning that it does not generate
a consistent ﬂow of energy, which makes the usage of solar energy as a baseload
generator diﬃcult. The supply of solar energy naturally ﬂuctuates at diﬀerent
timescales. Hourly, there can be weather-related ﬂuctuations such as cloud formations. Daily, the Earth is rotating around the Sun resulting in day and night
cycles. In terms of solar energy this means that there are periods in which there
is an abundant source of solar energy and periods that it is not present at all.
Yearly, there are seasonal ﬂuctuations resulting in a high supply of solar energy in
the summer and a low supply during the winter. Ironically, the periods of greatest energy demands in the northern hemisphere, requires the most energy at the
periods that solar energy input is at its lowest, such as in the evening and in the
winter. This mismatch between solar energy supply and demand forms a problem
to the use of solar energy as a baseload generator (Figure 1.11).

Figure 1.11. Mismatch between Solar Energy supply and demand, with energy on the
y-axis and the time of day on the x-axis.
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The reality is that we need to invoke storage of excess solar energy to use in periods with greater demand to ensure a stable supply of renewable energy. There
are many technologies available to store energy, based on converting solar energy
into electrical, 57 thermal, 58 mechanical, 59 magnetic, 60 or chemical energy. 61 All of
these energy storage technologies can fulﬁll diﬀerent roles in the energy transition,
depending on local availability and function. In-depth analysis of these technologies is beyond the scope of this thesis. The goal here is to store large amounts
of energy for long periods of time, and to this end chemical energy storage in the
form of fuel is an excellent option.
There are several ways to convert solar energy to fuels, this can either be done
indirectly or directly. One way to indirectly convert solar energy to fuels is by the
use of electrolyzers. The electrolyzer considered in this case can split water into
molecular oxygen and hydrogen, and is fueled by electricity that can be supplied
by the photovoltaic technologies shown in the previous section. The hydrogen gas
can be used further for chemical processing, as a fuel, or stored for later use. One
major beneﬁt of using this indirect route, is that the source of the electrical energy
is irrelevant. Diﬀerent sustainable energy sources such as hydro, wind, geothermal
or tidal energy can also be fed into the electrolyzer (Figure 1.12). This makes the
use of electrolyzers a very attractive option to regulate and store future ﬂows of
sustainable energy. 62

Figure 1.12. Grid assisted PV–Electrolyzer module, adapted from Mohammadi et al. 62
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1.4.1. Natural Photosynthesis
Directly storing solar energy as fuels is one of the oldest processes on Earth,
performed by microorganisms over 3 billion years ago through photosynthesis.
Early microbial organisms employed oxygenic photosynthesis, splitting water and
thereby releasing oxygen into the atmosphere. 63 Later, organisms evolved to use
carbon dioxide to form the photosynthetic process we know today, where carbon
dioxide, water and solar energy are converted into carbohydrates and oxygen.
Photosynthesis in plants and algae occurs within an organelle called the chloroplast (Figure 1.13). The chloroplast consists of an inner and outer membrane that
hold the stroma, which is the aqueous space where the light independent (dark)
reactions take place such as CO2 reduction. Inside this stroma are closed membrane vesicles called the "thylakoid" that envelops the thylakoid space or lumen.
Separating the stroma from the lumen is the thylakoid membrane and it is within
this membrane where the light driven reactions occur.

Figure 1.13. Overview of the structure of a chloroplast.
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Inside the thylakoid membrane are three protein complexes that are responsible
for the photochemistry and the photosynthetic redox processes. These protein
complexes are: photosystem II (PSII), cytochrome b6 f (Cyt b 6 f ) and photosystem
I (PSI), which are shown in a Z -scheme depicted in Figure 1.14. 64 In PSII and PSI
the light is absorbed by a light-harvesting complex (LHC) (1), which is comprised
of chlorophyll a and accessory pigments like chlorophyll b, c and d, carotenes,
xanthophylls and phycobiliproteins. 65 The presence and amount of the accessory
pigments vary between diﬀerent species. This LHC, funnels high-energy photons to
the reaction center of the photosystems—which is also a chlorophyll a molecule—
denoted P680 in PSII and P700 in PSI. 66 The names of these reaction centers
correspond to the wavelength at which the light absorption is at its maximum.

Figure 1.14. Z-scheme of oxygenic photosynthesis, showing the PSII, Cyt b6 f and PSII
complexes and the electron pathway in red.

At the heart of PSII is an oxygen evolution complex (OEC) with an inorganic
core composed of a manganese-calcium cluster that can catalyze water splitting
to liberate oxygen and protons into the stroma (2). 67 The excited electron is then
transported via several cascade reactions to pheophytin, plastoquinone QA , then
to polypeptide bound plastoquinone QB and to the Cyt b 6 f complex (3). 68 This
complex catalyzes the transfer of electrons from lipophilic PQH2 plastoquinone to
the soluble plastocyanin (PC). During the transfer of these electrons, protons are
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drawn from the stroma into the lumen generating a proton gradient that is used
by the ATP-synthase enzyme to convert ADP into ATP.
The PC is a mobile electron carrier that delivers its electron to PSI (4), where the
electron is excited once more (5). Now, the electron is again transferred via several
intermediates (including A1, FX, FA, and FB) to a ferrodoxin–NADP+ reductase
(FNR) enzyme that catalyzes the production of NADPH (6). The NADPH and
the ATP are the energy carriers that are subsequently supplied to the Calvin-cycle,
where carbon dioxide (CO2 ) is converted into carbohydrates.
Even though the process of photosynthesis is complex, most organisms employing the Z -scheme shown in Figure 1.14 achieve quantum eﬃciencies up to 100%
under optimal conditions. 69 The eﬃciency for storing the energy of photons into
carbohydrates in plants is much lower (1%), which is still more than enough to
sustain life on this planet but not for the current human energy needs. 70,71 Exploiting natural photosynthesis for the energy needs of human production can be
done for example by growing fast-growing high energy crops such as sugar cane,
which can then be fermented to achieve bulk-chemicals such as ethanol, n-butanol
and acetone. 72 This method requires arable land that is also used for food production and therefore undesirable for large scale applications. 6 Another method is
to use micro-algae to directly produce hydrogen or higher forms of hydrocarbons,
which can yield an impressive solar-to-product eﬃciency of 7% also making it an
interesting ﬁeld for further development. 73,74 Natural photosynthesis can also be a
source of inspiration for new energy storage technologies. Rather than exploiting
natural photosynthesis, the core processes and fundamental ideas can be exploited
and replicated, which led to ﬁeld of artiﬁcial photosynthesis.
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1.4.2. Artiﬁcial Photosynthesis
Artiﬁcial photosynthesis draws inspiration from the core processes of natural photosynthesis. These processes are: the harvesting of solar energy followed by lightdriven redox reactions, primarily the oxidation of water coupled to the reductive
synthesis of fuels. 75 The harvesting of solar energy in an artiﬁcial device is performed by the photosensitizers or semiconductors, and should generate enough
potential to oxidize water at the anode and to produce fuels with the photogenerated photons and electrons at the cathode. 76 Table 1.1 shows various solar-to-fuel
reactions with their respective thermodynamic potentials (ΔE) and the number
of electrons involved. 13 It is important to realize that these are thermodynamic
potentials and that energy losses occur in any (natural or artiﬁcial) device, due to
activation energy barriers that need to be overcome. Therefore, the real potential
needed for the reaction will always be higher than the values in Table 1.1.
Table 1.1. Some relevant solar-to-fuel reactions with their respective thermodynamic potentials vs. normal hydrogen electrode (NHE).

Reaction

# of electrons

ΔE (V)

H2O(l)
H2(g) + 12 O2(g)
CO2(g)
CO(g) + 12 O2(g)
CO2(g) + H2O(l)
HCOOH(l) + 12 O2(g)
HCHO(g) + O2(g)
CO2(g) + H2O(l)
CO2(g) + 2 H2O(l)
CH3OH(l) + 13 O2(g)
CH4(g) + 2 O2(g)
CO2(g) + 2 H2O(l)
N2(g) + 3 H2O(l)
2 NH3(g) + 12 O2(g)
1
CO2(g) + H2O(l)
6 C6H12O6(s) + O2(g)

2
2
2
4
6
8
6
4

1.23
1.33
1.48
1.35
1.21
1.06
1.17
1.24

Another point to realize is that the reaction with the lowest ΔE is not necessarily
the easiest reaction to achieve in an artiﬁcial device. In Table 1.1, converting CO2
and H2O to methane gas has the lowest thermodynamic potential, but also involves
8 electrons. This means that intermediates in this cycle are present that can be
high in energy. Facilitating multiple electron reactions, requires a complicated
artiﬁcial system that can process the multiple reaction steps involved. With these
points considered, the ﬁrst reaction in Table 1.1 is often chosen for the development
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of artiﬁcial photosynthetic devices. This reaction entails the conversion of water
to dihydrogen (H2) and dioxygen (O2), with the focus of the subsequent sections
centered on this reaction. The redox-reaction of converting water to H2 and O2
can be split into the following two half-reactions (Equation 1.1 and 1.2). 77
H2O

2 H+ +

2 H+ + 2 e–

1
O + 2 e–
2 2
H2

E1/2 = 1.23 V

1.1

E1/2 = 0 V

1.2

In an artiﬁcial photosynthetic device, the two half-reactions need to take place
at diﬀerent locations. Catalysts are needed to facilitate these reactions, and to
lower the energy losses. A water oxidation catalyst (WOC) is needed for the ﬁrst
half-reaction (Equation 1.1), and a proton reduction catalyst (PRC) is required for
the second reaction (Equation 1.2). It must be noted, that the pH of the reaction
is important since both half reactions are pH dependent (Figure 1.15).

Figure 1.15. Relationship of the pH and ΔE vs. NHE of the H2 and O2 producing
half-reaction.
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Under acidic conditions (pH 0) proton reduction is favored and requires little (to
no) potential (0 V vs. NHE), while water splitting requires a relatively high potential (1.23 V vs. NHE). Under basic conditions (pH 14) the situation is reversed
and proton reduction requires a relatively high potential (-0.86 V vs. NHE), compared to water splitting (0.37 V vs. NHE). Notice, that the diﬀerence in potential
between the two reactions will always be equal (1.23 V vs. NHE). When designing
artiﬁcial photosynthetic devices, the pH must therefore always be kept in mind.
At this point we have introduced all of the core components for an artiﬁcial photosynthetic device. These components are a semiconductor, a photosensitizer, a
WOC and a PRC, and many artiﬁcial photosynthetic device designs can be envisioned using only these components. One speciﬁc design will be outlined in this
thesis, since it closely resembles the previously discussed DSSC. This design is the
dye-sensitized photoelectrochemical cell (DSPEC) and will be discussed in greater
detail in the following section.

1.4.3. Dye-Sensitized Photoelectrochemical Cells
Figure 1.16 illustrates the energy diagram of a DSPEC with all of the electron
transfer processes in the device outlined. It is similar to the processes of the DSSC
shown in Figure 1.7. The DSPEC is comprised of two compartments that are often
separated by a proton-exchange membrane (dashed line in Figure 1.16). This
membrane allows for the diﬀusion of protons, but not of any larger molecules or
gases, preventing the formation of a hydrogen–oxygen mixutre. Also, homogeneous
catalysts for example, that are present in the solution of one compartment cannot
diﬀuse to the other compartment to produce undesirable reactions.
The water oxidation reaction proceeds at the photoanode (Figure 1.16, left). In the
photoanode compartment, a dye is ﬁrst excited by a photon to generate an exciton
(1). This process is quickly succeeded by electron injection from the excited dye
into the CB of the ﬁrst semiconductor (2), followed by electron diﬀusion through
this semiconductor to the TCO (3). Up to this point, all of the processes are similar
to those of a DSSC shown in Figure 1.7. Hole injection from the oxidized dye to
the WOC needs to happen (4), since this creates the driving force for the WOC to
split water into oxygen and protons (5). Unfortunately, here also recombination
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Figure 1.16. Schematic diagram of a DSPEC with the relevant electron transfer processes. (1) excitation, (2) electron injection, (3) electron diﬀusion, (4) hole injection into
WOC, (5) water oxidation, (6) hole diﬀusion, (7) hole injection, (8) electron injection
into PRC, (9) proton reduction, (10) ﬂuorescence, (11) catalyst recombination and (12)
dye recombination.

reactions can occur and these are again depicted in red in Figure 1.16.
At the photocathode (Figure 1.16, right), a similar sequence of processes occurs,
comparable to those in a p-type DSSC (Figure 1.9). Here, a dye is excited by
a photon to create an exciton (1). The energy of this photon is ideally diﬀerent
than that of the ﬁrst dye, otherwise they will compete for the same photons. Hole
injection from the excited dye into the second semiconductor (7) and hole diﬀusion
throught this semiconductor to the TCO (6) are the next steps in the sequence.
These are then followed by electron transfer from the reduced dye to the PRC (8),
that drives the proton reduction reaction (9). Also, the recombination processes
shown in red are similar to that of the photoanode.
While the scheme might seem very similar to the DSSCs, there are several diﬀerent aspects to consider in DSPECs. First, both the WOC and the PRC require
multiple electrons for their electrocatalytic reactions. In Figure 1.16 only singleelectron pathways are depicted. It is important to realize that a dye can only
oxidize or reduce a catalyst with one electron at a time. This means, that in order
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to fully perform a water oxidation or proton reduction reaction, the catalysts need
to obtain the several individual oxidative or reductive equivalents from multiple
dyes. This entails, that the intermediate states of the catalyst need to be stable
for a long enough period so that a dye can reduce or oxidize it multiple times.
Secondly, the DSPEC behaves similarly as a tandem DSSC. This means that all
of the processes depicted in Figure 1.16 are linked in series and that the rate of
the overall process is limited by the slowest process, which are the catalytic rates
of both water oxidation (1–400 s−1 ) 78,79 and proton reduction (1–106 s−1 ). 80,81
These rates in combination with the poor performance of the tandem DSSC makes
the solar-to-hydrogen eﬃciencies of these DSPEC devices quite poor (0.05%). 82 In
this thesis the focus will be on the p-type photocathode of the DSPEC, since the
photoanode produces currents up to 1.7 mA cm−2 , while those of the photocathode
are in the range of 10–20 μA cm−2 , making it the performance limiting electrode. 80
One way to selectively study the photocathode, is by using a three-electrode setup
with a bias potential (p-type DSPEC, Figure 1.17) to ensure that the reactions at
the anode do not limit the PRC rate, and therefore the performance is limited by
the photocathode.

Figure 1.17. Schematic diagram of a three-electrode DSPEC setup for studying the photocathode with the relevant electron transfer processes. (1) excitation, (2) hole injection,
(3) hole diﬀusion, (4) electron injection into PRC, (5) proton reduction, (6) water oxidation at the CE (7) ﬂuorescence, (8) catalyst recombination and (9) dye recombination.
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This type of setup also allows for better comparisons between various photocathodes. With the p-type DSPEC, there are several key parameters that can
be obtained, such as the photocurrent density, the faradaic eﬃciency—deﬁned
as the total amount of hydrogen produced in moles over the total amount of
photogenerated-electrons in moles—and the applied potential. For an ideal p-type
DSPEC a high photocurrent, a faradaic eﬃciency near unity and no applied bias
potential is desired.
There are still many components and variables that can be altered when focusing
on photocathode development. While the semiconductor, dye and catalyst play an
important role within the DSPEC, also the proton source, pH, solvent, buﬀer solution and even temperature inﬂuence the performance of the device. This means,
that the number of combinations for optimization are abundant. There are many
studies regarding these combinations that are neatly summarized into several reviews. 14,80,81,83,84 In Chapter 5 some DSPEC conﬁgurations will be discussed
in more detail. It is also diﬃcult to assign a best performing device, as a p-type
DSPEC with a high current and high overpotential cannot be compared with a
p-type DSPEC with a low current and low overpotential.
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Outline
The overall goal is to develop a dye-sensitized photoelectrochemical cell (DSPEC)
with cheap and abundant materials, that functions at a low overpotential and with
a high activity. In this dissertation, several concepts and components that should
improve the design and development of such a device are investigated in more
detail. A bottom-up approach is used to study in-depth the current limitations
of the DSPEC, and the dye-sensitized solar cell (DSSC) is therefore the starting
point of this thesis.
We found during our research, that there are disciplinary barriers involved in
the ﬁeld of DSSCs. In Chapter 2, a detailed overview is given for scientists
that are starting their research on DSSCs. We do this by introducing the fundamental concepts and parameters that are associated with DSSCs, followed by
proper measurement techniques and DSSC-market considerations. We believe that
a multi-disciplinary foundation is key to the development of DSSCs.
In Chapter 3, we studied polyoxometalates (POMs) as redox mediators (RMs)
for p-type DSSCs. POMs have high reduction potentials, making them ideal to
enhance the open-circuit voltage (V OC ) of the DSSC. We discovered that the
−
POM-based DSSCs showed an increased V OC with respect to the I−
redox
3 /I

couple. In addition to this, we found that the POMs absorb signiﬁcantly less light
−
than the I−
3 /I redox couple. Unfortunately, the solubility of the POMs is quite

low, making it diﬃcult to obtain a high short-circuit current density (J SC ).
We continued our studies on p-type DSSCs in Chapter 4, where we investigated
the eﬀect of the molecular anchoring group of the dye. In this chapter, we show
that a small change of a methylene moiety, generating a more electron donating anchoring group enhances the performance of the DSSC signiﬁcantly. The
increased performance was analyzed in depth by UV–Vis and ﬂuorescence spectroscopy, electrical impedance spectroscopy (EIS) and incident photon-to-electron
conversion eﬃciency (IPCE) measurements.
Finally, we turn our attention to the DSPEC systems in Chapter 5. We designed a unique system that exploits supramolecular interactions between the dye
and a proton reduction catalyst (PRC) aiming to enhance the performance of the
DSPEC. Several strategies to access the envisioned catalyst were up to now un-
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successful, so unfortunately the performance of the envisioned system could not
be determined. We were able to prove that a similar PRC is able to anchor itself
onto the molecular dye, showing promising potential for future studies.
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Dye-Sensitized Solar Cells:
A Guidebook for Starting Scientists

"In learning you will teach, and in teaching you will learn – Phil Collins"

Chapter 2

Introduction
When Grätzel and O’Regan published the ﬁrst dye-sensitized solar cell (DSSC)
in 1991, there was the promise of a high eﬃciency solar cell with a reduction in
production costs, compared to traditional solar cells. 1 While much progress has
been made in the ﬁeld of DSSCs, the eﬃciency remains too low and the costs
too high compared to traditional silicon-based solar cells. To date, there are
20,815 studies published on the topic of DSSCs, which is an impressive number
for thirty years of research. 2 These studies cover a wide variety of disciplines,
including: spectroscopy, electrical engineering, nanofabrication, electrochemistry,
organic chemistry, inorganic chemistry, condensed matter physics, environmental
sciences and techno-economics. The level at which the studies are performed, also
span from fundamental research to commercial viability analyses, while the type of
study can range from highly theoretical to purely experimental. Studies often limit
themselves to one of these three focus areas (scientiﬁc discipline, level, or type), and
are all subjected to their own terminology and background knowledge. Therefore,
scientists starting in the DSSC ﬁeld are often confronted with disciplinary barriers.
To truly advance the ﬁeld of DSSCs, an interdisciplinary approach is needed.
This chapter aims to serve as a bridge between the physicists and chemists, the
theoreticians and experimentalists, and how fundamental insight translates into
commercial viability. We hope to construct these bridges, by providing a basis of
fundamental concepts that form the foundation for the starting DSSC scientist.
The purpose of a solar cell is to convert photonic energy into electrical energy.
From a commercial standpoint, the solar cell is only commercially viable if the
cost of electricity produced by the solar cell is equal or lower than that of competitive power production technologies. To fairly compare the costs of diﬀerent
sources of electricity, the so-called "levelized cost of electricity" (LCOE) is used.
The LCOE is the minimum price that the electricity must be sold for in order
for a project to break even and it includes the manufacturing, operating and fuel
costs during the lifetime of the project. 3 The global average LCOE of gas turbines
and coal gasiﬁcation range between US 90–110$ MWh−1 and US 80–100$ MWh−1
respectively and similarly traditional silicon-based solar cells have an LCOE of
US 100$ MWh−1 . 4 The LCOE of the silicon-based solar cell ranges between US
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63–179$ MWh−1 and the LCOE of DSSCs should therefore be in the same range. 5
The costs are mainly determined by the stability, materials and the power conversion eﬃciency (PCE) of the solar cell. The PCE is most often used in studies
to compare one solar cell to another, while long-term stability studies are often
invoked at a later stage of development. It needs to be emphasized, however,
that stability studies are equally relevant as the eﬃciency research to asses the
commercial viability of the solar cell.
In this chapter, the most basic model for a solar cell will be presented ﬁrst, onto
which more complexity will be added by adding more components. From this
model, many parameters will arise, and their physical meaning will be explained
in detail. Furthermore, proper measurement techniques of these parameters will
be given in order to bridge the experiments to the theory. The aim of this bottomup approach is to provide insight in, and appreciation for the connection between
the fundamental parameters to the overall device performance. Finally, we will
circle back to the techno-economic requirements of the individual components in
Section 2.9. to place them into cost perspective.
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2.1. The Photon Energy Source
The simplest model of a solar cell is a box where power from photons (Pph in W)
is used as input and electrical power (Pel in W) is obtained as output (Figure 2.1).

Figure 2.1. Simple box model of a solar cell.

From this simple model the power conversion eﬃciency (PCE) can be derived,
which is simply the Pel that is obtained from the cell divided by the Pph going
into the solar cell and it is most often denoted by η (%) (Equation 2.1). 6
η=

Pel
× 100%
Pph

2.1

While often overlooked, the Pph is equally important as the Pel of the solar cell.
In this section, an overview will be given of the relevant aspects to consider when
deciding on a light source.
It is easy to assume that the PCE of a certain solar cell is a ﬁxed number and
that it is independent of the light source. This assumption is however incorrect
and it is even more probable that the PCE is highly dependent on the source of
light, which will be discussed in more depth later in this section. There are two
parameters that determine the energy coming from a source of light: the amount
of photons or photon ﬂux (Φph in s−1 ) and the energy of each photon (Eph in J).
Recall, that according to the Planck–Einstein relationship, the wavelength (λ in
nm) and Eph are related as shown in Equation 2.2. In this equation h is Planck’s
constant (J s) and c is the speed of light in vacuum (m s−1 ). 7
Eph =

hc
λ

2.2

Every type of light source has a unique spectral ﬁngerprint, since they are made
from diﬀerent materials. This can be shown by plotting Φph against λ. 8 Figure
2.2 shows these spectral ﬁngerprints for several diﬀerent light sources.
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Figure 2.2. Spectral ﬁngerprints (in the visible range) of various widely used light
sources, adapted from Gupta et al. 8

The total energy of a light source can be obtained by adding all the photons (with
their respective energies) together. Mathematically this is performed by integrating the photon ﬂux multiplied by the photon energy over the entire spectrum
(λmin–λmax) as is shown in Equation 2.3.


λmax

Pph =

Φph (λ)Eph (λ) dλ

2.3

λmin

Before measuring a solar cell, it is crucial to know the spectrum of the incoming
light. It is always good practice to measure the spectrum of the light source before
any analysis of the performance of the solar cell. This measurement can be done
by using a spectrophotometer or photodiode that can determine the photon ﬂux
exactly at the point at which the solar cell will be placed. 9 The experimentalist
should always be aware that some light sources need to warm up and the spectrum
can change over time, due to the heating of the materials that constitute the
light source. 10 Therefore one must let the light source warm up and equilibrate
for a while, before measuring the photon ﬂux or the solar cell. Alternatively,
this problem can be circumvented by an improved measurement setup, where the
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incoming beam from the light source is split in two and one of the beams is directed
to the spectrophotometer, while the other is directed to the solar cell. Using this
"two-beam" measurement setup allows for continuous measuring of the photon
ﬂux, giving a very high accuracy of the total incoming photon energy and by
extension also the PCE. 11
Solar cells, as a function of the material used, only absorb a certain range of the
light spectrum, something that will be discussed in detail in Section 2.5.1. It is
partly because of this that the PCE of a certain solar cell technology can be very
diﬀerent, depending on the light source. If for example, a solar cell exclusively
absorbs light in the region of 400–500 nm, a PCE measurement using an LED
light that emits in this same region, could yield an eﬃciency can reach up to
100%. If the PCE of this solar cell is then measured with a LED light that emits
in the region of 600–700 nm, the eﬃciency will be 0% since there are no photons
present that can be absorbed. It is because of these variations that a standard
spectrum has been chosen to evaluate all solar cells in a comparable fashion. For
PCE measurements of certiﬁed solar cells, the measurement has to be done using
a so-called AM1.5G spectrum, which will be explained in the following section. 12
There are however still situations in which diﬀerent spectra are more relevant, e.g.
if one is developing a solar cell for indoor lighting, it might be more relevant to
measure the solar cell with a simple halogen lamp. 13,14
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2.1.1. AM1.5G Spectrum
The word solar cell implies that the source of light is the Sun. The main issue
with the solar light source is that it is not uniformly distributed across the Solar
System or on Earth. The spectrum of the Sun can be described by a black body
radiator of 5800 K. 15,16 There is the vacuum of space between the Sun and the
Earth’s atmosphere, which means there are virtually no molecules or atoms that
can absorb light, therefore the solar spectrum at this point is denoted as Air
Mass 0. 17 Air Mass is the ratio of the path length of a direct sunbeam through
the atmosphere and the zenith — a point in the atmosphere directly above the
observer — at sea level (Figure 2.3).

Figure 2.3. Illustration showing the AM0, AM1 and AM1.5 pathway and the corresponding graph showing the spectra of a 5800K blackbody radiator, AM0 and AM1.5
standard spectrum adapted from Nayak et al. 18
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At the zenith the Air Mass is 1.0 and the spectrum at this point is therefore also
termed AM1G, where the G stands for global. The AM1.5G spectrum is the solar
spectrum obtained at 48.2° from the zenith. This spectrum has been chosen since
many of the population centres are located in this region, such as Europe, China,
Japan and the United States. 17
To obtain a certiﬁed and generally accepted PCE measurement, the light source
that provides the AM1.5G spectrum needs to be of AAA quality. 19 Each AM1.5G
light source is tested on three aspects: spectral mismatch, spatial non-uniformity
and temporal instability and is assigned a class from A to C. An AM1.5G light
source with an AAA rating has to have a spectral match of 0.75–1.25, which is how
well the spectrum matches the actual AM1.5G spectrum. It also needs a spatial
non-uniformity of less than 2%, which describes the distribution and consistency
of irradiance over an area. 20 Finally it also requires a temporal instability of less
than 0.5% on the short-term and 2% on the long-term, which is the consistency
of light output over a period of time. For the rest of this chapter, the AM1.5G
spectrum is always assumed unless, speciﬁcally stated otherwise.
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2.2. Photon Energy Conversion
There are two main steps required in every solar cell in order to convert photon
energy into electrical energy. First, the photon needs to be absorbed by a material
promoting an electron to a higher energetic state. The excited electron in most
materials can thermally relax back to its original state, dissipating heat in the
process. 21 The second step required is therefore to extract the excited electron
before it can relax and this process is called charge separation.
From the simplest model shown in Figure 2.1, where Pph is used as input for a box
and Pel is obtained as output, the box is substituted for a device that absorbs light
and separates charges (Figure 2.4). The semiconductor is the type of material used
in most traditional solar cells to fulﬁll the role of light absorption. 22 For simplicity,
the charge separation in the new model is achieved by two selective contacts,
which will be discussed later in this section. The semiconductor in combination
with a selective electron contact (SEC) and selective hole contact (SHC) will serve
as the second model. This simple and yet elegant model of a solar cell serves
as the foundation for more complex solar cells. Next, some basic and essential
semiconductor physics concerning this model will be outlined.

Figure 2.4. Simple solar cell model consisting of a semiconductor with two selective
contacts.
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2.2.1. The Semiconductor
Molecular orbital theory states, that when two orbitals with similar energy levels
come into close proximity of each other, they will mix and split, creating two new
orbitals. 21 In a single molecule, a linear combination of atomic orbitals can be
mixed to create larger molecular orbitals. 23 In a crystal lattice the same process
happens, but due to the enormous amount of atoms in a lattice, a very large
number of orbitals are close together in energy. 24 In semiconductor physics, this
combination of orbitals are termed "states" and a cluster of states is deﬁned as
a "band". There are two bands of speciﬁc interest in semiconductor physics in
determining the conductivity of a material. At 0 K, the highest band that is ﬁlled
with electrons is called the valence band (VB) and the top edge of this band is
termed the valence band edge (EV ). 21 Similarly, the lowest band that does not
contain any electrons at 0 K is called the conduction band (CB) and the bottom
edge of this band is termed the conduction band edge (EC ). Conceptually, the VB
and the CB are very similar to the highest occupied molecular orbital (HOMO)
and lowest unoccupied molecular orbital (LUMO) of a molecular system, with the
most important diﬀerence that the bands can hold a large number of electrons as
they are composed of many discrete HOMOs and LUMOs.
The energetic gap between the EC and the EV is called the band gap energy (Eg
in eV) and deﬁnes the properties and classiﬁcation of the material. A material
with a relatively small (<0.5 eV) Eg (or even no Eg at all) is called a conductor
(Figure 2.5, left). If Eg is relatively large (>4 eV) the material is called an insulator
(Figure 2.5, right) and ﬁnally, the class of materials that is in between a conductor
and an insulator is called a semiconductor (0.5–4 eV) (Figure 2.5, middle). 21
The main diﬀerence between the conductor, the semiconductor and the insulator
is their electrical conductivity. A conductor, as the name implies, is good at
conducting electrical current. Electrons from the VB can easily cross over to the
CB using only thermal energy, which is called excitation, and in this case thermal
excitation. 21 Once the electron is in the CB, it is free to move around the crystal
lattice. The free electron in the CB is aptly also called the "charge-carrier", since
it carries charge around the material. If a potential is applied between one end
of the conductor and the other end, the electron can freely move through this
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Figure 2.5. Band diagram of a conductor, semiconductor and insulator.

material resulting in a current that is ﬂowing.
When an electron jumps from the VB to the CB, it will leave behind a positive
charge that is termed a hole (speciﬁcally an electron-hole). A hole is a quasiparticle introduced for mathematical simplicity, since it is easier to describe the
movement of one quasi-particle than that of all other electrons. 25 The hole can
be described as a quasi-particle that has a mass (for the purposes of this chapter)
equal to that of an electron. The electron–hole pair is called an exciton. The
hole behaves opposite to that of an electron, since a hole wants to move upwards
on the potential energy scale, while an electron moves downwards due to their
opposite charges. The hole can move freely through the VB and is therefore the
charge-carrier in the VB. An intuitive way of thinking about holes is to see them
as bubbles in water. 25 A bubble can be described as moving upwards in the water,
while in reality water is constantly ﬁlling the empty air pocket.
When Eg is very large, as is the case in an insulator, the energy required to move
an electron from the VB to the CB is too high for thermal excitation. In this case,
there are no free charge-carriers present and therefore, no electrical conductivity
is measured.
The Eg semiconductor resides between that of a conductor and an insulator, and
is small enough that some electrons can be thermally excited from the VB to the
CB. More importantly, electrons can also be excited by photons to bridge the
Eg in a semiconductor. 21 For a solar cell depending on light absorption from the
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semiconductor, the material needs to be extremely pure and highly crystalline.
The traditional silicon-based solar cell for example, needs a purity of the silicon
wafer of at least 5N (5 nines or 99.999%). 26 This purity is required to prevent
any "trap states", which are states present between the VB and CB. 27 In a solar
cell, the semiconductor contains many charge-carriers created by light excitation.
The charge-carrier concentration determines many of the relevant properties in a
solar cell, such as the conductivity and the thermodynamic potential. The density
of states (DOS) and the Fermi function are two new concepts that describe the
charge-carrier concentration in a semiconductor. These will be discussed next.

Density of States and the Fermi Function
The density of states (DOS in eV cm−3 ) is a function that describes how many
states are present at a given energy level. It is proportional to the square root
of the energy level and is given by Equation 2.4 for the conduction band and
Equation 2.5 for the valence band. 28
√
3/2
8 2πme 
E − EC
h3

2.4

√
3/2
8 2πme 
EV − E
DOSV (E) =
h3

2.5

DOSC (E) =

In Equation 2.4 and 2.5, me is the eﬀective mass of the electron (kg) and h is
Planck’s constant (eV s). EC and EV are the energies (eV) of the CB and VB
edge respectively and E is the energy level for which the DOS needs to be obtained. These equations show how many states of a given energy are present in
the semiconductor, but not which of these states are ﬁlled. To evaluate which
states of the bands are ﬁlled, the Fermi function (f ) is needed and it is given in
Equation 2.6 and 2.7 for the CB and VB respectively. 28
fe (E) =

1
1 + e(E−EF )/kB T

fp (E) = 1 −
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The Fermi function (f ) is a probability function and describes the probability
of an electron (Equation 2.6) or hole (Equation 2.7) being present in a certain
energy state. In these equations KB is the Boltzmann constant (eV K−1 ) and T
is the temperature (K). E is the energy level of interest (eV) and EF is the Fermi
level (eV), which will be discussed in the next section. While the Fermi function is
technically a probability function, the vast amount of electrons in a semiconductor
also makes it a distribution function. 21 In other words, if a state has a probability
of 0.2 of containing an electron, 20% of the electrons are present in this state due
to the sheer number of electrons.
The combination of the DOS and the Fermi function allows for the determination
of charge-carrier concentrations in the CB (n in cm−3 ) or VB (p in cm−3 ). For
the CB, this can be calculated by multiplying Equation 2.4 by Equation 2.6 and
then integrating over all energy levels from the CB edge to inﬁnity, which will
give Equation 2.8. 21 For the VB this can be done in a similar fashion, only by
multiplying Equation 2.5 by Equation 2.7 yielding Equation 2.9.
n = 2(

2πme kB T 3/2 −(EC −EF )/kB T
) e
h2

2.8

p = 2(

2πmp kB T 3/2 −(EF −EV )/kB T
) e
h2

2.9

To simplify equations 2.8 and 2.9, the constants before the exponent are combined
into one term that is also called the eﬀective density of states of the CB (Equation
2.10) and the VB (Equation 2.11). 29
NC = 2(

2πme kB T 3/2
)
h2

2.10

NV = 2(

2πmp kB T 3/2
)
h2

2.11

This gives the ﬁnal expressions for the concentration of electrons in the CB and
holes in the VB, that are shown in Equation 2.12 and 2.13 respectively.
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n = NC e−(EC −EF )/kB T

2.12

p = NV e−(EF −EV )/kB T

2.13

As can be seen in Equation 2.12, the total electron concentration in the CB is
only dependent on the level of the EC , the temperature and Eg . Similarly, the
total hole concentration in the VB is only dependent on the level of the valence
band edge, the temperature and the Fermi level. In the next section the Fermi
level, a central concept of importance to the ﬁeld of solar cells, will be deﬁned and
explained.

Fermi Level
The Fermi level (EF ) is deﬁned as the amount of energy that is needed to add one
electron or hole to the system. 30 The deﬁnition is the same as that for chemical
potential in the ﬁeld of electrochemistry. EF can thus be seen as the chemical
potential of an electron in a solid phase material. A common confusion is to mix
the terms Fermi level and Fermi energy, which are not the same. The Fermi energy
is EF at 0 K and can not be measured, only calculated. 30 Another way that EF is
deﬁned is as the energy level that has a 50% probability of being populated, which
follows directly from Equation 2.6 and 2.7. 28 EF itself is not a state that can be
populated but rather an average potential energy. The Fermi level also determines
the charge-carrier concentration present in the system, as was shown in Equation
2.12 and 2.13. In an intrinsic semiconductor (Figure 2.6 A)—a semiconductor at
room temperature that has an equal number of holes and electrons—EF is halfway
between the VB edge and the CB edge. 21 If EF is higher than the halfway point
(Figure 2.6 B), it means that there are more electron charge-carriers present in
the semiconductor than holes, i.e. it is harder to reduce the semiconductor. This
type of semiconductor is called a n-type semiconductor. Similarly, if EF is lower
than the halfway point (Figure 2.6 C), there are more hole charge-carriers present
in the semiconductor, i.e. it is harder to oxidize the semiconductor. This type of
semiconductor is then called a p-type semiconductor.
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Figure 2.6. A) intrinsic semiconductor, B) n-type semiconductor, C) p-type semiconductor and D) semiconductor under illumination indicating two quasi-Fermi levels.

Intuitively, having more electrons, the odds of the electron combining with a hole
also increases. When an electron and hole meet they will annihilate each other, and
thus, increasing the amount of electrons, will decrease the amount of holes. This
relationship is expressed in Equation 2.14, in which p is the hole concentration
(cm−3 ), n is the free electron concentration (cm−3 ) and ni (cm−3 ) is the free
amount of electrons or holes present in an intrinsic semiconductor, which are by
deﬁnition the same.
pn = n2i

2.14

By rewriting Equation 2.12 and 2.13, an expression can be given for the diﬀerence
in energy between EF and the CB or VB, which are shown in Equation 2.15 and
2.16. 28
EC − EF = kB T ln

Nc
n

2.15

EF − EV = kB T ln

Np
p

2.16

These equations are helpful for illustrating the shift of EF as a result of a change
in carrier concentration. If for example, the concentration of free electrons in a
semiconductor is increased, the gap between the CB and EF is decreased. As
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a result from Equation 2.14 the hole concentration is lowered and according to
Equation 2.16 the gap between the VB and Fermi level is increased. It is important
to realize that calculating EF from either the concentration of electrons or holes
yields the same value, which is important because an interesting phenomenon
occurs when light is introduced onto the system.
A semiconductor can absorb photons if the energy of the photon is larger or equal
to the band gap energy, i.e. EP h ≥ Eg . 22 An electron from the VB then absorbs
the energy and jumps into the CB, leaving behind a hole. This process is similar to
thermal excitation that was shown in the previous section, but now the excitation
of the electron is brought about by light. By shining light onto the semiconductor,
the concentration of both electrons and of holes increases as excitons break and
charge carriers migrate, which violates Equation 2.14. Furthermore, according
to Equation 2.15 and 2.16, both the gap between the CB and EF and the gap
between the VB and EF should decrease. To resolve this violation, the concept
of quasi Fermi levels is introduced, which is essentially a splitting of the original
Fermi level (EF ) into an electron quasi Fermi level (EF n ) and a hole quasi Fermi
level (EF p ) (Figure 2.6 D). 28 In the literature, the term quasi- is often omitted,
and the terms "Fermi level of the electron or hole is used". The equations for these
Fermi levels are given in Equation 2.17 and 2.18.
EF n = EC − kB T ln

Nc
n

2.17

EF p = EV + kB T ln

Np
p

2.18

Another way to interpret Equation 2.17, is by viewing it as the electrochemical
potential of the electron (i.e. reduction potential) in the semiconductor, and Equation 2.18 as the electrochemical potential of the hole (i.e. oxidation potential) in
the semiconductor. This electrochemical potential can be harnessed by the installation of electron- and hole- selective contacts, at the CB and VB side of the
device respectively (Figure 2.4). By connecting the two contacts, a potential (i.e.
voltage) between the two contacts has formed that creates a driving force for electrons and holes to move. In the next section, the solar cell model (Figure 2.4) will
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be placed into an electrical circuit and so-called current–voltage experiments will
be discussed.

2.2.2. Current–Voltage Experiments
All solar cells will eventually be introduced into an electrical circuit to drive various applications. Therefore, some basic knowledge regarding electrical circuits
is required to fully understand the behaviour of the solar cell. To study this behaviour, current–voltage experiments are performed, where a voltage is applied to
the solar cell and the current is monitored, either with or without illumination.
This voltage simulates a load, e.g. a device that the solar cell needs to power. The
experiment of applying a voltage whilst monitoring the current is arguably the
most important experiment when measuring solar cells, and it yields the so-called
current–voltage curve or I –V curve. 31 For the model solar cell (Figure 2.4), the
two selective contacts are connected through a potentiostat. This potentiostat can
generate a bias voltage, that in turn creates a potential-diﬀerence between the two
contacts. The I –V curve can be measured either in the dark or in the light, and
both experiments can provide insights into the performance of the solar cell.

I –V Curve in the Dark
Figure 2.7 depicts the solar cell model of Figure 2.4 in the dark and connected
to an electrical circuit under three diﬀerent conditions. When no bias potential
is applied (Figure 2.7 A), there is no voltage diﬀerence between the two contacts,
and thus there is no driving force for the electrons to move, resulting in ﬂow of
current. Under so-called "reverse bias conditions" (Figure 2.7 B), any ﬂow of
current is prevented, since the applied potential diﬀerence does not match those
of the two selective contacts. Under forward bias conditions (Figure 2.7 C), a
potential diﬀerence is generated and there is a tendency for electrons to ﬂow into
the CB, and holes to ﬂow into the VB. Once the charge-carrier (electrons and
holes) are in their respective bands, they can recombine and close the current cycle.
Under forward bias conditions a positive current will ﬂow. When the current is
monitored whilst sweeping the voltage from a reverse bias to a forward bias, an
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I –V curve as shown in Figure 2.7 D is found, which is characteristic for a diode. A
diode is an electrical component that allows current to ﬂow in one direction, while
preventing the ﬂow in the opposite direction. 32 What is deﬁned in the graph as
forward bias or reverse bias is arbitrary, as is the direction of the ﬂow of current.
By convention a positive voltage is chosen as the forward bias and the exponent
curves into the negative current quadrant.

Figure 2.7. Simple solar cell model in the dark with: no applied bias (A), reverse bias
(B) and forward bias (C) and the corresponding I–V curve.

The dark I –V curve contains valuable information regarding its role as a component in the electrical circuit. For every solar cell the I –V curve is ideally described
by the ideal diode law, which is expressed in Equation 2.19. 32
I = −I0 (eqV /kB T − 1)

2.19

In this equation, I (mA) is the net current of the solar cell, q (C) is the elementary
charge, kB (J K−1 ) is Boltzmann’s constant, T (K) is the temperature and V
(V) is the applied voltage. I0 (mA) is the dark saturation current or thermal
recombination current, which is the thermal excitation-recombination current of
the solar cell in the dark. 33 I0 determines at what voltage the curvature of the
ideal diode law begins. A high I0 results in an early curvature, while a low I0 shifts
this curvature forward. When measuring solar cells in practice however, this ideal
shape is never found and several parameters need to be introduced in order to
describe experimentally obtained I –V curves. Before introducing these additional
parameters, the I –V measurement under illumination is evaluated.
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I –V Curve in the Light
While it is valuable to study the I –V curves in the dark, the solar cell will eventually be subjected to light. When the solar cell is illuminated by light, excitons
are formed and broken, leading to the generation of free charge-carriers in the CB
and the VB and EF is split into the quasi Fermi levels EF n and EF p (Figure 2.6
D). When no bias voltage is applied, and EF of the electron is higher than that
of the contact, electrons will move from the CB through the circuit. Similarly,
if the Fermi level of the hole is lower than that of the contact, holes will move
through the contact and through the circuit, resulting in a ﬂow of current under
no bias voltage (Figure 2.8 A). Under reverse bias conditions, the relative positions of the contact to the quasi Fermi levels are unchanged (compared to the no
bias situation) and thus a current will still ﬂow through the circuit (Figure 2.8 B).
The amount of current is unchanged compared to the no bias situation, since the
current is solely dependent on the amount of photogenerated carriers, and it is
therefore aptly called the photocurrent. Under forward bias conditions, the photocurrent is pushed back by the applied bias, since the potential at the electron
contact is now higher than the Fermi level of the electron at the semiconductor
(Figure 2.8 C). The I –V curve in the light is shown in Figure 2.8 D, which is a
superposition of the I –V curve in the dark shown in Figure 2.7 D. 33

Figure 2.8. Simple solar cell model in the dark with: no applied bias (A), reverse bias
(B) and forward bias (C) and the corresponding I–V curve.
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Figure 2.9 shows a more detailed I –V curve, which allows the deduction of the solar
cell power conversion eﬃciency (PCE). Equation 2.1 shows that to determine the
PCE or η, the electrical power output of the solar cell is needed. It is conventional
to use the electrical power-density (Pel in W cm−2 ) rather than the power, which
is the power divided by the area of the solar cell. 16 Keep in mind that the incoming
photon power must also be adjusted against this area. The electrical power-density
can be obtained from the J –V curve. The J –V curve is similar to the I –V curve
but rather than the current, the current-density (J in mA cm−2 ) is now used,
which is the current generated by the solar cell divided by the area of the solar
cell.

Figure 2.9. A theoretical J–V curve in the dark and under illumination indicating the
JSC , VOC , M P P and M P Pth .
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The power-density generated by the solar cell at a given voltage can be calculated
by multiplying the current-density by this voltage. From this, the power-density
can then be plotted versus the voltage to ﬁnd the the maximum power point
(M P P ), where the maximum attainable power from the solar cell is obtained
(Figure 2.9 red). 34 This M P P can also be calculated by the short-circuit current
density (J SC ), open-circuit voltage (V OC ) and ﬁll factor (FF) that can be obtained
from the solar cell, which allows for better comparisons between diﬀerent solar
cells.
The ﬁrst parameter that can be obtained from the J –V curve is the J SC , which
is the current-density when there is no applied voltage, and thus is the crossing
point of the J –V curve and the y-axis and the maximum current-density that can
be obtained from the solar cell. 34 The second parameter is the V OC , which is the
point at which no current ﬂows through the circuit or when the J –V curve crosses
the x-axis, and it is the maximum voltage that can be obtained from the solar
cell. 34
Ideally, the power-density would be the product of the J SC and the V OC , this
is however purely theoretical and never be achieved and it is therefore called the
maximum theoretical power point (MPPth ). By dividing the MPP by MPPth we
arrive at the FF, which is a measure of the squareness of the J –V curve. 35 The
FF is a reﬂection of how the processes occurring within the solar cell and the
associated contributions to series and shunt resistance (following section) cause
the device to deviate from ideality. By combining the J SC , V OC , FF and the
incoming Pph , the PCE can be obtained (Equation 2.20). In solar cell literature,
the J SC , V OC , FF and η values are always shown in a table to properly evaluate
and compare the performance of diﬀerent solar cells.
η=

JSC × VOC × F F
Pph

2.20

As was mentioned before, the J –V curve under illumination is a superposition of
the J –V curve in the dark. Equation 2.21 shows this superposition mathematically
and is the light-induced current-density (JL in mA cm−2 ) minus the ideal diode
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equation shown in Equation 2.19.
J = JL − J0 (eqV /kB T − 1)

2.21

As mentioned in Section 2.2.2., this ideal diode equation never matches the experimentally measured J –V curve. There are more parameters that inﬂuence the
J –V curve, causing this mismatch. These parameters can also provide insight into
the performance of the solar cell. First, there is the series resistance (Rs in Ω),
which is an ohmic resistance caused by the various contacts and connections of the
solar cell. The Rs is ideally as low as possible, and higher values can be caused
by low conductivity of the semiconductor, the connections or contacts. The Rs
mainly aﬀects the FF, but at high Rs values the J SC can also be lowered. A very
crude approximation for the series resistance is by taking the slope of the J –V
curve at V OC , but this method is prone to errors. To properly asses the series resistance there are several methods available. 36,37 The series resistance can also be
determined by electrical impedance spectroscopy (EIS) and this will be discussed
in Section 2.7.2.
Second, there is the parallel or shunt resistance (Rsh in Ω), which is ideally as
high as possible. Low Rsh values are caused by defects in the solar cell that allow
current to leak from one contact to the other. The impact of a low Rsh is high
under low light intensities, since there are not a lot of photogenerated chargecarriers. A good approximation of the shunt resistance can be achieved by taking
the slope of the J –V curve at J SC and this slope is then -1/Rsh . 38
Finally, there is the ideality factor (m, unitless) that describes the type of recombination happening within the solar cell. In the ideal diode (Equation 2.21), n = 1
and high performing solar cells should approach this value. 39 There can be several
types of recombination in solar cells, that are relevant to silicon-based and second
generation solar cells. In these type of solar cells the ideality factor usually has
a value of 1–2. In DSSCs however, the values are always higher (2–3), and while
still under debate, it is believed that it is related to the trap states. 40 It is believed
that this high ideality factor in DSSCs is preventing high PCEs due to its eﬀect
on the FF. 39
Mathematically, the description of the J –V curve becomes more complex and it
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is shown in Equation 2.22. 41
J = JL − J0 eq(V +JRS )/mkB T −

V + JRS
RSH

2.22

Note that this is an implicit function, i.e. the current is located at both sides of
the equation, and that it needs numerical methods to solve. This equation can
be used to simulate the J –V curve based on the J0 , m, Rs and Rsh which can
provide insights into the origin of the performance of the solar cell.
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2.3. Shockley–Queisser Limit
The model presented in Figure 2.4 can be used to estimate the maximum PCE
of the solar cell. Photons that have an energy smaller than the bandgap energy
(Eph < Eg ) are not suﬃcient to generate an exciton, while those with an energy
higher than the bandgap energy (Eph ≥ Eg ) will generate excitons. 22 Any excess
energy of the photon will thermalize, and the electron moves down to the EC ,
while the hole rises to the EV . The amount of excitons generated will thus be
dependent on bandgap energy (Eg ) and Φph . Assuming that all photons with an
energy larger than Eg will create excitons, the maximum current-density or J SC
can be calculated based on Eg according to Equation 2.23. 22

JSC = q

∞

Φph (E) dE

2.23

Eg

In Equation 2.23, J SC is the short circuit current density (mA cm−2 ), q is the
elementary charge (C), and Φph is the photon ﬂux density (s−1 cm−2 ). Equation
2.23 is a mathematical description that implies all of the photons with an energy
higher than Eg will generate an electrical current (Eph ≥ Eg ). This equation is
plotted versus Eg in Figure 2.10.

Figure 2.10. The maximum integrated current-density for an idealized single junction
solar cell.
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Since it is assumed that all electrons will relax to the CB and all holes will relax
to the VB, the maximum voltage of this solar cell is equal to Eg . Assuming a
FF of 1, and no shunt or series resistance the the maximum eﬃciency can then
be calculated by Equation 2.24, and this equation is plotted versus Eg in Figure
2.11. 22
ηmax

Eg
=
Pph



∞

Φph (E) dE

2.24

Eg

Figure 2.11. The power conversion eﬃciency for a solar cell shown in Figure 2.4. The
power conversion eﬃciency is calculated with both the AM1.5G solar spectrum.

It can be seen in Figure 2.11 that an Eg of approximately 1.10 eV generates
the highest maximum PCE of around 37% obtainable for such a solar cell. This
is also why silicon is the material of choice for most ﬁrst generation solar cells,
since it has an Eg of 1.12 eV. A slightly more elaborate model has been used by
Shockley and Queisser to determine that the highest PCE possible from such a
solar cell is 30.0%. 42 This value has later been revised to a PCE of 33.7% with
an Eg of 1.34 eV. 43 The maximum PCE possible of a single-junction solar cell is
termed the Shockley–Queisser limit and is considered as one of the most important
contributions in the ﬁeld of solar cells.
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The Shockley–Queisser limit can reach up to 68.7% when using a theoretical inﬁnite multi-junction solar cell or even up to 86.8% by using solar concentrators. 44,45
It is crucial to keep in mind that there are ﬁxed limits on the maximum PCE of
solar cells. Also, the model presented is highly simpliﬁed and additional components will only lower the maximum PCE attainable. In the next section the last
components will be added to the model to obtain a full physical description of the
DSSC.
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2.4. Dye-Sensitized Solar Cell
The DSSC involves many components that need to be tuned to obtain a highly
eﬃcient solar cell (Figure 2.12). 46 First a substrate is needed, onto which the
semiconductor will be deposited. This substrate needs to be both transparent and
conductive, as it needs to allow light to reach the photoactive material, and needs
to conduct current from the semiconductor. The substrate is predominantly made
from glass that is coated with a transparent conductive oxide (TCO) layer, such
as ﬂuorine-doped tin oxide (FTO) or indium tin oxide (ITO).

Figure 2.12. Illustration of a DSSC made from the various individual components.

67

Chapter 2
Unlike the model presented in Figure 2.4, the semiconductor in DSSCs does not
need to be made from highly pure (99.999%) crystalline material. Instead, it is
made from porous metal oxide nanoparticles that in general have a much larger
Eg than for example silicon. For example, the metal oxide that is most often
used in n-type DSSCs is TiO2 and has a Eg of 3.25 eV (wide bandgap), which is
much larger than that of silicon that has an Eg of 1.12 eV (short bandgap). 47 The
semiconductor therefore does not play a major part in light absorption, since an Eg
of 3.25 eV or higher only allows around 4% absorption of the AM1.5G spectrum.
The semiconductor is coated by molecular dyes, also termed photosensitizers, that
are chemisorbed onto the semiconductor nanoparticles. This chemisorption takes
place by molecular anchoring groups such as carboxylic or phosphonic acids, forming a metal–carboxylate or metal–phosphonate. Assuming energy levels are correctly aligned, the dye now plays the part of the dominant light absorber and is
the most substantial contributor to the generated photocurrent.
The dye-coated semiconductor is soaked with an electrolyte solution that contains
a redox mediator (RM). The electrolyte will also penetrate into the pores of the
coated semiconductor nanoparticles to create a good contact between the dyecoated semiconductor and the RM. The combination of the semiconductor, the
dye and the electrolyte-ﬁlled pores is deﬁned here as the photoelectrode (PE). The
RM serves as a hole-transport material (HTM) in n-type DSSCs and an electrontransport material (ETM) in p-type DSSCs. At the other end, the electrolyte
is connected to a counter electrode (CE), which is another substrate layer onto
which a high surface area catalyst is deposited, such as platinum or carbon. The
substrates of the PE and the CE are connected to a load and thus completing the
circuit. A schematic overview of the operational principle of a n-type DSSC is
shown in Figure 2.13 and will be discussed in the next section. 46
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2.4.1. Operational Principle of a DSSC

Figure 2.13. Schematic picture showing the processes involved in n-type DSSC photocurrent generation with the VB in red and the CB in blue.

In the ﬁrst step, light is absorbed by the molecular dye and an electron is excited
from the HOMO to the LUMO creating an exciton (Figure 2.13 1). 48 The LUMO
of the dye is higher in energy than the EC of the semiconductor and the excited
electron is injected from the excited dye into the CB of the semiconductor, thereby
breaking the exciton (2). The rate of this process is generally very fast (femtoseconds). 49 Electron injection is in competition with ﬂuorescence, which is generally
in the order of several tenths of nanoseconds and is therefore much slower than
electron injection and not a major competition pathway. 50
When electrons are injected into the CB, EF rises almost to the level of the CB.
Once injected, the electron diﬀuses through the semiconductor material and is
collected at the conductive substrate (3) and this process of charge collection is
generally in the order of milliseconds. 48 The photogenerated hole that is located
at the HOMO of the dye should be higher in energy than the EV and can therefore
not be injected into the VB, instead it will oxidize the RM in solution (4). This
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process of dye regeneration is generally in the order of several microseconds. 51
Both the process of charge collection and dye regeneration are in competition with
two so-called "recombination" pathways. First, there is recombination from the
semiconductor to the oxidized dye (7), which is generally in the order of several
hundreds of microseconds. 52 Second there is recombination from the semiconductor to the oxidized RM (8) and this process is generally in the order of tenths of
milliseconds. 48 The semiconductor now fulﬁlls the role of a selective ETM. The
RM then diﬀuses through the solution and reaches the CE where it is reduced
again. At the counter electrode the hole is collected and moves to the substrate
onto which the CE material is deposited. The two substrates are connected to a
load, and the circuit is then completed.

Figure 2.14. Schematic picture showing the processes involved in p-type DSSC photocurrent generation with the VB in red and the CB in blue.

In a p-type DSSC, the direction of the ﬂow of current is reversed and a schematic
representation is shown in Figure 2.14. 48 Here light is still absorbed by the molecular dye (1) but now the energy level of the HOMO is lower than that of the
EV . The photogenerated hole will now inject into the VB and diﬀuse through
the semiconductor to the substrate (2 and 3). Hole injection is slower than elec70
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tron injection from its n-type counter part, and is generally in the picosecond
timescale. 53 Hole collection is also generally one order of magnitude slower than
electron collection in the n-type DSSC, due to the slower hole mobility (1 × 10−6
cm2 V-1 s-1 ) 54 compared to the electron mobility (1 × 10−4 cm2 V-1 s-1 ). 55
In Figure 2.14, the energy level of the dye LUMO is lower than the EC and therefore
electron injection from the dye into the CB cannot occur. In this case, the semiconductor fulﬁlls the role of a selective HTM. The photogenerated electron will
instead reduce the RM (5), which subsequently diﬀuses to the CE (6) where it will
be oxidized (i.e. regenerating the RM). The resulting electron moves through the
CE and load to the photoelectrode, thereby completing one photocycle. Regeneration of the dye by the RM is in the order of microseconds, while the recombination
processes (7 and 8) are in the order of tenths of picoseconds. 56 It is believed that
the fast recombination compared to hole collection and dye regeneration is the
main reason for the low eﬃciencies obtained from p-type DSSCs.
In the following section an elaborate physical model will be given that describes the
J –V curve of a DSSC based on measurable physical parameters. The measurement
techniques needed to obtain these physical parameters will then be addressed in
the subsequent section.
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2.5. The Diffusion Model
In principle, the diode equation that was given in Equation 2.22 is also valid for
the DSSC model given in Figure 2.13 and 2.14. 57 The issue with Equation 2.22,
is that it does not provide the physical origin of the parameters involved. For
example, when a high shunt resistance is obtained, it is not straightforward if this
is due to the dye, semiconductor or RM. The model that will be presented in this
section allows for identiﬁcation of the bottlenecks in the DSSC device and thus
allows for targeted DSSC improvement and is called the "diﬀusion model". 57 To
prevent any confusion, the diﬀusion model for the n-type DSSC will be addressed
and will later be converted into the p-type model.

2.5.1. Short-Circuit Current
To obtain a model for the J –V curve of a DSSC ﬁrst the J SC needs to be calculated (i.e. Section 2.3.). In the model presented in Figure 2.4 there were several
assumptions made, one of which is that all the photons with an energy ≥ Eg will
contribute to the photocurrent. In reality this depends on how much light the
solar cell is able to convert to current. This is expressed as an eﬃciency, which is
termed the incident photon-to-current eﬃciency, incident photon-to-electron conversion eﬃciency (IPCE) or external quantum eﬃciency (EQE) and is dependent
on the wavelength. 58 The J SC can be calculated using Equation 2.25 and is similar
to Equation 2.23.


λmax

JSC = q

Φph (λ)ηIP CE (λ) dλ

2.25

λmin

The ηIP CE is an eﬃciency (%) that can be readily determined experimentally and
this is discussed later in Section 2.7.3. The IPCE describes what percentage of
photons at a given wavelength will be converted to photocurrent. When the IPCE
is multiplied by the amount of incoming photon density (Φph in s−1 cm−2 ) and
integrated over the entire spectrum (λmin–λmax) the J SC (mA cm−2 ) can be
obtained by multiplication with q (C).
The IPCE can be broken down further into four eﬃciencies (light harvesting efﬁciency (ηLH ), injection eﬃciency (ηIN J ), regeneration eﬃciency (ηREG ) and the
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collection eﬃciency (ηCOL )) that can be determined individually. These eﬃciencies describe the individual processes needed to convert a photon into a current
contributing electron, and these processes correspond to the processes described
in Figure 2.13 and are shown graphically in Figure 2.15. 57

Figure 2.15. Illustration showing the breakdown of the IPCE in the underlying eﬃciencies.

First, light needs to be absorbed by the solar cell and the eﬃciency associated with
this is called the light harvesting eﬃciency (ηLH ). The excited hole that resides
on the HOMO needs to be regenerated by the RM and this eﬃciency is called
the regeneration eﬃciency (ηREG ). The excited electron needs to be injected from
excited dye to the CB and this is described by the injection eﬃciency (ηIN J ). The
electron now located in the CB moves through the semiconductor and needs to be
collected at the substrate, which is described by the collection eﬃciency (ηCOL ). 59
Each of these eﬃciencies contribute equally to the IPCE and therefore also to the
J SC and the PCE, i.e. if one of these eﬃciencies is low, it will hamper the overall
performance of the solar cell. Each eﬃciency will be discussed in detail in the
following sections.
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Light Harvesting Eﬃciency
Each material will interact diﬀerently with the light, and will either transmit,
reﬂect or absorb it. Not all of the light will be absorbed by the PE, since it has
to travel through several materials to reach the photoelectrode and some will be
transmitted. Figure 2.16 shows the path that the light needs to travel in order
to reach the photoactive materials, and this ﬁgure will be used as a guideline to
determine the ηLH . 57

Figure 2.16. Illustration of the components that the light travels through to reach the
photoelectrode.

To reach the PE, the light has to move through the TCO layer of the substrate,
which can be calculated by the transmittance of the TCO (TT CO , unitless). The
transmittance is deﬁned as the fraction of light that passes through a material over
the total incoming light and is dependent on the wavelength. 10 When the light
has passed through the substrate, some of it will be reﬂected from the PE surface,
and is deﬁned as the fraction of light reﬂected over the total incoming light (rP E ,
unitless). 10 This will be treated as an interfacial reﬂectance, despite the fact that
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reﬂectance and scattering will actually occur within the PE ﬁlm. 10 Finally, the
light needs to be absorbed by the PE, and this is deﬁned as the absorptance of
the photoelectrode (AP E , unitless), which is the fraction of light absorbed over
the total incoming light. The ﬁrst simple equation giving the ηLH is shown in
Equation 2.26.
ηLH = TT CO (1 − rP E ) AP E

2.26

The absorptance can be expressed by the thickness of the PE ﬁlm (d in m) and
the absorption coeﬃcient of the photoelectrode (αP E in m−1 ), and is shown in
Equation 2.27. 6
AP E = 1 − e−αP E (λ)d

2.27

αP E has two major contributions, which is the absorption coeﬃcient of the dye
coated semiconductor particles (αD in m−1 ) and the electrolyte (αel in m−1 ). This
relationship is given in Equation 2.28.
αP E (λ) = αD (λ) + P ζ(λ) αel (λ)

2.28

In Equation 2.28, the porosity of the semiconductor (P , unitless) is deﬁned as a
fraction of the volume of the voids in the semiconductor over the total volume. 60
ζ(λ) (unitless) is the optical mean path length, and has a value between 1–2.
ζ(λ) has been introduced to take into account the diﬀerence in path length for
collimated light and diﬀuse components of the light. If ζ(λ) = 1 the radiation is
fully collimated, while ζ(λ) = 2 means the radiation is completely isotropic. 61,62
The isotropicity of the light strongly depends on the extent of scattering by the
semiconductor particles, but also that part of the light will be absorbed by the
dye molecules. Scattering causes the propagation direction of the light to be
more divided within the semiconductor, whilst absorption decreases the degree of
isotropicity. 63 Since the semiconductor of a DSSC is covered with absorbing dye
molecules which absorb a part of the light, a constant ζ(λ) of 1.5 is assumed for
all wavelengths. Exact measurement of the value of ζ(λ) is also non-trivial, and is
almost never required.
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Electrons can only contribute to the photocurrent if they are absorbed by either
the dye or the semiconductor, and not by the electrolyte. A correction factor is
therefore needed to exclude (αel ), which is done by dividing (αD ) by (αP E ). This
results in the ﬁnal equation for the ηLH and is given in Equation 2.29. 57
ηLH = TT CO (1 − rP E )

αD (λ)
(1 − e−αP E (λ)d )
αP E (λ)

2.29

Regeneration Eﬃciency
The regeneration eﬃciency (ηREG ) describes what fraction of holes located on
the oxidized dye is transferred to the RM in a n-type DSSC. 59 The hole can be
quenched via three pathways, the ﬁrst is via ﬂuorescence from the LUMO back to
the HOMO. The timescale of electron injection from the excited dye into the CB
(following section) is in the ultra-fast picosecond timescale. 64 Electron injection
will therefore happen almost instantaneously, and regeneration occurs from the
oxidized dye to the RM. The ﬂuorescence pathway is therefore almost non-existent
but should be taken into account if slow injecting dye–semiconductor systems are
used.
The second pathway is back electron transfer from the CB to the oxidized dye
(charge recombination), and the third pathway is reduction of the oxidized dye
by the RM (regeneration). The rates of these electron transfer pathways can be
determined experimentally using transient absorption spectroscopy. From these
rates the ηREG can be determined according to Equation 2.30. 59
ηREG =

kREG
kREG + kREC

2.30

The rate of regeneration (kreg in s−1 ) is dependent on the driving force of the
regeneration process, deﬁned as the Gibbs free energy diﬀerence between the redox
potential of the RM and the HOMO of the dye (ΔGreg ). It has been found
experimentally that the relationship between kreg and ΔGreg follows the Marcus
theory. 59,65 This theory states that the rate of electron transfer (ket ) between two
species is proportional to the electronic coupling constant (HAB ) between these
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species, the reorganization energy (λ), the temperature (T) and the free energy
diﬀerence between the two species (ΔG). The general equation for the Marcus
theory is shown in Equation 2.31. 65
ket



(ΔG − λ)2
HAB 2
exp −
=√
4λkB T
4πλkB T

2.31

Plotting ΔG versus ket (Figure 2.17), reveals a hyperbolic relationship between
these two parameters. 59 Interestingly, the relationship between ΔG and ket shows
that there is an optimum energy diﬀerence that maximizes the electron transfer
rate between the HOMO and the redox potential of the RM. It has been found
that a ΔGreg of at least 0.20 eV is needed to obtain a ηREG of 80%, and that
values higher than 0.80 eV reduces kreg . 59,66,67

Figure 2.17. Correlation between the ΔGreg and the electron transfer rate following
Marcus theory for the regeneration of an organic dye by a cobalt RM, adapted from Feldt
et al. 59
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While Marcus theory provides valuable insights into the nature of electron transfer, it does not meet the criteria of measurable parameters. The parameters HAB
and λ are diﬃcult (if not impossible) to determine experimentally for a DSSC. It
is for this reason that the best way to determine the ηREG is by Equation 2.30.

Injection Eﬃciency
The injection eﬃciency (ηIN J ) is deﬁned as the fraction of excited electrons that
are injected from the excited dye into the CB of the semiconductor. 64 As was
mentioned in Section 2.4.1., the rate of electron injection from the excited dye
into the CB (i.e. kIN J ) is generally ultra-fast (femtoseconds). In principle, there
are three deactivation pathways possible for the excited electron in the LUMO.
The ﬁrst is ﬂuorescence back to the HOMO, as mentioned in the previous section.
Secondly, there is transfer to any oxidized RM species present in the electrolyte
and ﬁnally there is electron injection into the CB.
The electron transfer from the excited dye to an oxidized RM is much slower
than either ﬂuorescence or injection, and is therefore not considered a realistic
pathway. The competition is therefore between ﬂuorescence and injection, and the
injection eﬃciency can be expressed similarly as Equation 2.30, and is shown in
Equation 2.32. Both rates can again be determined experimentally using transient
spectroscopy. 64
ηIN J =

kIN J
kIN J + kF

2.32

An alternative method for determining the ηIN J is by ﬂuorescence spectroscopy.
First, the ﬂuorescence intensity is measured from the PE (IFP E ), which can be
low when the ηIN J is high. Secondly, the dye is chemisorbed onto an inactive
semiconductor (ZrO2 or Al2 O3 ), of which the CB is much higher than the LUMO
of the dye. 68 Injection into the CB can thus not occur and only the ﬂuorescence
pathway is possible. The ﬂuorescence intensity of this photoelectrode (IFinert ) can
then be used to determine the ηIN J according to Equation 2.33.
ηIN J =
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Unlike the ηREG , the ηIN J cannot be accurately described by Marcus theory. It
has been found that ηIN J is independent of temperature and reorganization energy by measurements in vacuum and therefore Equation 2.31 does not hold. 68,69
It was however found that the ηIN J is dependent on the electronic coupling constant HAB between the dye and the semiconductor and the diﬀerence in free energy
between the LUMO and the CB (ΔGinj ). 70 An exact relationship between ΔGinj
and the ηIN J has not been derived up to this point. It was found however that
a ΔGinj of at least 0.20 eV is needed for a high ηIN J and high performing DSSCs. 71

Collection Eﬃciency
The collection eﬃciency (ηCOL ) is here deﬁned as a fraction of the electrons that
are collected at the TCO contact over the total amount of injected electrons. We
deﬁne the total electron ﬂux at any point in the semiconductor as Φel
tot , and the
electron ﬂux at the substrate as Φel
x=0 . The ηCOL is then given by Equation 2.34
ηCOL =

Φel
x=0
Φel
tot

2.34

Φel
tot can be calculated by using the photon ﬂux, the ηLH , the ηIN J and the ηREG
as shown in 2.35. 57
Φel
tot = ηLH × ηIN J × ηREG × Φph

2.35

An expression to ﬁnd Φel
x=0 is done by using Fick’s ﬁrst law of diﬀusion shown
in Equation 2.36. This law shows that Φel
x=0 is dependent on the concentration
gradient of the electrons between the two extremities of the semiconductor, and
that the concentration of electrons (n) at x = 0 needs to be obtained. 6,72
Φel
x=0 = −D


δn 
δx x=0

2.36

The concentration of electrons at x = 0 can be determined using the continuity
equation, and will also serve as the foundation for the J –V curve model (Equation
2.37). 57 This equation is comprised of three individual parts, each describing a
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diﬀerent pathway.
δn(x, t)
δ 2 n(x, t)
=D
− R(x, t) + G(x, t)
δt
δx2

2.37

The ﬁrst of the three parts describes the diﬀusion rate of electrons from the semiconductor to the contact, according to Fick’s second law. The second part describes the rate of recombination of the electrons to either the oxidized dye or
the oxidized RM. The third part describes the rate of generation of how many
new electrons are generated. Since solar cells are measured under steady state
conditions, there is no change in electron concentration with respect to time and
Equation 2.37 simpliﬁes to Equation 2.38
D

δ 2 n(x)
− R(x) + G(x) = 0
δx2

2.38

The rate of electron recombination R(x) can be expressed simply as the added
electron concentration due to illumination divided by the lifetime of the electron
(Equation 2.39).
R(x) =

n(x) − n0
τ

2.39

The generation rate is given in Equation 2.40 and describes the amount of photogenerated electrons at each point x. It is derived from the combination of the
expression of the ηLH shown in 2.29 and the diﬀerential with respect to the position
in the semiconductor x of Equation 2.35.
G(x) = Φph ηREG ηIN J TT CO (1 − rP E ) αD (1 − e−αP E x )

2.40

To solve the continuity Equation 2.38, two boundary conditions are used. The
ﬁrst is that there is a voltage dependency of the electron concentration at the
substrate, and the second is reﬂecting boundary condition at the outer end of the
PE ﬁlm. 22 Solving the continuity equation is beyond the scope of this chapter,
and the resulting equation for the ηCOL is given in 2.41.
ηCOL =
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(−LαP E cosh(d/L) + sinh(d/L) + LαP E e−αP E d )LαP E
2 )cosh(d/L)
(1 − e−αP E d )(1 − L2 αP
E
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While this function may seem daunting at ﬁrst sight, it is actually only dependent
on αP E (m−1 ), d (m) and L (m). αP E is the absorption coeﬃcient given by Equation 2.28. This coeﬃcient is present in this equation because a high value of αP E
results in more dyes being excited closer to the substrate, and thereby increasing
the collection eﬃciency. The thickness of the PE (d) is in this equation because
a thicker PE results in a longer path for the electrons to diﬀuse through, and
thus increasing the chance of recombination. Finally, L is the so-called "diﬀusion
length", and is deﬁned as the path length that the electron can diﬀuse trough the
PE before being recombined. The diﬀusion length can also be expressed using the
electron diﬀusion coeﬃcient D (m s−1 ) and the electron lifetime τ (s) (Equation
2.42). These three parameters can all be experimentally determined, and will be
discussed in Section 2.7.2. and 2.7.3.
L=

√

Dτ

2.42

All of the eﬃciencies that make up the IPCE have now been discussed. In extend
we have managed to break the J SC down into nine measurable parameters. In the
following section a model for the J –V curve will be given, and this will be used
to add several ﬁnal physical underlying parameters.
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2.6. The J –V Curve
In order to present a model for the J –V curve, the relationship between current
and voltage in the solar cell needs to be determined. The voltage of the cell is the
diﬀerence in potential between the two contacts of the DSSC, i.e. the diﬀerence
between the Fermi level of the semiconductor at the PE contact and the redox
potential of the RM at the CE contact. 22 For now it is assumed that the redox
potential of the RM at the contact is the same as at the PE, and that this potential
is independent of any current ﬂowing through the cell. This assumption will be
corrected for in the following sections. For now, we assume that the voltage is
being determined only by the Fermi level.
The Fermi level is determined by the concentration of electrons in the semiconductor (Equation 2.17). At the photoelectrode contact, the Fermi level is thus
determined by the electron concentration at this point, and this was obtained by
solving the continuity equation (2.37) in Section 2.5.1. Using these relationships,
an expression can be obtained for the J –V curve of the PE, which is given in
Equation 2.43. 57
JP E (V ) = JSC

qDn0
tanh
−
L

 

d
− qV
e mKB T − 1
L

2.43

This equation can be simpliﬁed by introducing a recombination current-density
shown in Equation 2.44.
Jrec,0 =

qdn0
τ

2.44

Using this recombination current-density and rewriting Equation 2.43, an expression for the J –V curve can be obtained that describes the voltage with respect to
the current (Equation 2.45).
VP E (J) = −

mKB T
ln
q



d
coth
L

 

d JSC − J
+1
L
Jrec,0

2.45

In this equation m (unitless) is the ideality factor (Section 2.6.1.), KB (J K−1 ) is
the Boltzmann constant, T (K) is the temperature and q (C) is the elementary
charge. Next, d (m) is the PE thickness, L (m) is the diﬀusion length, J SC (mA
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cm−2 ) is the short-circuit current-density and Jrec,0 (mA cm−2 ) is the recombination current-density. All of these parameters can be determined experimentally
which will be discussed in Section 2.7.
To convert Equation 2.45 to a p-type DSSC model, we found that no fundamental
changes need to be made. Since the direction of the ﬂow of current of a p-type
DSSC is the reverse of that of the n-type DSSC, the only change that need to
be made is to omit the negative sign at the beginning of the equation. Keep in
mind however, that, while the model might be the same the underlying parameters
can diﬀer greatly, and can provide the reason why the p-type DSSC has a lower
performance.
It is important to realize why Equation 2.45 is so useful. A DSSC can be described
by a photovoltage between the two contacts (generated by illumination), followed
by a series of voltage drops due to the other components that transport free charge
carriers in the cell. 22 Equation 2.45 describes the generated photovoltage and different voltage drops, which correspond to the diﬀerent components can be added
to obtain a more accurate description of the DSSC. These voltage drops can also
be expressed as a function of the current, which is equal throughout all of the
components, since they are connected in series. The voltage drops that need to be
added are those due to the diﬀusion of the RM in the liquid electrolyte, the charge
transfer reaction at the CE, and the substrate resistance. All of these voltage
drops will be discussed in the following sections.

2.6.1. Ideality Factor
In Equation 2.45, the ideality factor m is the only parameter in the equation of
which the physical origin in not fully understood. It is added to the equation
to match experimentally derived data to the model, and it is therefore a purely
empirical parameter. In the model it is assumed that electron recombination from
the PE to the RM has a ﬁrst order dependency on the electron concentration,
and there are studies that support this assumption. 73 Several diﬀerent studies,
however, provide evidence that electron recombination does not have a ﬁrst order
dependency on the electron concentration.
First, electron recombination from the substrate to the RM has been ignored in
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this model, which could be one of the underlying parameters of the ideality factor.
It has been shown that introduction of a blocking layer onto the semiconductor
or substrate drastically improved the ideality factor, indicating that this recombination and the ideality factor are related. 74–77 Secondly, trap states or surface
states can cause diﬀerent recombination kinetics that also explain the non-ideality
of the DSSC, which has been the explanation in various studies. 78–81 While the
exact nature of the ideality factor is not yet understood, it is generally accepted
that it is related to non-linear recombination kinetics. The value of m is usually
between 1.2–2.5, and can be determined experimentally using EIS, which will be
discussed in Section 2.7.2.
From Equation 2.45, misinterpretations may arise on the eﬀect that the ideality
factor has on the overall performance of the cell. A higher ideality factor increases
the photovoltage, while in reality a higher ideality factor leads to a lower performance of the solar cell. The reason for this discrepancy is that the ideality factor
should be included in the continuity equation (Equation 2.37), but this makes
it only solvable using numerical methods. 82 If a ﬁxed V OC is used, the eﬀect of
the ideality factor is more accurately described as is shown in Figure 2.18. Here a
higher ideality factor decreases the FF, which is in line with experimental results. 57

Figure 2.18. Graph showing the eﬀect of three diﬀerent ideality factors while pinning
the VOC , adapted from Halme et al. 57
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2.6.2. Diﬀusion of the Redox Mediator
When the RM is oxidized at the PE it will need to diﬀuse through the electrolyte
solution to the CE. Subsequently, when the RM is reduced at the CE it will need
to diﬀuse back to the PE. Diﬀusion can become a limitation when the rate at
which the oxidized dyes are formed at the PE is faster than the rate at which the
RMs diﬀuse to this electrode. 83 For this reason, a voltage drop can exist due to
diﬀusion limitations for both the oxidized (Equation 2.46) and reduced (Equation
2.47) RMs. 57
KB T
ln
VD,Ox (J) =
2q
VD,Red (J) =

KB T
ln
2q


1+

1−

J

a 
2.46

Jlim,Ox
J

−b

Jlim,Red

2.47

In these equations, a and b correspond to the reaction coeﬃcients of the redox
reaction of the RM. It is important to include these, since it is not uncommon for
several RMs to be oxidized to a single species. This is for example the case when
using the popular iodide / triiodide redox couple where a = 3 and b = 1.
Another important parameter in these equations is the limiting current-density
(Jlim in mA cm−2 ). It is deﬁned as the maximum current that can be reached
by diﬀusion before becoming a limitation to the performance of the cell, and it is
shown in Equation 2.48 and 2.49 for both RM species.
Jlim,Ox =

Jlim,Red =

4F DOx COx
adel

2.48

4F DRed CRed
bdel

2.49

In these equations, F (C mol−1 ) DOx (m2 s−1 )is the diﬀusion coeﬃcient and COx
(mol m−3 ) is the concentration of the RM that will be oxidized. DRed is the diffusion coeﬃcient and CRed is the concentration of the RM that will be reduced,
and del (m) is the distance between the PE and CE. A high diﬀusion coeﬃcient,
high concentration and small distance are needed to obtain a high Jlim , resulting in a low voltage drop due to diﬀusion limitations. 57 It is important to note
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that the porosity (P ) of the PE is not included in this equation for simplicity.
This equation can therefore be seen as the maximum limiting current-density. To
obtain the minimum limiting current-density the thickness of the PE (d) can be
added to CE. Normally the diﬀerence between the maximum and minimum limiting current-density is small, and can therefore be neglected. 84

2.6.3. Charge Transfer at the Counter Electrode
When the RM has diﬀused from the PE to the CE, its reduction needs to be catalyzed. A driving force is needed to facilitate this charge transfer by the catalysts
at the CE, and this generates a voltage drop that can be derived using the Butler–
Volmer equation. 83,85 The expression for the voltage drop is given in Equation
2.50.
VCT (J) =

2KB T
arcsinh
q



J
2JCE,0


2.50

In this Equation JCE,0 (mA cm−2 ) is the CE current-exchange density and is
dependent on the concentration of the RM at the CE. This value can be experimentally determined using electrical impedance spectroscopy (EIS) and will be
discussed in Section 2.7.2.

2.6.4. Series Resistance
The series resistance (Rs ) has already been discussed in Section 2.2.2. and is
also relevant for DSSCs. This resistance will generate a voltage drop, and is
generally concerned with the conductivity of the electrolyte and the substrate.
The voltage drop due to the presence of the electrolyte is given in Equation 2.51,
and is generally a minor contribution to the total voltage drop due the series
resistance, since del is very small.
Vel (J) =

del
J
κel

2.51

In this equation κel (S m−1 ) is the conductivity of the electrolyte solution, and is
dependent on the concentration of the ionic species in the solution. As was the
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case for the diﬀusion voltage drop, the porosity in this equation is also excluded.
The voltage drop due to the electrolyte is usually only several tenths of a mV per
mA. 57
The major contribution to the voltage drop due to Rs is from the resistance of the
substrate (i.e. FTO). The voltage drop is given in Equation 2.52, and is based on
three parameters. 86
VSub (J) =

1
RSheet WP2 E + 2WP E WCont
2

2.52

Here the WP E (m) is the width of the PE or CE, and WCont (m) is the distance
from the PE or CE to the contact. RSheet is the sheet resistance and its units are
usually expressed in Ω/sq, a unit that is generally used for thin ﬁlm conductors. 86
When the resistance of a square thin ﬁlm is measured, it is independent of the
size of the square, because when the path for the electron to travel is doubled, the
resistivity of the ﬁlm is halved. The unit Ω/sq can thus also be seen as Ω, and it
can easily be measured using four-point probe electrical measurements. 87 While
the measurement is quite simple, product speciﬁcations often also depict the sheet
resistance (i.e. NSG10 Tec 7), that can then be used for this parameter. The lower
sheet resistance comes about by having a thicker FTO layer, which reduces the
transparency of the ﬁlm.

2.6.5. The Final J –V Curve
With all of the voltage drops now accounted for, an expression can be given for
the ﬁnal J –V curve. This expression is given in Equation 2.53.

V (J) = VP E (J) + VD,Ox (J) + VD,Red (J) + VCT (J) + Vel (J) + VSub (J)

2.53

As was mentioned in Section 2.6. VP E provides a rise in voltage while the rest
are voltage drops corresponding to their respective components (i.e. electrolyte,
RM, CE and contacts). There are 18 underlying physical parameters that need
to be measured and 3 constants in Equation 2.53. All of these parameters can be
measured, and these experimental techniques will be discussed next.
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2.7. Measurement Techniques
In this section the experimental methods needed to obtain the underlying parameters of Equation 2.53 will be discussed. These experimental methods can be divided
into physical measurements, electrical measurements, and optical measurements.
Besides the underlying parameters of Equation 2.53, several other parameters will
be discussed, of which an exact inﬂuence on the J –V curve equation has not been
determined, but that can inﬂuence some of the underlying parameters.

2.7.1. Physical Measurements
The physical parameters and their measurements described in this section are measurements that do not require any speciﬁc light or electrical modulations. Many
of these parameters can simply be obtained by device preparation, and these will
be discussed ﬁrst.

Device Preparation Parameters
When preparing the DSSC, several parameters needed for Equation 2.53 can directly be obtained. First, the semiconductor is deposited onto the TCO plate
either by doctor blading, spin coating or screen printing. 88 After deposition, the
width and the area of the semiconductor, and thus the photoelectrode can be
obtained via a simple ruler. The width (WP E ) is needed to determine the series
resistance (Equation 2.52). The area of the photoelectrode is needed to convert
the current obtained from the solar cell to current-density. While the technique
of using a ruler is very simple, it provides a very crude approximation of the area
and the width of the photoelectrode, while more precise techniques are discussed
below. When the semiconductor is deposited, the distance between the photoelectrode and the contact (WCont ) can also be measured using a ruler(Equation
2.52).
Upon assembly of the DSSC, the photoelectrode and counter electrode are separated by a thin piece of Surlyn polymer. This piece of Surlyn is used to melt the
two electrodes together and the thickness of the Surlyn determines the minimal
thickness of the electrolyte (del ). 57 This thickness can be used for Equation 2.48,
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2.49 and 2.51. When preparing the RM solution that is used in the DSSC, the
concentration of both the RM that will be oxidized (COx ) and that will be reduced
(CRed ) can be obtained (Equation 2.48 and 2.49).

Proﬁlometry and Scanning Electron Microscopy
There are several physical parameters that can only be obtained using more advanced surface microscopy measurements. The thickness of the photoelectrode
is an extremely important parameter, since it is embedded in many equations.
It is always assumed that the thickness is equal over the entire area of the photoelectrode. While this is technically incorrect, it greatly simpliﬁes the models.
There are two main methods to determine the thickness of the photoelectrode.
The ﬁrst method is by using a proﬁlometer, in which a probe (laser or a sensitive
needle) scans along the surface of the substrate. 89–91 When the probe reaches the
photoelectrode, it measures the diﬀerence in height between the substrate and
the photoelectrode, obtaining the thickness (d). The second method is by using
scanning electron microscopy (SEM), in which the photoelectrode is cut in half to
reveal a cross-section of the layered electrode. The microscope can then be used to
determine the thickness of the photoelectrode by measuring this cross-section. 92
While SEM is often more accurate, proﬁlometry can be done very quickly without
destroying the sample. If possible, it is always a good practice to measure the
thickness using proﬁlometry of each DSSC after the deposition of each semiconductor layer. Not only can this parameter be used in the model, but it can also be
used to check for reproducibility of device preparation, and the eﬀect of multiple
layering.
Proﬁlometry and SEM can also be used for a more exact measurement of the
surface area of the photoelectrode. From these measurements it is often revealed
that the edges of the photoelectrode are very rough, which makes if diﬃcult to
obtain an exact surface area. To circumvent this issue a photo mask is often used,
which will be discussed in more detail in Section 2.7.3..
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Porosity
The porosity of the photoelectrode (P) is directly used in Equation 2.28, and can
also be used to determine a more exact value for the thickness of the electrolyte
layer (del ). It is the fraction of the volume of the voids in the semiconductor over
the total volume and can be measured using gas adsorption studies. 93 Since the
porosity does not have a great inﬂuence on the J –V curve, and its measurement
can be non-trivial, it is often omitted. When large RM molecules are used, it can
be valuable to determine the porosity, since it is directly related to the pore size,
where a small pore size can cause diﬀusion limitations. There are several methods that can be used to determine the porosity, such as SEM, porosimetry and
adsorption studies. 94

Temperature
While often overlooked, the temperature of the solar cell can greatly inﬂuence its
performance. While a linear relationship between the photovoltage and the temperature is shown in Equation 2.53, many components can break down at higher
or lower temperatures, placing limits on the increase in photovoltage. It should
however be apparent, that the temperature must be kept constant during the various measurements, since it can have a large inﬂuence on the solar cell. Keeping a
constant temperature during the measurements can however be more diﬃcult than
expected, since the solar cell is constantly bombarded by photons that can heat
up the solar cell. If possible, it is therefore recommended to constantly monitor
the temperature of the solar cell, to ensure that there are no major ﬂuctuations
during the measurement. This monitoring can be achieved by a temperature probe
that is attached to the solar cell holder. A more advanced setup uses a temperature controller (like a Peltier cooler) that is attached to the solar cell holder that
ensures a constant temperature. 34
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Dye loading
While not expressed in any of the above equations, the dye loading—the amount
of dye that is adsorbed onto the surface of the semiconductor—is directly related
to the light absorption capabilities of the DSSC. Intra-molecular dye interactions
make it diﬃcult to establish an exact relationship between the dye loading and the
light absorption. Dyes that are chemisorbed to the metal oxide surface contribute
to the photocurrent, while dyes that are physisorbed will do so in a lesser amount.
Furthermore, an increased dye loading may induce stacking and aggregation on
the surface that may eﬀectively lower the photocurrent generated. While it can
be assumed that an increased dye loading will increase the photocurrent, it is not
a straightforward relationship.
The dye loading can be determined by either loading or leaching experiments. In
a loading experiment, UV–Vis spectroscopy is used to monitor either the dipping
solution or the photoelectrode, while the photoelectrode is being dipped. 95 The
diﬀerence in dye concentration in the solution, before and after the dipping, can
be used to determine the dye loading. Keep in mind however, that this will also
include physisorbed dye that do not contribute to the photocurrent. A better
technique is therefore to perform a leaching experiment. In this experiment, the
dipped photoelectrode is placed inside a solution, that will leach the dye from the
semiconductor, which is typically acidic or basic. 96 Spectroscopic techniques can
then be used to determine the dye concentration, which can be used to establish
the dye loading in combination with the surface area obtained from measurements
from the previous section.
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2.7.2. Electrical Measurements
While there is a plethora of electrical techniques that are used in the ﬁeld of solar
cells, almost all use the same principle of varying the voltage whilst monitoring
the current. We have already seen this technique in Section 2.2.2. when discussing
the J –V curve. In this section several other electrical techniques will be discussed
that are used often in the ﬁeld of DSSCs.

Cyclic Voltammetry
Cyclic voltammetry (CV) is a powerful current–voltage technique that is used
widely in the ﬁeld of DSSCs. While the parameters that can be obtained from this
technique are not represented in Equation 2.53, they provide information on many
of the underlying parameters. CV allows for the estimation of the EC , EV , HOMO,
LUMO and redox potential of the RM. 34 All of these parameters can inﬂuence, for
example the injection eﬃciency and the regeneration eﬃciency. More importantly,
using this technique one can make sure that the LUMO, for example is higher
than the EC , to make sure that electron injection is even possible. CV can also
be used to obtain valuable information regarding the CE catalyst performance
and mechanism. An extensive review regarding catalyst characterization by CV
is presented by Lee et al. 97
Similarly to the J –V curve measurements, in CV measurements the voltage is
also varied while monitoring the current. In this technique however, a threeelectrode setup is used, with a working electrode (WE), counter electrode (CE)
and reference electrode (RE). 98 The WE is connected to the potentiostat, which is
in turn connected to the CE and RE, that are connected in parallel. The electrodes
are placed in a container ﬁlled with an electrolyte solution thereby completing the
circuit.
At the WE, the material of interest, which can be dissolved in the solution of the
electrolyte (RM) or deposited onto the WE (semiconductor), is analyzed. If the
material of interest is dissolved in solution an inert WE is used, typically glassy
carbon or gold. 99 This electrode has a small, smooth homogeneous surface that
increases the signal-to-noise ratio of the measurement. For determining the VB
and CB of the semiconductor for example, the semiconductor is deposited onto
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the WE. To enhance the accuracy of the measurement it is best to use the same
substrate for the WE that is used in the solar cell device.
The CE beneﬁts from a large surface area to make sure that the reaction at this
electrode is never the rate determining process. The material used for the CE is
often a platinum mesh or wire. Connected in parallel to this electrode is a giga
ohm resistor connected in series to the RE. This resistor ensures that no current
will ﬂow through the RE, and the current will only ﬂow through the CE.
The idea behind the RE, is that it has a known potential and that the reaction
that is occurring at the WE can be referenced to this potential. 98 A popular choice
for the RE is the Ag/AgCl electrode, in which a silver wire is situated in a solution
of Ag+ and Cl− ions of a certain molarity. The potential at which oxidation of
the silver wire occurs is known and can therefore be used a reference (0 V vs.
saturated Ag/AgCl = 203 mV vs. NHE).
In the CV experiment, the voltage is scanned forward and then backward and
optionally for several times. If there are electrochemically active species present—
either in the solution or on the surface of the WE—and the potential of the WE
is more oxidative than the oxidation potential of this species, the species will be
oxidized. When the potential is then scanned backwards, the oxidized species will
be reduced again, if it did not undergo any changes. Likewise, if the potential of
the WE is more reductive than the reduction potential of these species, the latter
will be reduced.
Using the CE material of the DSSC as the WE in the CV setup and the RM in
the solution, a good indication of the RM potential can be obtained. A typical
cyclic voltammogram as a result of such a measurement is shown in Figure 2.19,
where ferrocene is converted into ferrocenium. Here, the voltage is swept forward
at ﬁrst, and the current starts to increase exponentially when the potential of
the potentiostat gets closer to the redox potential of the RM (point A to C). At
even higher voltages the current starts to decrease, since the redox species close
to the WE are depleted (point C to D). When the sweeping direction is reversed,
a slightly oﬀset mirror image of the forward sweep is obtained (point D to G).
The point at which the slope is steepest indicates the redox potential of the RM
(points B and E). In practice, this is the average between point C and F when the
redox waves are reversible.
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Figure 2.19. Typical cyclic voltammogram of ferrocene, adapted from Elgrishi et al. 98

To obtain an estimate for the energy levels of the HOMO and LUMO a similar
experiment is performed. To obtain these energy levels a tangent is placed along
the steepest point of the ﬁrst reduction or oxidation event of the cyclic voltammogram, and before the exponential increase. The intercept of these two tangents
indicates the energy levels of the HOMO or LUMO.
Similar to the previous experiment, the EC and EV can be obtained. 34 In this case
an inert electrolyte is used, and the working electrode is the substrate onto which
the semiconductor is deposited. With wide band gap semiconductors, it is very
likely that either the EC or EV cannot be obtained. This is because the solvent
is reduced or oxidized before the CB or VB. To this end, high UV spectroscopy
can be used to determine Eg .

Electrical Impedance Spectroscopy
Electrical impedance Spectroscopy (EIS) is an extremely powerful technique that
can be used to determine many underlying parameters of Equation 2.53, such as
the electron or hole lifetime (τ ), the electron or hole diﬀusion parameter (D), the
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diﬀusion length (L), the diﬀusion rate of the RMs (DOx , DRed ) the recombination
current-density (JRec,0 ), and the exchange current-density at the counter electrode
(JCE,0 ). 57 All of these parameters can be obtained via a relatively simple measurements. While the EIS measurements itself are relatively simple, the interpretation
of the results can be quite daunting at ﬁrst sight. In this section, the basics of
EIS will be discussed, including the methods to obtain the parameters mentioned
above.
First, we will look at impedance in an electrical circuit with speciﬁc circuit elements, and we will then see how we can use this knowledge for dye-sensitized solar
cells. While there are many circuit elements that can be used in EIS, the resistor
and the capacitor are the most relevant in the ﬁeld of DSSCs. Electrical impedance
describes how much current that is traveling through a circuit is impeded (or in
other words how much the voltage will drop) at a certain current and the unit is
therefore Ω (or V A−1 ). Since impedance has the same unit as resistance, the two
terms are often confused. The impedance is a broader deﬁnition than resistance,
since it encompasses all ways in which a current can be impeded in an electrical
circuit. The impedance of a resistor is simply equal to its resistance, in other
words, a resistor of 10 Ω has an impedance of 10 Ω.
The key characteristic of an EIS experiment is that an alternating current (AC)
of a certain frequency can be used to determine the parameters mentioned above.
This is diﬀerent from the other electrical measurements, since these use direct
current (DC).
The impedance of a capacitor is described by the so-called "reactance" of the
capacitor (XC ). The impedance of a capacitor is equal to its reactance, and can
be calculated using Equation 2.54. 100
XC =

1
2πf C

2.54

In this equation f (Hz) is the frequency of the alternating current, and C (F)
is the capacitance of the capacitor. The most important take-home message of
Equation 2.54 is that the reactance and thus the impedance of a capacitor is
inversely proportional to the frequency. The origin of this proportionality comes
from the fact that the capacitor needs to charge and discharge with a certain time
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constant. This charging and discharging also has another important consequence,
which is a phase shift in the current. This means that when a sinusoidal alternating
voltage is applied to the capacitor the phase of the sinusoidal voltage that is applied
is shifted with respect to the current obtained.
The complexity of impedance arises when multiple circuit elements are inserted
into an electrical circuit. If a resistor and a capacitor for example are placed in
series, the impedance cannot simply be calculated by adding the resistance and the
capacitance together. The impedance is deﬁned as the modulus of the reactance
and the capacitance, which is shown in Equation 2.55.
Z=



R2 + X 2

2.55

This relationship between impedance, resistance and reactance can mathematically
be described by making the reactance a complex number, which prohibits direct
addition of the resistance and the reactance. Visually this can be depicted by
placing the resistance on the x -axis and the reactance on the y-axis (Nyquist
plot). 100 In this plot the resistance is denoted by Z  , and the reactance by Z”. An
electrical circuit with a certain resistance and reactance can be depicted on this
graph, and the impedance is then simply the length of the diagonal line from the
origin to this point (Figure 2.20). The angle between this line and the x-axis is
then the phase shift from the capacitor.

Figure 2.20. (a) Time-domain representation of V (t) and I(t). The phase angle φ
depicts the time delay between the voltage input and the current response. (b) Frequencydomain representation of Z, including Z which is the modulus and the phase angle φ,
adapted from von Hauﬀ. 101

96

Chapter 2
In an EIS experiment, the impedance and the phase shift of the electrical circuit is
measured directly, and this can be converted to the resistance and the reactance of
the electrical circuit. This experiment is then repeated at diﬀerent AC frequencies,
which varies the reactance keeping the resistance the same. There are various ways
to visually depict this data, such as plotting the resistance versus the reactance,
or plotting either of them versus the frequency. A plot in which a parameter is
plotted versus the logarithm of the frequency is called a Bode plot.
A widely used circuit element in the ﬁeld of electrochemistry is the constant phase
element (CPE). In this element, a resistor and a capacitor are placed in parallel.
In this element, it is accounted for that the capacitor is not ideal, which we shall
see in a later stage allows for the calculation of the ideality factor (m). When a
resistor is placed in series to the CPE, a so-called "Randles circuit" is obtained,
which is used to describe charge transfer reactions at an electrode. For illustration purposes, the equation describing the Randles circuit is shown in Equation
2.56, and the electrical circuit, Nyquist and Bode plots are shown in Figure 2.21. 100

Z(f ) = RS +

(2πif )n RCT CCT
RCT + (2πif )n CCT

2.56

Figure 2.21. a) Randles circuit, b) Nyquist plot of the Randles circuit, c) Bode plot of
the Randles circuit.
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In Equation 2.56 the resistances are denoted by R (Ω), the capacitance by C (F),
the frequency by f (Hz), the capacitor ideality by n (unitless) and i is the imaginary
unit. As was mentioned above, the Randles circuit can be used to describe a charge
transfer process at an electrode. If a single redox species is evaluated via CV, and
a redox peak is found at a certain voltage, an EIS experiment can be performed
at this voltage. The result will be a graph similar to the graph shown in Figure
2.21. By using the least- square ﬁtting method, Equation 2.56 can be ﬁtted to
the experimental data, and the resistances and capacitance of this system can be
obtained.
The resistances and capacitance obtained by ﬁtting the data to the equation can
in turn be used to obtain physical parameters. In this particular case for example,
the rate of the charge transfer reaction can be obtained by Equation 2.57
kCT =

1
CRB

2.57

In this speciﬁc example, the Randles circuit is the equivalent circuit of the charge
transfer process. It must be emphasized that any equivalent circuit can be used
to ﬁt any data, and the equivalent circuit is therefore only relevant if it relates
to physical processes. When a new equivalent circuit is created for a speciﬁc
system, each element must have a physical counterpart and this should be tested
rigorously. 101
Just as there is an equivalent circuit for the charge transfer process at an electrode,
there are also several equivalent circuits developed for the DSSC. The equivalent circuit developed by Bisquert and Fabregat-santiago is the generally accepted
equivalent circuit, and is called the transmission line model (Figure 2.22). 22 The
equation corresponding to this model is given in Equation 2.58 to 2.62. 100

98

ZDSSC = ZS + ZP E + ZD + ZCE

2.58

Z S = RS

2.59
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Figure 2.22. Equivalent circuit model of a DSSC presented by Fabregat-Santiago et
al. 22

ZP E =

RT RREC
coth
1 + (2πjf )nP E RREC Cμ

2.60

2πjf
W

2.61

(2πif )nCE RCE CCE
RCE + (2πif )nCE CCE

2.62

Z D = RD

ZCE =

RT + (2πjf )nP E RT RREC Cμ )
RREC

W
tanh
2πjf

While this equivalent circuit is much more complex than the Randles circuit, the
principle of measuring and then ﬁtting the data to the equation is the same. The
equation consists of four independent impedance components: the series resistance
(Zs /Rs ), the photoelectrode (ZP E ), the RM diﬀusion (ZD ) and the charge transfer
at the counter electrode (ZCE ). When the experimental data is ﬁtted to the
equation, the resistances and capacitances obtained can be used to determine the
physical parameters, such as the series resistance RS (Equation 2.59), electron
diﬀusion coeﬃcient D (Equation 2.63), the electron lifetime τ (Equation 2.64) and
the limiting RM diﬀusion coeﬃcient DRed,Ox (Equation 2.65). 102
D=

d2
RT C μ

τ = RREC Cμ

2.63

2.64
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DRed,Ox =

W
del 2

2.65

The parameters obtained from ﬁtting the experimental data varies greatly on the
conditions under which the experiment is performed. To obtain the recombination
resistance (Rrec in Ω cm−2 ) and chemical capacitance (Cμ in F), the experiment is
most often performed at V OC conditions, which ensures that little to no current is
ﬂowing through the contact, and that all of the photocurrent will be recombined.
When the intensity of the light is varied, the Rrec and Cμ can be plotted versus the
diﬀerent V OC values. This plot can then be ﬁtted according to Equation 2.66. 103
qV

RREC = RREC,0 e mkB T

2.66

When this equation is plotted on a logarithmic scale, the Rrec,0 (Ω cm−2 ) is the
intersection with the y-axis, and the ideality factor m is indicated by the slope of
the plot. Subsequently, Rrec,0 can be used to obtain the recombination currentdensity Jrec,0 by Equation 2.67.
RREC,0 =

mkB T
qJREC,0

2.67

The last parameter that can be evaluated using EIS, is the current-density at the
counter electrode (JCE,0 ). While in theory this can be directly obtained from the
measured DSSC using the counter electrode resistance (RCE ), in practice this resistance often also includes the resistance of the semiconductor–TCO interface. To
avoid this problem, it is recommended to use a so-called "dummy cell", made from
two counter electrodes sandwiched together with the electrolyte in between. 104 The
EIS can then be performed at the voltage, at which the redox reaction of the RM
takes place, and JCE,0 can be obtained by Equation 2.68.
RCE,0 =

kB T
qJCE,0

2.68

There are several criteria that must be met in EIS in order to obtain reliable
data. First, the current response to the voltage perturbation must be linear.
In practice this means that the amplitude of the AC perturbation must be very
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small to ensure that a linear response is obtained. 101 Second, the current response
must be only due to the voltage perturbation, and not due to any other external
factors such as cable inductance or improper clipping of the DSSC. This criteria
of causality must be evaluated carefully, and can often be ensured by using short
connections to the potentiostat. Third, the DSSC must be stable over the course
of the measurement. EIS experiments can take several hours, especially when low
frequency experiments are performed. It is therefore important that the DSSC
remains stable throughout the entire measurement. Finally, the impedance values
obtained over the entire frequency range must be ﬁnite. To test whether these four
criteria are met and the impedance data is valid, the so-called Kramers–Kronig
relations can be tested. These relations are explained in detail by von Hauﬀ, and
will not be discussed further in this chapter. 101
EIS can be used to derive many other useful parameters, such as doping concentrations, trap states, conduction band shifts and the dielectric constant. The
derivation of these parameters is beyond the scope of this chapter, and several
in-depth EIS studies using these techniques are recommended. 22,57,101,103

Conductivity
The measurement of the conductivity of the electrolyte solution is straight forward.
If two electrodes with a known area are placed at a known distance, and a voltage is
applied while monitoring the current, the resistance can be obtained. The speciﬁc
conductivity (κ) of the electrolyte can then be obtained according to Equation
2.69. 34
κ=

l
RA

2.69

In this equation, l (m) is the distance between the two electrodes, R (Ω) is the
measured resistance and A (m−2 ) is the area of the electrode. While κ is almost
never the limiting factor in a DSSC, it is useful to determine, especially when new
RM solutions are explored.

101

Chapter 2

2.7.3. Optical Measurements
There are many optical measurements that can be performed to obtain important
parameters that dictate the performance of the solar cell. The measurements
can vary greatly in complexity, and especially transient studies require speciﬁc,
expensive, diﬃcult-to-maintain setups, and such measurements are often don in
collaboration with expert groups. It is for this reason that transient measurements
will not be discussed in this chapter. The parameters that are dependent on the
amount, and the source of the light are all embodied into the J SC , and as was
shown in Equation 2.25, is determined by the IPCE together with the photon ﬂux
density.
One very useful tool used during the optical measurements is the optical mask.
This is a piece of material that does not allow any light to pass through, except for
a hole in the material of which the area is known. Using a mask with a predetermined area makes the conversion from current and photon ﬂux to current-density
and photon ﬂux density very easy. It is important however that the area of the
mask is close to the area of the PE. 105

Incident Photon-to-Electron Conversion Eﬃciency
There are several diﬀerent ways to measure the IPCE, because there are several
diﬀerent aspects of the IPCE measurement that can be altered. The goal of the
IPCE measurement is to obtain the amount of current that is generated by irradiation at diﬀerent wavelengths. Equation 2.25 can be used as a helpful tool to
check if the IPCE measurements are done correctly when the J SC and the photon
ﬂux density has been measured.
If possible, it is best to use the same light source with which the J –V curve is
measured and inserting a monochromator between the incoming light source and
the solar cell. The monochromator only allows one wavelength to pass through
and with this, the wavelength can be varied. 34 The so-called "DC method" uses
the light that comes from the monochromator, and this is directed to the DSSC.
The current response from the DSSC is then measured at steady state, which is
achieved after several hundreds of milliseconds. 58 It is important to realize that the
response time of the DSSC is not immediate, which is often the case with silicon
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solar cells, and that therefore suﬃcient time must be taken to let the DSSC reach
a steady state. The current before illumination is subtracted from the current at
steady state and this is used to determine the IPCE. While this method yields
good IPCE values, it is best to measure the IPCE at each wavelength several times
and to this end the AC method is used.
With the AC method, a chopper is introduced after the monochromator that can
create light and dark periods with speciﬁc time intervals. 106 Once again, it is
crucial that these time intervals are set to ensure steady state conditions. By
using this method, the IPCE of each wavelength can be measured several times
and an average value can be taken.
A ﬁnal point of discussion regarding the IPCE is the use of a bias light. It has
been found that the use of a bias light can greatly inﬂuence the obtained IPCE
value. The goal of a bias light is to ﬁll any trap states present in the DSSC, so
that the obtained IPCE value is more accurate. While the use of a bias light may
be greatly dependent on the type of materials used, in general a small bias light
of around 0.1 Sun gives the most accurate IPCE values.

Transmittance, Absorption Coeﬃcient and Reﬂectance
There are several optical parameters that can be determined experimentally, regarding the light harvesting eﬃciency (Section 2.5.1.). First there is the transmittance of the TCO and the glass (TT CO ). This can be easily determined with a
UV–Vis spectrophotometer by placing a piece of the TCO in between the incoming
light and the spectrophotometer. The TT CO can then be determined by taking the
ratio of the intensity of the light measured after inserting the piece of TCO, and
before. 34 Similarly, this technique can be used to determine the transmittance of
other materials if needed.
The light that is not transmitted is either absorbed or reﬂected. The exact same
measurement can therefore be performed to obtain the absorptance of the dyed
photoelectrode. This can then be converted to the absorption coeﬃcient of the
photoelectrode (αD ) if the thickness of the photoelectrode is known by using Equation 2.27. The absorption coeﬃcient of the electrolyte (αel ) can be obtained using
the same technique, by sandwiching a drop of electrolyte between two microscope
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slides, and measuring the absorptance.
To measure the reﬂectance of the photoelectrode (rP E ), a similar setup with an
integrating sphere is used. The spectrophotometer measures light from the integrating sphere, and the photoelectrode is placed at the other side of the sphere.
Light that reaches the photoelectrode is reﬂected back into the integrating sphere,
and this can be detected by the spectrophotometer.

Diﬀusion Length
In Section 2.7.2. it was already discussed how the electron diﬀusion length can
be obtained using EIS. This diﬀusion length can also be calculated using a nifty
optical measurement. This technique is called the front–back IPCE measurement,
and it is done simply by measuring the IPCE by irradiating the front and the back
of the DSSC. The diﬀusion length can then be obtained by using the relationship
shown in Equation 2.70. 57
ηCOL,back
TT CO ηIP CE,back
=
ηCOL,f ront
TCE Tel ηIP CE,f ront

2.70

If the thickness, transmittance and absorption coeﬃcients are known for all the
components, the diﬀusion length can be calculated. It must be mentioned however,
that the optical measurements need to be performed in a very precise manner to
obtain a reliable diﬀusion length. Nevertheless, the front–back IPCE measurement
is a very useful technique, especially when EIS measurement are not possible, due
to one of the criteria not being met.
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2.8. Parameter Overview
In total there are 26 parameters and 3 physical constants embedded in Equation
2.53 that describe the ﬁnal J –V curve. Of these 26 parameters, 18 can be measured
using the techniques described in the previous sections. For overall clarity, the
parameters are tabulated in Table 2.1, including the respective units, methods to
obtain, and the corresponding sections in this chapter.
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Symbol
T
P
d
del
Φph
L
Rrec,0
m
ηIP CE
TT CO
rP E
αD
αel
ζ
ηREG
ηIN J
a, b
DOx , DRed
COx , CRed
RCE,0
κ
WP E , WCont
RSheet

Parameter

Temperature
Porosity
Thickness of PE
Thickness of electrolyte
Photon ﬂux density
Diﬀusion Length
Recombination Resistance
Ideality Factor
IPCE
Transmittance of TCO
Reﬂectance of PE
Absorption coeﬃcient of dyed PE
Absorption coeﬃcient of electrolyte
Optical mean path length
Regeneration eﬃciency
Injection eﬃciency
Reaction coeﬃcient RM
Diﬀusion coeﬃcient RM
Concentration RM
Charge transfer resistance of CE
Conductivity electrolyte
Width PE, Distance PE – contact
Sheet resistance
m2 s−1
mol m−3
Ω cm−2
S m−1
m
m

m−1
m−1

m
m
s−1 cm−2
m
Ω cm−2

K

Unit
Probe
SEM
SEM, Proﬁlometry
by preparation
Spectrophotometer
EIS, IPCE
EIS
EIS
IPCE
Optical measurement
Optical measurement
Optical measurement
Optical measurement
between 1–2
Transient Measurements
Transient Measurements
by preparation
EIS
by preparation
EIS
Conductivity measurement
by preparation
by product speciﬁcations

Method to Obtain

Section
2.7.1.
2.7.1.
2.7.1.
2.6.2.
2.1.
2.7.2., 2.7.3.
2.7.2.
2.7.2.
2.7.3.
2.7.3.
2.7.3.
2.7.3.
2.7.3.
2.5.1.
2.7.3.
2.7.3.
2.6.2.
2.7.2.
2.6.2.
2.7.2.
2.7.2.
2.6.4.
2.6.4.

Table 2.1. Overview of the parameters and constants that are embedded in Equation 2.53.
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2.9. Techno-economic Aspects
With all of the in-depth and fundamental knowledge presented in the previous
sections it is logical to forget about the bigger picture of DSSCs. In this section,
we will therefore circle back to several techno-economic aspects that need to be
considered when designing DSSCs. As mentioned in the introduction, the DSSC is
only commercially viable if the cost of electricity produced by the solar cell is equal
or lower than that of diﬀerent alternatives. This cost of electricity from a DSSC is
dependent on the performance, investment costs, operating costs and maintenance
costs of the device. The direct competition for the DSSC is the traditional siliconbased solar cell, and in this section the performance, manufacturing cost and
lifetime of these two will be compared.
The PCE of commercial silicon-based solar cells are around 20% and that of DSSCs
are around 10%. 107 With lower eﬃciency solar cells, so-called "balance-of-systems"
costs are added to the total costs, which is US 0.30$ W−1 . 108 It is important to
realize that this means, that a doubling of the PCE more than halves the cost of
electricity. 107 In most cost comparison studies an eﬃciency of 6% or lower is used
for DSSC modules, which is signiﬁcantly less than the 10% DSSCs manufactured
on a laboratory scale.
In the previous sections, it can be seen how each physical parameter inﬂuences the
PCE of the DSSC. Increasing the PCE by optimizing these physical parameters is
the best way to develop a cost-eﬀective DSSC. While a high PCE greatly reduces
the cost of electricity, it is not an absolute requirement to develop cost-eﬀective
DSSCs. Reducing the manufacturing costs can also greatly reduce the cost of
electricity and generate commercially viable DSSCs.

2.9.1. Investment Cost
It is diﬃcult to properly compare the manufacturing costs of DSSCs to that of
traditional silicon solar cell. The main reason for this is that the silicon solar
cell market has been subjected to a learning curve for a long period, while this is
absent in the ﬁeld of DSSCs, since there is no large scale production. 109 The cost
per watt peak of a silicon solar cell is around US 0.7$, while that of a DSSC is
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around US 93$. 110 While this diﬀerence seems tremendous, it has been estimated
that the increase of production to a 100 MW industry can reduce this cost below
US 1$ per watt peak. 111
To properly evaluate where the largest cost reductions can be made, it is helpful
to look at the relative cost of each component. We have assembled the results
from several studies, and took the average cost of each component. These results
are shown in Figure 2.23, in which the costs of each component are represented as
a percentage of the total cost.

Figure 2.23. Breakdown of the panel costs of the major components of a DSSC in
percentages.

From Figure 2.23 it is apparent that the largest cost of the DSSC are from the
substrate. The TCO substrate is very expensive, and is also why many researchers
are looking into stainless steel or ﬂexible plastic or carbon-based substrates. 110,112
Besides the substrate, the various other component of the solar cell are relatively
cheap. The second biggest cost of the DSSC is the dye, which in the studies used
is the popular ruthenium-based N719 dye. The dye arguably has the biggest inﬂuence on the PCE, therefore a better performing dye generally outweighs the
additional cost by manufacturing.
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2.9.2. Stability
There are not many long-term stability studies performed on DSSCs, but the
ones that were done showed promising perspectives for the DSSC. Toyoda et al.
showed that a DSSC module that was run for almost half a year had a 20% higher
electricity production than the traditional silicon solar cell. 113 It was found that
the performance of the DSSC decreased with approximately 20% over the course
of one year. The main source of this decrease was leaking of the electrolyte and a
follow-up study addressed this issue. 114 In this study a remarkable stability was
found, with only a 10 % drop in eﬃciency over the course of 2.5 years. This drop
was found to be caused by slow deterioration of the iodine RM, which has been
the cause of deterioration in multiple stability studies. 29,115
Interestingly, factors such as humidity and temperature that were considered as
potential issues for outdoor DSSCs did not appear to inﬂuence the stability of the
devices. In fact, a higher operating temperature increases electron and electrolyte
mobility, and enhances the eﬃciency. The main requisite for stable DSSCs is
proper sealing of the solar cell, therefore gel-based and solid-state electrolytes are
promising alternatives to the solution-based ones.
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Conclusion
In this chapter we have presented the basic physical and commercial concepts that
we believe are required when endeavoring in the exciting ﬁeld of dye-sensitized solar
cells (DSSCs). The diﬀusion model has been used to explain, how the fundamental
physical parameters inﬂuence the J –V curve. Several measurement techniques
such as CV, EIS and IPCE are used to illustrate how to properly measure the 18
fundamental physical parameters (Table 2.1).
Although many of the fundamental physical parameters are implemented into the
diﬀusion model, there are several parameters that need to be introduced in order to
make the model fully describe the DSSC. The main parameters we found that were
missing in the model were the EC , EV , HOMO, LUMO and the redox potential
of the RM. Also, the ideality factor should be subjected to further investigation
in order to fully understand its physical meaning.
In the techno-economic section, it has been shown that the substrate is the most
expensive component used in DSSCs, and that this should be a focus of cost
reduction to create commercially viable DSSCs. Furthermore, it is our believe
that the dye has the largest potential to increase the PCE of the DSSC, and that
this increased eﬃciency, should compensate for a more expensive dye.
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Introduction
With an ever increasing energy demand, and the prospect of climate change as
a consequence of greenhouse gas emission, alternatives to fossil fuels are needed.
Solar energy has the most potential of providing this energy in a sustainable fashion. 1 Dye-sensitized solar cells (DSSCs) are considered as a promising low-cost alternative to traditional crystalline silicon solar cells. 2 Furthermore, they are made
from sustainable materials, and can absorb diﬀuse light, making the characteristics
suitable for small scale appliances. 3,4 n-type DSSCs based on mesoporous TiO2
have achieved eﬃciencies of almost 12% with traditional iodide-based electrolytes, 5
with greater power conversion eﬃciency (PCE) made possible through the use of
alternative redox couples, enabling PCE improvements through increases in opencircuit voltage (V OC ), without sacriﬁcing short-circuit current density (J SC ). 6–9
Complementary improvements in p-type DSSCs (p-DSSCs), based on mesoporous
NiO semiconductors, aim to enable the fabrication of highly eﬃcient tandem DSSC
devices. However, the eﬃciency of p-DSSC (2.51%) exhibit much lower PCEs than
n-type DSSCs (14.7%). 7,10–14
Besides engineering the mesoporous semiconductor and dye of the p-DSSC, development of the redox mediator (RM) within the electrolyte of the p-DSSC provides
−
a clear pathway to device optimization. 10,15,16 Traditionally used I−
couples
3 /I

have been scrutinized due to its ambiguous mechanism as a RM, and parasitic
−
absorption of visible light. 17 The parasitic absorption of visible light by the I−
3 /I

couple removes photons utilizable by the dye, reducing J SC , while the radical
I•−
formed upon visible light excitation, recombine with a photogenerated hole
2
at semiconductor–electrolyte interface, compromising the V OC of the device. 18
−
Importantly, devices based on I−
electrolytes suﬀer from low V OC , as its re3 /I

dox potential (0.31 V vs. normal hydrogen electrode (NHE)) is not energetically
matched in an optimal fashion with the redox potentials of the dye. 19
Bach et al. demonstrated an elegant solution to improving V OC in p-DSSCs by
employing [Co(en)3 ]3+/2+ and [Fe(acac)3 ]0/1− RMs that exhibit higher redox po−
tentials than the I−
3 /I couple, enabled by appropriate matching of dye electronics,

leading to higher PCEs. 10,15 The cobalt- and iron-based electrolytes are however
unstable in air, and therefore have to be prepared under inert conditions, compli-
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cating the DSSC device fabrication. Also, the cobalt- and iron-based electrolytes
compete for visible light absorption with the dyes, making them less suitable for
tandem solar cell applications.
Polyoxometalates (POMs) are well known anionic metal oxide clusters that can
host several heteroatoms, including molybdenum (Mo) and tungsten (W). 20 POMs
are widely used for their electrochemical properties, such recent applications include water oxidation catalysis, components in redox-ﬂow batteries, 21,22 lithiumion batteries and super capacitors. 23,24 To our knowledge, POMs have have not
been employed as RMs in p-DSSCs. In this chapter, we report the use of Lindqvist
polyoxometalates as RMs for p-type DSSCs. Lindqvist POMs have a molecular
formula M6 O2−
19 and spherical shape. As we are particularly interested in the development of p-type DSSCs with higher V OC s for the realization of solar fuel devices,
a simple testing device was constructed to enable rapid optimization (Figure 3.6).
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3.1. Results and Discussion
The Lindqvist POMs used in this work are [TBA]2 Mo6 O19 and [TBA]2 W6 O19 ,
and the structure of a typical Lindqvist POM is depicted in (Figure 3.1).

Figure 3.1. Typical Lindqvist Mo6 O219− polyoxometalate with the metal atoms depicted
in orange and the oxygen atoms depicted in red. The ﬁgure was made by the ADF2019
software.

The POMs were synthesized via two simple procedures as previously described
by Wang et al., with characterization of the POMs structure achieved by single
crystal X-ray diﬀraction. 25 The POMs have been made from cheap starting materials, employing abundant elements coupled with air stability, making the POMs
amenable to scale up.
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3.1.1. Electrochemical and Optical Characterization
The [TBA]2 Mo6 O19 and [TBA]2 W6 O19 POMs demonstrated respective solubilities
of 21 g L−1 and 67 g L−1 in acetonitrile, limiting their application in DSSCs.
The acetonitrile solution of [TBA]2 Mo6 O19 aﬀorded a faintly yellow solution and
[TBA]2 W6 O19 yielded a colorless solution. From Figure 3.2, it can be seen that the
maximum molar absorption coeﬃcient of [TBA]2 Mo6 O19 (0.09 ×105 M−1 cm−1
at 324 nm) and [TBA]2 W6 O19 (1.10 ×105 M−1 cm−1 at 300 nm) are both over
−
100 times lower than the traditional I−
(26.82 ×105 M−1 cm−1 at 300 nm)
3 /I

electrolyte.

Figure 3.2.
Molar absorption coeﬃcient spectra of [TBA]2 Mo6 O19 (black),
−
[TBA]2 W6 O19 (blue) and I−
(red) in acetonitrile, with the inset showing the dif3 /I
ference between of [TBA]2 Mo6 O19 and [TBA]2 W6 O19 . Concentrations were 1.7 × 10−5
−
M, 3.5 × 10−5 M and 1.7 × 10−7 M for [TBA]2 Mo6 O19 , [TBA]2 W6 O19 and I−
3 /I ,
respectively.

A combination of cyclic voltammetry (CV) and diﬀerential pulse voltammetry
(DPV) were employed to determine the reduction potential, reversibility and diffusion coeﬃcient of both POMs. Figure 3.3 shows the diﬀerential pulse voltammogram of both POMs, which exhibit redox potentials of -0.40 V and -0.90 V vs.
NHE for [TBA]2 Mo6 O19 and [TBA]2 W6 O19 , respectively.
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Figure 3.3. Diﬀerential pulse voltammogram of [TBA]2 Mo6 O19 and [TBA]2 W6 O19
saturated solution in acetonitrile, using a glassy carbon working electrode, a platinum
counter electrode and an Ag/AgCl reference electrode.
−
3+/2+
Given that the redox potential of I−
and [Fe(acac)3 ]0/1− are re3 /I , [Co(en)3 ]

ported to be 0.32 V, -0.03 V and -0.20 V vs. NHE, respectively, the [TBA]2 W6 O19
POM demonstrates the lowest redox potential (-0.90 V vs. NHE) to our knowledge. 10 This low redox potential of [TBA]2 W6 O19 should translate to an elevated
V OC (1.22 V as theoretical maximum) in the p-DSSC device, making the POM
an excellent candidate as a RM. Figure 3.4 shows an energy level diagram of
the components in the p-type DSSCs used in this work. The lowest unoccupied molecular orbital (LUMO) of the P1 dye has been reported to be around
-0.93 V vs. NHE. 13,26 This means that there is a Gibbs free energy diﬀerence for
the electron transfer (ΔGel ) from the dye to the RM of 0.03 V available in the
case of [TBA]2 W6 O19 . Although this should be enough energy to regenerate the
[TBA]2 W6 O19 POM, a low J SC can be expected as the driving force of 0.03 V
is very small, reducing the rate of this electron transfer process. In the case of
[TBA]2 Mo6 O19 there is 0.53 V of driving force available, which should aﬀord lower
V OC s than the [TBA]2 W6 O19 POM, but higher J SC s.
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Figure 3.4. Energy-level diagram of the semiconductor, P1-dye and redox couples used
in this work, potentials are shown in V vs. NHE.

The CV presented in Figure 3.5 demonstrates that both POMs are electrochemically reversible. The scan-rate dependent measurements provide information on
the diﬀusion constants of the diﬀerent POMs. 10 Using the Randles–Servick equation, the electrochemical data show that [TBA]2 Mo6 O19 and [TBA]2 W6 O19 have
a diﬀusion coeﬃcient of 2.02 (± 0.35) × 10−7 cm2 s−1 and 1.08 (± 0.09) × 10−7
cm2 s−1 , respectively. Earlier studies with the [Fe(acac)3 ]0/1− RM revealed that
this species has a diﬀusion coeﬃcient of 7.1 (± 0.78) × 10−6 cm2 s−1 under the
applied conditions. 10 It was also reported that the J SC was limited by diﬀusion,
a well known phenomena when employing RMs of greater size. 10 Since the POMs
in this chapter feature lower diﬀusion coeﬃcients, it is likely that the J SC of the
corresponding p-DSSCs will experience diﬀusion limitations.
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Figure 3.5. Scan rate dependent CV with a glassy carbon working electrode, a platinum counter electrode and a Ag/AgCl reference electrode of a) [TBA]2 Mo6 O19 and b)
[TBA]2 W6 O19 .
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3.1.2. Solar Cell Characterization
We designed and fabricated a simple device to speciﬁcally measure the V OC in
a simple and expedient manner. The device is made from a screen-printed NiO
photocathode (1.57 cm2 ) on ﬂuorine-doped tin oxide (FTO) glass, subsequently
sensitized with the frequently used P1 dye. 26–28 The counter electrode (CE) was
made from platinum coated FTO, which is separated in the device from the PE
by 1 cm using a Teﬂon container, featuring a large opening at the top to facilitate
introduction and removal of electrolyte solutions, and washing of the system (Figure 3.6). The Teﬂon container has a volume of 3 mL of electrolyte solution. It is
expected that the increased distance (1 cm vs. 60 μm) between the electrodes will
amplify diﬀusion limitations in the system, leading to lower J SC , but it allows the
benchmarking of the open circuit potential of various devices in an expeditious
manner. 29

Figure 3.6. Simple testing device used in this work to benchmark VOC .

Table 3.1 summarizes the photovoltaic parameters obtained from the measurement
−
of J –V properties of the DSSCs. POM RMs are compared to the I−
3 /I electrolyte

at reduced concentration (0.01 M as opposed to 1.0 M) due to the limited solubility
of the POM materials in MeCN.
It is clear that devices based on [TBA]2 Mo6 O19 and [TBA]2 W6 O19 show a dramatic increase in the V OC (423 mV and 541 mV, respectively), compared the
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Table 3.1. Photovoltaic parameters for p-type DSSCs prepared in this work.
Data was obtained from J–V curve measurements performed AM1.5 solar irradiation (100 mW cm−2 ).

RM
Mo6 O19 a
W6 O19 a
−a
I−
3 /I
− −b
I3 /I
−c
I−
3 /I
a
b
c

V OC
(mV)
423
541
100
144
106

±
±
±
±

28
34
5
14

J SC
(mA cm−2 )

FF

PCE
(%)

0.021 ± 0.002
0.010 ± 0.001
0.032 ± 0.003
0.107 ± 0.013
3.010

0.13 ± 0.02
0.11 ± 0.02
0.23 ± 0.01
0.31 ± 0.02
0.37

0.0012 ± 0.0003
0.0016 ± 0.0001
0.0007 ± 0.0001
0.0048 ± 0.0008
0.12

0.01 M RM with 0.5 M of LiTFSI was present as supporting electrolyte. The data
shown are the average and the standard deviation of at least 5 diﬀerent experiments.
1.0 M of RM. The data shown are the average and the standard deviation of 5
diﬀerent experiments.
1.0 M of RM obtained from Li et al. 28

−
I−
3 /I couple (100 mV). This clearly corresponds to the diﬀerences in redox poten-

tials measured from electrochemical characterization. Also, the elevated V OC of
[TBA]2 W6 O19 compared to [TBA]2 Mo6 O19 is consistent with the slightly higher
oxidation potential of [TBA]2 W6 O19 . Comparing the two POM RM devices, the
lower J SC of the [TBA]2 W6 O19 compared to the [TBA]2 Mo6 O19 device (0.010 mA
cm−2 vs. 0.021 mA cm−2 ), can be explained by either the smaller driving force for
reduction of [TBA]2 W6 O19 by the photoreduced dye compared to [TBA]2 Mo6 O19
or the greater diﬀusion coeﬃcient. Given that the J SC of all devices are in the
same order of magnitude when 0.01 M concentration RM are utilized, the POM
materials are promising candidates as RMs for p-type DSSCs. The results in Table 3.1 also show the eﬀect of increasing the concentration of the RM, when using
−
the I−
3 /I couple. Both the V OC and the J SC increase when the concentration is

higher. Since the solubility of the POMs in acetonitrile is low (21 g L−1 and 67
g L−1 for [TBA]2 Mo6 O19 and [TBA]2 W6 O19 , respectively), similar experiments
with these electrolytes are not possible. Clearly, more soluble analogues (up to 1.0
M) are required for practical applications.
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The eﬀectiveness of the simple test cell is clear when comparing our results to those
reported in literature. The V OC s obtained for the test cell are similar to those
reported in literature, and only the J SC is lower as a result of the large distance
between the electrodes. Given the fact that it is easy to change the electrolyte
solution, the test cell is very suitable for benchmarking the V OC .
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Conclusion
We have shown that [TBA]2 Mo6 O19 and [TBA]2 W6 O19 lindqvist polyoxometalates can be used as RM in p-type dye sensitized solar cells. These POMs presented in this work are easy to prepare, and based on cheap starting materials.
A unique feature of both [TBA]2 Mo6 O19 and [TBA]2 W6 O19 as RM is that they
are highly transparent in the UV–Vis region and can therefore be suitable for tandem solar cell applications, since they do not allow for parasitic light adsorption.
The POM RMs do not require inert procedures, allowing for easy preparation of
the electrolyte and the DSSC. We also report a simple testing setup that allows
to benchmark the V OC for diﬀerent devices, thereby facilitating optimization of
electrolyte solutions.
We found a V OC of 423 mV and 541 mV for the [TBA]2 Mo6 O19 and [TBA]2 W6 O19 ,
respectively, which is a 4 to 5-fold increase in V OC compared to the devices with
−
the traditional I−
3 /I redox couple (100 mV). These results are in line with what we

expected on the basis of the redox potentials of the POM materials, measured by
electrochemistry. We plan to exploit these voltages in proton and CO2 reduction
for solar fuel applications. The J SC of the devices is in the same order of magnitude
under the same conditions (0.01 mA – 0.032 mA). Currently, the low solubility
of the POMs is the main hampering factor for increasing the J SC of these cells.
Increasing the solubility (21 g L−1 and 67 g L−1 in acetonitrile for [TBA]2 Mo6 O19
and [TBA]2 W6 O19 , respectively) of these POM materials should therefore be the
main focus point when improving the eﬃciency of these cells. After solubility issues
are ﬁxed, traditional DSSCs can be made in order to achieve high eﬃciencies.
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3.2. Experimental Section
3.2.1. General Remarks
UV–Vis spectra were recorded on a Hewlett Packard 8453 UV–visible spectrophotometer. CV and DPV experiments were performed using an Autolab pgstat128N
potentiostat with a glassy carbon working electrode, a platinum counter electrode and a Ag/AgCl reference electrode. Current–voltage (J –V ) characteristics
were using measured using an Eco Chemie 6-stat potentiometer under simulated
AM1.5G irradiation using a 100 W Xe lamp solar simulator (Oriel LCS-100). The
light intensity was adjusted with an NREL-calibrated Si reference solar cell and
quartz window (Newport, 91150-2000). The illuminated area of 0.785 cm2 was
deﬁned by a photomask with an aperture.

3.2.2. Synthesis
[TBA]2 Mo6 O19
Sodium molybdate dihydrate (10.9 g, 45 mmol) of was dissolved in water (40
mL) in a 100 mL Erlenmeyer ﬂask. Hydrochloric acid (6 mL) was added and
the solution turned blue. Tetrabutylammonium bromide (5.0 g, 15.5 mmol) was
dissolved in Milli-Q water (8 mL) and added to the Erlenmeyer, which resulted
in immediate white precipitation. The suspension was heated to 100 ℃ for one
hour, during which it slowly changed colour to yellow. The product was ﬁltered
and washed with Milli-Q water (3 × 50 mL). The solids were dissolved in boiling
acetone (250 mL) and placed in a freezer at -20 ℃ to yield yellow crystals overnight.
The solution was decanted and the crystals were washed diethylether (2 × 100
mL). The crystals were then dried under vacuum. Yield is 10.0 g (98% based on
Molybdenum)
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[TBA]2 W6 O19
Sodium tungstate dihydrate (15.9 g, 48 mmol) was dissolved in 15 mL of acetic
anhydride (15 mL) and dimethylformamide (12 mL) in a 100 mL Erlenmeyer ﬂask.
The solution was heated to 100 ℃ for two and a half hours. Acetic anhydride (10
mL), hydrochloric acid (9 mL) and DMF (20 mL) were added to a 100 mL measuring beaker, and the content was added to the Erlenmeyer. A cloudy suspension
was formed, which was ﬁltered. The ﬁltrate was collected and stirred vigorously.
To another 100 mL beaker, tetrabutylammonium bromide (5.1 g, 15.8 mmol) was
dissolved in methanol (20 mL), which was subsequently added to the stirring ﬁltrate. The suspension that formed was ﬁltered and washed with methanol (3 × 50
mL). The white powder that was collected was dissolved in a minimal amount of
hot dimethylsulfoxide and placed in a freezer at -20 ℃ overnight to yield colourless
diamond shaped crystals. Yield is 7.1 g (47% based on Tungsten)

Device Preparation
Fluorine doped tin oxide (FTO) coated glass slides (TEC-7, 2.2 mm thick, 7 Ω
cm−2 ) purchased from Sigma Aldrich were used for both the working electrode
and the counter electrode. The glass was cut in pieces of 5 × 2 cm. On this glass
plate Ni-Nanoxide N/SP purchased from solaronix was screenprinted ( = 0.5 cm).
This was followed by sintering at 300 °C using a heat gun for 30 minutes. This
plate was then soaked for 24 hours in an 0.3 mM acetonitrile solution containing
the P1 dye, which was synthesized according to a literature procedure and shown
below (Figure 3.7). Onto a FTO plate, a solution of PtCl6 in isopropanol (2 mg
mL−1 ) was drop casted. This plate was then sintered with the same procedure as
the working electrode to obtain the counter electrode. Both the electrodes were
then screwed onto the Teﬂon piece (Figure 3.6)
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Figure 3.7. Dye-structure of P1.

135

Chapter 3

Acknowledgements
Simon Mathew is thanked for the overall contributions to the work described in
this chapter. Prof. Jarl Ivar Van der Vlugt is thanked for performing the X-ray
diﬀraction measurements. Dr. Remko Detz and Didjay Bruggeman are acknowledged for fruitful discussions and Lidy van den Burg for the synthesis of the P1 dye.

References
[1] M. Grätzel, Nature, 2001, 414, 338–344.
[2] B. O’Regan and M. Grätzel, Nature, 1991, 353, 737–740.
[3] A. Hagfeldt, G. Boschloo, L. Sun, L. Kloo and H. Petterson, Chem. Rev.,
2010, 110, 6595–6663.
[4] F. Bella, S. Galliano, M. Falco, G. Viscardi, C. Barolo, M. Grätzel and C. Gerbaldi, Green Chem., 2017, 19, 1043–1051.
[5] Y. Xie, Y. Tang, W. Wu, Y. Wang, J. Liu, X. Li, H. Tian and W. H. Zhu, J.
Am. Chem. Soc., 2015, 137, 14055–14058.
[6] R. Komiya, 21st International Photovoltaic Science and Engineering Conference, Japan Society of Applied Physics, Tokyo, 2011.
[7] K. Kakiage, Y. Aoyama, T. Yano, K. Oya, J. I. Fujisawa and M. Hanaya,
Chem. Commun., 2015, 51, 15894–15897.
[8] Y. Cao, Y. Liu, S. M. Zakeeruddin, A. Hagfeldt and M. Grätzel, Joule, 2018,
2, 1108–1117.
[9] Q. Yu, Y. Wang, Z. Yi, N. Zu, J. Zhang, M. Zhang and P. Wang, ACS Nano,
2010, 4, 6032–6038.
[10] I. R. Perera, T. Daeneke, S. Makuta, Z. Yu, Y. Tachibana, A. Mishra,
P. Bäuerle, C. A. Ohlin, U. Bach and L. Spiccia, Angew. Chem. Int. Ed.,
2015, 54, 3758–3762.
136

Chapter 3
[11] Y. Pellegrin, L. Le Pleux, E. Blart, A. Renaud, B. Chavillon, N. Szuwarski,
M. Boujtita, L. Cario, S. Jobic, D. Jacquemin and F. Odobel, J. Photochem.
Photobiol., A, 2011, 219, 235–242.
[12] M. Yu, G. Natu, Z. Ji and Y. Wu, J. Phys. Chem. Lett., 2012, 3, 1074–1078.
[13] P. Qin, J. Wiberg, E. A. Gibson, M. Linder, L. Li, T. Brinck, A. Hagfeldt,
B. Albinsson, L. Sun, M. D. V, S. Key, F. Chemicals and D. Uni, J. Phys.
Chem. C, 2010, 4738–4748.
[14] A. Nattestad, A. J. Mozer, M. K. R. Fischer, Y. Cheng, A. Mishra, P. Bäuerle
and U. Bach, Nat. mater., 2010, 9, 31–35.
[15] E. A. Gibson, A. L. Smeigh, L. Le Pleux, L. Hammarström, F. Odobel,
G. Boschloo and A. Hagfeldt, J. Phys. Chem. C, 2011, 115, 9772–9779.
[16] X. Xu, B. Zhang, J. Cui, D. Xiong, Y. Shen, W. Chen, L. Sun, Y. Cheng and
M. Wang, Nanoscale, 2013, 5, 7963.
[17] G. Boschloo and A. Hagfeldt, Acc. Chem. Res., 2009, 42, 1819–1826.
[18] F. Odobel, Y. Pellegrin, E. A. Gibson, A. Hagfeldt, A. L. Smeigh and L. Hammarström, Coord. Chem. Rev., 2012, 256, 2414–2423.
[19] T. W. Hamann, Dalton Trans., 2012, 41, 3111.
[20] T. Ueda, ChemElectroChem, 2018, 5, 823–838.
[21] Y. V. Geletii, B. Botar, P. Kögerler, D. A. Hillesheim, D. G. Musaev and
C. L. Hill, Angew. Chem. Int. Ed., 2008, 47, 3896–3899.
[22] H. D. Pratt and T. M. Anderson, Dalton Trans., 2013, 42, 15650–15655.
[23] J.-J. Chen, M. D. Symes, S.-C. Fan, M.-S. Zheng, H. N. Miras, Q.-F. Dong
and L. Cronin, Adv. Mat,, 2015, 27, 4649–4654.
[24] P. Gómez-Romero, M. Chojak, K. Cuentas-Gallegos, J. A. Asensio, P. J.
Kulesza, N. Casañ-Pastor and M. Lira-Cantú, Electrochem. Commun., 2003,
5, 149–153.
137

Chapter 3
[25] R.-C. Wang and M. Fournier, Inorg. Synth., 1990, 27, 85–96.
[26] P. Qin, H. Zhu, T. Edvinsson, G. Boschloo, A. Hagfeldt and L. Sun, J. Am.
Chem. Soc., 2008, 130, 8570–8571.
[27] T. Daeneke, A. J. Mozer, Y. Uemura, S. Makuta, M. Fekete, Y. Tachibana,
N. Koumura, U. Bach and L. Spiccia, J. Am. Chem. Soc., 2012, 134, 16925–
16928.
[28] N. Li, E. A. Gibson, P. Qin, G. Boschloo, M. Gorlov, A. Hagfeldt and L. Sun,
Adv. mater., 2010, 22, 1759–1762.
[29] A. Yella, S. Mathew, S. Aghazada, P. Comte, M. Grätzel and M. K. Nazeeruddin, J. mater. Chem. C, 2017, 5, 2833–2843.

138

Chapter 4
Increased photocurrent by improving the
donating properties of the anchoring group
in p-type dye-sensitized solar cells

I have a friend who’s an artist and has sometimes taken a view which I don’t agree with
very well. He’ll hold up a ﬂower and say "look how beautiful it is," and I’ll agree. Then
he says "I as an artist can see how beautiful this is but you as a scientist take this all
apart and it becomes a dull thing," and I think that he’s kind of nutty. First of all, the
beauty that he sees is available to other people and to me too, I believe. . .
I can appreciate the beauty of a ﬂower. At the same time, I see much more about the
ﬂower than he sees. I could imagine the cells in there, the complicated actions inside,
which also have a beauty. I mean it’s not just beauty at this dimension, at one
centimeter; there’s also beauty at smaller dimensions, the inner structure, also the
processes. The fact that the colors in the ﬂower evolved in order to attract insects to
pollinate it is interesting; it means that insects can see the color. It adds a question:
does this aesthetic sense also exist in the lower forms? Why is it aesthetic? All kinds of
interesting questions which the science knowledge only adds to the excitement, the
mystery and the awe of a ﬂower. It only adds. I don’t understand how it subtracts.
– Richard Feynman, Ode to the Flower
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Introduction
Dye-sensitized solar cells (DSSCs) are a promising alternative to traditional siliconbased solar cells with low-cost fabrication requirements. In challenging the power
conversion eﬃciency (PCE) of traditional silicon-based solar cells, DSSCs with
PCEs of 15–20% are required. 1 While optimization of single-junction n-type DSSCs
yield devices approaching 15% PCE, 2 realizing eﬃciencies beyond this require a
double-junction device structure, 3 i.e. tandem dye-sensitized solar cell (T-DSSC).
T-DSSCs possess an intrinsic theoretical PCE capability of 42% compared to the
33% of a single junction solar cell based on the Shockley–Queisser limit. 4,5 The
overall J SC of a tandem device will be limited by the worst-performing photoelectrode, therefore current matching between n-type and p-type components is a
prerequisite to realize T-DSSCs with high eﬃciency. 6 The highest reported PCE
of p-type T-DSSCs (2.51%) 7 is signiﬁcantly lower than their n-type counterpart
(14.7%), 2 with the highest reported PCE of a T-DSSC device being 1.91%. 8
The low PCE in p-type DSSCs is predominantly caused by charge recombination, a phenomenon that originates from charge carrier properties of commonly
used p-type NiO (hole mobility: 1 × 10−6 cm2 V-1 s-1 ) 9 and n-type TiO2 (electron mobility: 1 × 10−4 cm2 V-1 s-1 ) 10 semiconductors. The lower hole-transport
mobility of NiO aﬀords suﬃcient time for undesirable processes to occur (Figure
4.1, red arrows), diminishing short-circuit current density (J SC ). These so-called
recombination processes can happen either by electron transfer from the dye excited state (D*) to the valence band (VB) of NiO (1) or charge recombination
at the semiconductor–electrolyte interface (2). 11 Improvements in dye design—
including push–pull systems capable of intramolecular charge transfer (ICT) 12
and surface-shielding with alkyl chains 13 —have served to decrease recombination
at the dye-semiconductor and of the photoinjected charge (in the NiO) with the
reduced redox mediator (RM) in the electrolyte. 14
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Figure 4.1. Schematic of DSSC with the photocurrent generating processes in green
and recombination processes in red, with (1) electron transfer from the dye excited state
(D*) to the VB of NiO and (2) charge recombination at the semiconductor–electrolyte
interface.

A crucial aspect in dye design is the nature of the anchoring group, responsible for
chemisorption of the dye to the metal oxide surface and mediating the injection of
charges from the photoexcited dye. Carboxylic acids are primarily used in dyes for
both p- and n-type DSSCs—a design principle from n-type DSSC—as the electron
withdrawing nature imparted by the carbonyl ampliﬁes the electron deﬁciency of
the acceptor. Thus, the carboxylic acid moiety leads to electron density close to
the surface in the photoexcited dye, facilitating electron injection when the dye is
excited. 15 Odobel et al. explored the consequence of anchoring group alteration in
ruthenium dyes in NiO-based p-type DSSCs, revealing that the methylphosphonate aﬀords devices with higher PCE (0.019% for carboxylic acid, 0.025% for the
methylphosphonate). 16 Thus, in p-type DSSCs, the intrinsic electron-withdrawing
nature of the anchoring group must be tempered by an electron donating property,
as the push–pull character of the dye should result in the migration of electron
density away from the surface after excitation.
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To explore the eﬀect of electronic perturbation of the anchoring group on the
performance of p-type DSSCs, we designed and synthesized two new dyes, TB1
and TBV2 (Figure 4.2), diﬀerentiated only by the presence of a methylene group
at the anchor of the latter dye. We demonstrate that this small diﬀerence in dye
structure translates to a higher PCE (0.08 % for TBV2 and 0.06 % for TB1),
originating from a decrease in charge recombination.

Figure 4.2. Molecular structures of the TB1 and TBV2 dyes with the change in anchor
highlighted in red.
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4.1. Results and Discussion
4.1.1. Ab Initio-aided Dye Design and Orbital Distribution
The dyes TB1 and TBV2 are based on the previously reported zzx-op1 dye (Liu
et al.), featuring perylene monoimide (PMI) and triphenylamine (TPA) motifs,
engendering a push–pull character to the molecule, 17 with an extra phenyl between
the TPA and ﬂuorene for synthetic purposes (Figure 4.2). While TB1 has a
typical carboxylic acid anchoring group, TBV2 features an additional methylene
between the carboxylic acid and the TPA, switching the anchoring group from
electron withdrawing to electron donating.

Figure 4.3. Calculated HOMO-1, HOMO (blue/red) and LUMO (cyan/orange) levels
of TB1 and TBV2 dyes (DFT/B3LYP/D3 dispersion corrections/BJ damping).
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DFT calculations (Figure 4.3) aﬀorded insight into the electronic eﬀects that the
additional methylene in TBV2 have on the orbital distribution of the dyes upon
comparison with TB1. The lowest unoccupied molecular orbital (LUMO) of
both dyes reside on the PMI and the energy of this orbital remain relatively
unchanged (-2.65 eV and -2.61 eV for TB1 and TBV2, respectively) upon introduction of the methylene anchoring group. While the highest occupied molecular
orbital (HOMO) of TB1 is distributed over the PMI motif, the HOMO-1 is located on the TPA. Introduction of the methylene in TBV2 stabilizes the orbitals
in such a way that the HOMO is now localized on the TPA while the HOMO-1
is located on the PMI motif. Thus, we surmise that spatial separation of the
TPA-localized HOMO from the PMI motif in TBV2 will manifest in a decrease
of recombination at the dye–electrolyte interface for TBV2-based p-DSSC devices.

4.1.2. Dye Synthesis
The synthetic route to TB1 and TBV2 is summarized in Scheme 4.1 with the
full details given in the experimental section (Section 4.2.). All compounds were
characterized by 1 H and

13

C NMR, complemented by HR–FD–MS. The t-butyl-

protected TPA synthon 4 was prepared via a known procedure 18 and 5 was
synthesized via two subsequent Buchwald–Hartwig couplings of the bromoaryl tbutyl ester (1) to aniline and the secondary amine (2), followed by iodination of
the resulting TPA with ICl/dioxane (5). It is worthy to note that despite exhaustive optimization eﬀorts, the Buchwald–Hartwig coupling to obtain 5 required two
separate coupling reactions with a low yield (12%) incurred for the second step.
The use of Cs2CO3 as a weak base in place of t-BuOK was required to prevent
the deprotonation of the methylene protons in t-butyl-2-(4-bromophenyl)acetate.
This weak base was at the expense of a poor ability to deprotonate the diphenylamine intermediate (not isolated), required to synthesize 5. This diﬀerence in
reactivity is ascribed to the enhanced donor properties brought about by the additional methylene in t-butyl-2-(4-bromophenyl)acetate used in 5 compared to the
t-butyl-4-bromobenzoic acid used in 4, which greatly facilitated competitive dehalogenation of the bromoarene during catalytic conditions.
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The PMI–Fluorene building block (8) was accessed by the Suzuki coupling of
2,2’- (9,9-dioctyl-9H-ﬂuorene-2,7-diyl)bis(4,4,5,5-tetramethyl)-1,3,2-dioxaborolane
(7) to 9-bromo-N -(2,6-diisopropyl-phenyl)perylene-3,4-dicarboximide (6) in a 69%
yield. Suzuki coupling of TPA units 4 and 5 onto the PMI-Fluorene block (8)
to yield the respective t-butyl-protected dyes 9 and 10, was followed by TFA
deprotection of 9 and 10 to aﬀord TB1 and TBV2 respectively.

Scheme 4.1: Reagents and conditions: (a) for 1: Toluene, Pd2 (dba)3 , KOtBu,
aniline, 24h, 90 ℃ (72%), for 2: t-Butanol, Pd RuPhos G2, Cs2 CO3 , aniline,
24h 110 ℃ (99%) followed by t-Butanol, Pd RuPhos G2, Cs2 CO3 , 24h 110 ℃
(12%) (b) for 3: Dioxane/ICl, 3h, 24 ℃ (92%), for 4: Dioxane/ICl, 2h, 24 ℃
(27%) (c) Toluene/EtOH/H2 O, 2,2’-(9,9-dioctyl-9H -ﬂuorene-2,7-diyl)bis(4,4,5,5tetramethyl-1,3,2-dioxaborolane), K2 CO3 , Pd(PPh3 )2 , 2h, 75 ℃ for 5: (85%), for
6: (51%) (d) CH2Cl2/TFA, 24h, 24 ℃ for TB1 and TBV2 (99%).
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4.1.3. Electrochemical and Optical Characterization
Electrochemistry
Cyclic voltammetry (CV) was employed to characterize the ﬁrst oxidation and reduction potential of TB1 in THF with a TBAPF6 supporting electrolyte, enabling
us to determine the eﬀect of incorporating the electron-donating methylene spacer
in TBV2 (Table 4.1). Although the reduction potentials for both dyes remained
constant (-0.60 V vs. NHE), there was signiﬁcant perturbation of the oxidation
potential, as the electron donating ability of the methylene groups of TBV2 (1.25
V vs. NHE) imparted greater stabilization compared to TB1 (1.45 V vs. NHE).
These results suggest that inclusion of the methylene spacers in TBV2 only aﬀect
the HOMO of the dye, originating from the HOMO-localization around the TPA
moiety of the dye, which is consistent with observations from DFT (vide supra).

Table 4.1. Electrochemical and optical properties of the TB1 and TBV2 dye.

Dye

EHOMO
(V)a

ELUMO
(V)a

ΔEHOMO-LUMO
(eV)b

E0–0
(eV)c

Molar
absorption
coeﬃcient
(M−1 cm−1 )d

ΦF e

TB1
TBV2

1.45
1.25

-0.60
-0.60

2.05
1.85

2.23
2.24

35328
37935

0.20
0.01

a
b
c
d
e
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Potentials determined by cyclic voltammetry, voltages reported vs NHE by using an internal fc/fc+ standard.
Determined by substracting the ELUMO from the EHOMO .
Energy determined from the intersect of the normalized absorption and emission plots.
molar absorption coeﬃcients from the highest peak at 516 nm.
Indirect ﬂuorescence quantum eﬃciency measurements were measured and calculated using
PMI internal standard (ΦF = 0.98 in CH2Cl2 at 298 K). 19
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Experimental UV–Vis Absorption Spectra
The experimental UV—Vis spectra and DFT data of TB1 and TBV2 are presented in Figure 4.4 and summarized in Table 4.1. Both dyes show broadening and
a loss of deﬁnition of perylene-derived absorptions compared to the parent PMI
perylene motif in the experimental UV–Vis spectra (λmax = 485 nm). Furthermore, with the maximum at 515 nm in TB1, the introduction of the methylene
spacers in TBV2 caused a slight red shift to 523 nm. From this observation we
can surmise that there is an increased degree of ICT that is in agreement with
the dye design. 20,21 Shifting focus to the ultraviolet region of the experimental
spectra, TB1 features an absorption at 351 nm, also experiencing a slight red
shift to 355 nm in TBV2 along with a signiﬁcant decrease in molar absorption
coeﬃcient (4.9 × 104 and 3.4 × 104 M−1 cm−1 in TB1 and TBV2 respectively).
The behavior of both sets of absorptions are again consistent with the separation
of orbitals found in DFT calculations, attenuating i) the impact of the electron
donating group on the perylene absorption and ii) decreasing the eﬀective size of
the π-system

Figure 4.4. UV–Vis absorption spectra and TD–DFT calculated transitions (vertical
lines) of TB1 (black) and TBV2 (red).
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Time-dependent Density Functional Theory
The relevant transitions TB1 and TBV2 were computed using TD–DFT (DFT/
B3LYP/D3 dispersion corrections/BJ damping)a , benchmarking against the experimental electrochemical and UV–Vis data of the TPAs, ﬂuorene and PMI
moieties that constitute the dyes TB1 and TBV2. The calculated transition at
475 nm was ascribed to the perylene-derived absorption in TB1 and TBV2 with
the red shift in absorbance for the latter dye consistent with experimental UV—Vis
spectra. TD–DFT conﬁrms that this absorption is due to a localized transition at
the PMI. This transition in the TB1 dye constitutes an 80% contribution from
the HOMO to LUMO and 17% contribution from the HOMO-1 to LUMO, while
in the TBV2 dye this is reversed, with an 80% contribution from the HOMO-1
to LUMO and a 17% contribution from the HOMO to LUMO. The calculated
transitions of the TPA unit within the TBV2 dye are blue-shifted with respect
to the TB1 dye, which is in agreement with experimental spectra where a shift of
50 nm is observed. Importantly, the TD–DFT results and UV–Vis data indicate
that no major diﬀerences between the dyes in absorption properties.

Steady-state Fluorescence Spectra
The steady-state emission spectra of TB1 and TBV2 were normalized and plotted with absorption spectra to extract the zero–zero spectroscopic energy (E0–0 ),
summarized in Table 4.1. The value of E0–0 was unaﬀected by the change in TPA
donor from TB1 (2.23) and TBV2 (2.24). We found a negligible diﬀerence in
Stokes shift between both dyes TB1 (71 nm), TBV2 (68 nm), suggesting no signiﬁcant diﬀerences in reorganization after excitation between the two dyes, as is
expected (Figure 4.5). Both spectra demonstrate essentially the same perylenebased emission spectra, consistent with the low degree of ground-state perturbation
of electronic structure observed in both the UV–Vis spectra and DFT.
In contrast, signiﬁcant diﬀerences are apparent in the excited-state properties of
the two dyes. Notably, comparing the relative quantum yield (ΦF ) of the emission of TB1 (ΦF = 0.20) and TBV2 (ΦF = 0.01), revealed that the addition
a TD-DFT calculations were performed by Jan Paul Menzel from the Leiden Institute of
Chemistry at Leiden University
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Figure 4.5. Normalized absorption spectra of TB1 (blue) and TBV2 (red) and the
normalized Emission spectra of TB1 (dark blue) and TBV2 (dark red).

of the methylene resulted in severe quenching of the excited state. According
to the TD–DFT results (Figure 4.4), the HOMO to LUMO transition is mainly
responsible (80%) for the excitation of the TB1 dye with ﬂuorescence occurring
from the LUMO to HOMO. In the TBV2 dye, the HOMO-1 to LUMO transition is mainly responsible (80%) for the excitation, where the hole component of
the photogenerated exciton can migrate from the HOMO-1 to the HOMO (ΔE=
0.31 eV). Since the hole component of the photogenerated exciton is no longer
present on the HOMO-1 ﬂuorescence is prevented from the LUMO to the HOMO1, which rationalized the higher quantum yield of TB1 (ΦF = 0.20) over TBV2
(ΦF = 0.01). It is expected that the lower quantum yield of TBV2 compared to
TB1 increases the DSSC performance, since ﬂuorescence is considered to be an
undesirable pathway.
The excited-state behavior of TB1 and TBV2 were also probed through the
acquisition of excitation spectra, irradiating the samples from 275–590 nm and
monitoring the emission at 600 nm. Shown in Figure 4.6, normalization of perylene excitation peak and comparison of the spectrum to that of the TB1 demonstrates that the introduction of the methylene-anchoring group in TBV2 decreases
the TPA contribution to perylene-based emission component (Figure 4.6). This
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decreased TPA contribution to the perylene-based emission component would
be expected if there was a sharper decrease in the orbital overlap between (i.e.,
HOMO–LUMO overlap) these fragments, and is consistent with observations in
DFT and UV–Vis (Figure 4.6).

Figure 4.6. Excitation spectra of TB1 (black) and TBV2 (red), monitoring the emission at 600 nm.
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4.1.4. Solar Cell Characterization
The optical and electrochemical properties of the previous section suggest that
the TBV2 dye, which has an electronically donating anchor, also has a higher
degree of charge polarization in the excited state than the TB1 dye. Solar cells
were constructed using the TBV2 dye and the TB1 dye to evaluate whether
the higher degree of charge polarization translates in increased PCEs. The J–V
curves measured of these solar cells are shown in Figure 4.7, and the performance
parameters are tabulated in Table 4.2. The DSSCs based on the TBV2 dye have
a higher PCE (0.08%) than those based on the TB1 dye (0.06%). The ﬁll factors
of both TBV2 and TB1 DSSCs are similar (0.32), indicating that it is not the
origin of the diﬀerence in PCE. Next, the V OC of the TBV2-based DSSC (119
mV) the devices made with the TB1 analogue (112 mV) of the TB1 analogue.
The origin of the higher PCE of the TBV2-based DSSC dye lies in a signiﬁcantly
higher J SC ; 2.03 mA cm−2 compared to 1.70 mA cm−2 for the TB1-based devices.
The higher current observed in the TBV2-based DSSC is most likely a result of
reduced charge recombination, since the dye loading in both DSSCs are similar
(46.0 and 49.0 nmol cm−2 for the TBV2 and the TB1 dye, respectively). In the
following section the incident photon-to-electron conversion eﬃciency (IPCE) and
absorbed photon-to-electron conversion eﬃciency (APCE) of the DSSCs will be
discussed.

Figure 4.7. J–V curves of TB1 (black) and TBV2 (red) solar cells measured at 100
mW cm−1 AM1.5G (solid) and dark (dashed) conditions.
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Table 4.2. Performance parameters of TB1 and TBV2-based DSSCs.

Dye

J SC
(mA cm−2 )

V OC
(mV)

FF

η
(%)

Dye Loading
(nmol cm−2 )

TB1
TBV2

1.70 ± 0.25
2.03 ± 0.04

112 ± 7
119 ± 1

0.32 ± 0.01
0.32 ± 0.00

0.06 ± 0.01
0.08 ± 0.01

49.0
46.0

− MeCN elecNote: Averages were taken from 5 diﬀerent solar cells with a 1.0 M I−
3 /I
trolyte and a pt counter electrode

Photon-to-Electron Conversion Eﬃciencies
To investigate the origin of the increased performance of the TBV2-based DSSCs,
IPCE measurements of both the TB1 and TBV2 DSSCs were performed (Figure
4.8). The IPCE reﬂects the diﬀerence in J SC between the TB1 and TBV2-based
DSSCs, since the J SC is equal to the integral of the product of the IPCE and the
photon ﬂux times the elementary charge (Section 2.5.1.). The calculated J SC of
1.89 mA cm−2 and 2.21 mA cm−2 based on the IPCE of the TB1 and TBV2 dye
respectively are similar to the measured values. The dye-loading of both dyes is
similar (<10% diﬀerence), which does not account for the variation in intensity of
the maximum IPCE between the TBV2 dye (50%) and the TB1 dye (30%). Both
dyes have similar UV–Vis absorption, which is reﬂected in the similar shape of the
IPCE curve in both DSSCs. This similar shape also suggests that the diﬀerence
in performance is not due to any changes in light harvesting properties. To verify that light harvesting changes are not the cause for the increased performance,
the APCE was measured (Figure 4.9), which is equal to the IPCE divided by the
light harvesting eﬃciency (ηLH ). The APCE is a combination of the injection and
collection eﬃciency that are both dependent on the extend of charge recombination. 22 The APCE of the TBV2-based DSSC is 30% higher than the TB1-based
DSSC. The APCE results clearly indicate that charge recombination is suppressed
by improving the electron-donating properties of the anchoring group.
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Figure 4.8. Incident photon-to-current eﬃciency plots of TB1 (black) and TBV2 (red)
solar cells.

Figure 4.9. Absorbed photon-to-current eﬃciency plots of TB1 (black) and TBV2
(red) solar cells. The APCE was calculated by dividing the IPCE by the light harvesting
eﬃciency.
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Electrical Impedance Spectroscopy
To further consolidate that the increased performance of the TBV2-based DSSCs
is a result of a decrease in charge recombination, electrical impedance spectroscopy
(EIS) measurements were employed. The chemical capacitance for both solar cells
are almost equivalent (1.8 × 10−3 F cm−2 for TB1 and 1.2 × 10−3 F cm−2 for
TBV2 at a V OC of 102 mV), which is expected since there are no alterations to
the semiconductor. From this we can conclude that the increased PCE is not due
to a shift in the valence band level. The hole lifetime (τ ) on the semiconductor
gives a clear indication for the amount of recombination at V OC , since no current
is collected. The results of the EIS measurements show that the hole lifetime of
the TBV2 dye is higher (0.13 s at a V OC of 102 mV) than that of the TB1
dye (0.10 s at a V OC of 102 mV, Figure 4.10). This is in line with the APCE
experiment, showing that the DSSCs based on the TBV2 dye experience less
charge recombination in comparison to DSSCs based on the TB1.

Figure 4.10. Hole lifetime plot of the TB1 (black) and TBV2 (red) obtained from
electrical impedance spectroscopy measurements.
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Conclusion
We set out to investigate the eﬀect of electronic properties of the anchoring group
on the performance of push–pull dyes in DSSCs. The anchoring groups are required
to attach the dye to the semiconductor surface in p-type dye-sensitized solar cells.
Two new push–pull dyes were designed (TB1 and TBV2) that diﬀered only by an
additional methylene spacer between the aryl and the carboxylate anchoring group,
thereby changing the character from electron withdrawing to donating. DFT, TD–
DFT and optical studies were employed to study the eﬀect of the anchoring group
on the change of electronic properties in the dyes, which indicate an increase in
charge polarization in the excited state for the TBV2 dye compared to the TB1
dye. DSSCs based on TBV2 showed signiﬁcantly increased short-circuit current
density (2.03 mA cm−2 vs. 1.70 mA cm−2 ) and slightly increased open-circuit
voltage (119 vs. 112 mV), resulting in a higher PCE (0.08 % vs. 0.06 %). The
higher PCE can be attributed to a signiﬁcant decrease in charge recombination,
that was shown by an increase of the APCE of almost 30%. Furthermore, EIS
measurements indicate an increased hole lifetime (0.13 s in TBV2 vs. 0.10 s in
TB1) also suggesting lower charge recombination for the TBV2 dye compared
to the TB1 dye. Overall, we show that in dye design it is important to take
the eﬀect of the anchoring group on the push–pull system into account, as it
rigorously changes the properties of the dye, and therefore the performance of
the DSSC. Molecular components that are high performing in n-type DSSCs,
do not necessarily retain their performances when transferred to p-type DSSCs.
Components of n-type DSSCs therefore need to be re-evaluated for p-type systems
to enhance their performance. By re-evaluating and optimizing the components
for p-type DSSCs, higher photocurrents—that can match the n-type devices—can
be achieved, and opens the door to high-eﬃciency tandem DSSCs.
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4.2. Experimental Section
4.2.1. General
All chemicals and materials that were obtained were used without any further
processing or puriﬁcation unless stated otherwise. ﬂuorine-doped tin oxide (FTO)
plates (100 × 100 × mm, 15 Ω) were purchased from Solaronix. Nickel oxide (77.3
wt% Ni, 20 nm) was purchased from Inframat. Terpineol was purchased from AlfaCaesar. Both types of ethyl cellulose were purchased from Sigma-Aldrich. 2,2’(9,9-dioctyl-9H -ﬂuorene-2,7-diyl)bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolane) was
purchased from Fluorochem. t-butyl-2-(4-bromophenyl)acetate, 9-bromo-N -(2,6diisopropyl-phenyl)perylene-3,4-dicarboximide and t-butyl-4-bromobenzoate were
synthesized according to literature procedures. 23–25
MeCN, CH2Cl2, and THF were dried by a solvent puriﬁcation system. Column
chromatography was performed using silica gel (SiliCycle, SiliaFlash P60, 40–63
μm, 230–400 mesh). NMR analysis was performed on a Bruker AV500 spectrometer and are reported in ppm using a solvent residual signal as internal standard
(5.32 ppm for CD2Cl2). Exact mass of the compounds was obtained on an AccuTOF GC v 4g, JMS-T100GCV Mass spectrometer (JEOL, Japan) equipped
with an FD Emitter, Carbotec or Linden (Germany), FD 13 μm. Current rate
51.2 mA min-1 over 1.2 min machine using ﬁeld desorption (FD) as ionization
method.
UV—Vis measurements were performed on a single beam Hewlett Packard 8453
spectrometer in a 10 mm path length quartz cuvette using THF as background.
Electrochemistry experiments were performed on a PGSTAT302N potentiostat
from Autolab with a glassy carbon working electrode (MetrOhm, diameter 3 mm),
a leakless Ag/AgCl reference electrode (eDAQ, ET069) and a Pt wire counter
electrode. The 0.5 mM analyte solution contained 100 mM TBAPF6 as supporting
electrolyte and was prepared in absence of air. Ferrocene was added to all samples
as an internal redox standard to determine the redox potentials versus NHE (E1/2
Fc/Fc+ = 700 mV in CH2Cl2)
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4.2.2. Device Fabrication
Two FTO plates (100 × 100 × 2.2 mm, 15 Ω, Solaronix), were rinsed with hot
water. The plates were then scrubbed with a scrubbing-powder detergent (Poudre
À recurer), and rinsed again with hot water, demi water and then acetone. The
plates were then subsequently wiped with a tissue soaked in acetone, toluene and
ethanol. The plates were then sonicated in a solution of a highly alkaline cleaning
powder (Deconex© 24 Forte) for 30 minutes, followed by sonication in Milli-Q
water for 30 minutes. The plates were then thoroughly rinsed with ethanol, and
air dried. Finally, the plates were placed in an ozone generator (UVP PR-100 UV–
ozone photoreactor), for one hour, before the plates were screen printed. A NiO
paste was made by adding ethyl cellulose (2.21 g, 5–15 MPa s) slowly to ethanol
(39.87 g, absolute, 99.8%), whilst stirring in a 200 mL beaker using a 10 × 3 mm
Teﬂon magnetic stirrer. Then, ethyl cellulose (2.20 g, 30–60 MPa s) was added
in the same manner. The mixture was stirred on a stirring plate (1200 rpm, IKA
labortecnik) for 30 minutes. Then α-terpineol was added (46.02 g), and of NiO
powder (10.00 g, Inframat, 20 nm) was added. The mixture stirred at maximum
at 50 ℃ for three weeks. The paste was then transferred to a stoppered round
bottom ﬂask, where it was stored until it was screen printed.
The FTO plates were screen printed twice using a 77.55 T mesh screen with the
nickel oxide paste and the plates were placed on a heating plate at 120 ℃ for
10 minutes in between prints. A 50 × 50 mm plate had 8 circular spots with a
diameter of 0.20 cm2 . After the ﬁnal print, the plates were placed in a sintering
oven (Carbolite Gero CWF-1000) at 230 ℃ and was then heated to 450 ℃ with a
ramp of 11 ℃ min−1 , after which it stayed at 450 ℃ for 30 minutes. The plates were
then removed and placed on a 180 ℃ hotplate, which was then slowly cooled down
to 120 ℃. The plates were then dipped while hot in a THF/MeCN (2:1) solution
of 0.14 mM TB1 or 0.13 mM TBV2 overnight. The DSSC was assembled by
melting the photoelectrode, a 60 μm thick piece of Surlyn as a spacer, and counter
electrode together, using a heating press. An iodine solution of 1.0 M LiI and 0.1
M I2 in dry acetonitrile was used to ﬁll the solar cell via the vacuum backﬁlling
technique. The cell was then sealed using a piece of Surlyn and a cover glass.
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4.2.3. Time Dependent Density Functional Theory
DFT-based calculations were performed with the Amsterdam Density Functional
program (ADF) by SCM. 26,27 Geometry optimizations were performed on the
DFT/B3LYP level, 28–30 using a TZP basis set. 31 Dispersion eﬀects were included
using D3 dispersion corrections with BJ-damping. 32,33 TD–DFT results were obtained using the B3LYP optimized geometries and the CAMY-B3LYP range separated exchange correlation functional. 34–36

4.2.4. J—V Characterization
DSSCs were characterized with J—V curves using the Oriel LCS-100 solar simulator. Before every measurement, the light intensity was set to 100 mW cm−2
with a calibrated silicon solar cell (Newport, 91150-2000). This reference photodiode consisted of an area of 2 × 2 cm calibrated monocrystalline silicon with a
fused silica window and was equipped with a thermocouple which is assembled
in accordance with IEC 60904-2. The certiﬁcation is accredited by the National
Renewable Energy laboratory to the ISO-17025 standard conducted by the PV lab
at Newport Corporation. Spectral Mismatch correction factor M = 0.996 ± 0.004
is reported. The current–voltage characteristics of the DSSCs were measured by
applying an external potential bias and measuring the generated current with a
potentiostat PGSTAT302N from Autolab with a 5 mV s−1 scan rate and 0.488 s
hold time.

4.2.5. Incident Photon-to-Electron Conversion Eﬃciency
IPCE was measured with the Zahner Tunable Optical Light Source TLS03 starting
from 414–723 nm (resolution = 1 nm) in continuous mode with phase at 0.1 Hz
and 5 counts. Characterization was performed at ambient temperature (20 ℃).
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4.2.6. Electrical Impedance Spectroscopy
Electrical impedance spectroscopy (EIS) measurements were performed with the
Zahner LSW-1 light source controlled by Zahner PP211 potentiostat. The measurements were performed at diﬀerent light intensities (100, 80, 60, 40, 20 and
10 mW cm−2 ) from 1–100 KHz at an amplitude of 5 mV at V OC . Characterization was done at ambient temperature (20 ℃). The measured data were ﬁtted
with an equivalent circuit built from a Randles circuit that represents the series
resistance and the counter electrode resistance, and a transmission line element
that represents the photoelectrode. 37 Using this model gives values for the chemical capacitance (Cμ ) and recombination resistance (RREC ) at the photocathode,
from which the hole life time (τ ) can be determined according to Equation 4.1 An
example of the measured and ﬁtted data is shown in Figure 4.11.
τ = RREC Cμ

4.1

A self-written Python-based program was used to ﬁt the measured data to the
equivalent circuit according to Sarker et al. 38 An example of the measured and
ﬁtted data output from the Python program is shown in Figure 4.11.
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Figure 4.11. Output Bode and Nyquist plots of a TB1-based p-type DSSC at 80 mW
cm−2 intensity from the self-written Python-based program.
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4.2.7. Synthesis
4-Bromo-benzoic acid t-butyl ester
4-bromobenzoic acid 1 (30 g, 0.15 mol, 1 eq.) was added to a three-necked round
bottom ﬂask equipped with a magnetic stirrer and reﬂux condenser. Thionyl chloride (75 mL, 1.03 mol, 6.9 eq.) was added and a beige colored suspension formed.
The suspension was heated to reﬂux (85 ℃) after which 9 drops of DMF was
added, which resulted in a clear solution. After 2 hours of reﬂuxing the thionyl
chloride was evaporated and a yellowish solid remained. Dry THF (30 mL) was
added and the mixture was cooled to 0 ℃. Next, a cooled (0 ℃) solution of potassium t-butoxide (20.12 g, 0.18 mmol, 1.2 eq.) in dry THF (140 mL) was added
dropwise to the mixture upon which a thick suspension was present. After 30
minutes of stirring the suspension was poured into water. The mixture was then
extracted twice with diethyl ether (50 mL) and washed twice with an aqueous
sodium carbonate solution. The mixture was then dried over MgSO4, ﬁltered and
evaporated. The dark red clear liquid was then vacuum distilled (150°C at 0.5
mbar) to yield 4-bromo-benzoic acid t-butyl ester as a clear liquid (24.01 g, 62%).
1

H NMR (500 MHz, CD2Cl2): δ = 7.89 (d, 2H), 7.60 (d, 2H), 1.61 (s, 9H)

13

C NMR (500 MHz, CD2Cl2): δ = 164.74, 131.43, 130.92, 127.19, 81.32,

27.84
N,N -Di(4-benzoic acid t-butyl ester)phenylamine
Potassium t-butoxide (10.71 g, 95.44 mmol, 5.7 eq.) and [HP(t-Bu)3 ]BF4 (0.49 g,
1.67 mmol, 10 mol%) were added to a ﬂame-dried two-necked round bottom ﬂask,
after which the ﬂask was transferred to a glovebox. Pd2(dba)3 was added (0.77 g,
0.84 mmol, 5 mol%). Dry and degassed toluene (120 mL), 4-bromo-benzoic acid
t-butyl ester (9.39 g, 36.52 mmol, 2.2 eq.) and aniline (1.6 mL, 16.81 mmol, 1 eq.)
were added to the ﬂask. The solution quickly solidiﬁed and it was heated to 90 ℃
and stirred overnight. After the reaction was cooled to RT brine was added and
the product was extracted with diethyl ether (50 mL). The organic layer was then
dried over Na2SO4, ﬁltered over Celite and evaporated. The product was then
dissolved in hot methanol (20 mL) and placed in the freezer to obtain N,N -di(4-
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benzoic acid t-butyl ester)phenylamine as white crystals (2.8 g, 38%)
1

H NMR (500 MHz, CD2Cl2): δ = 7.88 (d, 4H), 7.38 (t, 2H), 7.21 (t, 1H),

7.17 (d, 2H), 7.10 (d, 4H), 1.61 (s, 18H)
13

C NMR (500 MHz, CD2Cl2): δ = 165.14, 150.71, 146.29, 130.61, 129.72,

126.35, 126.14, 122.33, 80.49, 27.93
HR-MS (FD): m/z [C28H31NO2+] = calculated 445.56 found 445.23
N,N -di(4-benzoic acid t-butyl ester)-4-iodo-phenylamine
ICl (0.87 g, 5.36 mmol, 2.2 eq.) and zinc acetate (0.54 g, 2.94 mmol, 1.2 eq.) were
dissolved in dioxane (6 mL). To this a solution of N,N -Di(4-benzoic acid t-butyl
ester)phenylamine (1.10 g, 2.47 mmol, 1 eq.) in dioxane (6 mL) was added dropwise. The solution was stirred for 3 hours and was then poured into an aqueous
1M sodium thiosulphate solution (100 mL). The solution was then extracted with
CH2Cl2, dried over MgSO4, ﬁltered and evaporated to obtain a red oil. The product was dissolved in hot methanol (10 mL) and cooled to obtain N,N -Di(4-benzoic
acid t-butyl ester)-4-iodo-phenylamine as a white precipitate (0.90 g, 64%)
1

H NMR (500 MHz, CD2Cl2): δ = 7.89 (d, 4H), 7.66 (d, 2H), 7.09 (d, 4H),

6.92 (d, 2H), 1.59 (s, 18H)
13

C NMR (500 MHz, CD2Cl2): δ = 165.08, 150.33, 146.02, 138.68, 130.73,

127.62, 122.76, 88.05, 80.63, 27.92
HR-MS (FD): m/z [C28H30INO2+] = calculated 571.46 found 571.23
t-butyl 2-(4-bromophenyl)acetate
4-bromophenylacetic acid (5.18 g, 24.1 mmol, 1 eq.) was dissolved in t-butyl acetate (60 mL) in a dry Schlenk ﬂask. The mixture was stirred until everything was
dissolved and the mixture was degassed. BF3·Et2O (3.00 mL, 24.2 mmol, 1 eq.)
was added dropwise. The reaction was stirred at room temperature for 24 hours.
The reaction was quenched by adding water and then extracted with diethyl ether
(50 mL). The organic layer was washed with Na2CO3 and dried over Na2SO4. The
solvent was evaporated and the product was puriﬁed using ﬂash chromatography
(SiliCycle, SiliaFlash P60, 40–63 μm, 230–400 mesh, heptane) to yield 3.35 g of
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product as colourless oil. (12.3 mmol, 51%)
1

H NMR (500 MHz, CD2Cl2): δ = 7.49 (d, 2H), 7.19 (d, 2H), 3.51 (s, 2H),

1.46 (s, 9H)
HR-MS (FD): m/z [C12H15BrO2+] = calculated: 270.03 found: 270.03
t-butyl 2-(4-(phenylamino)phenyl)acetate
Cs2CO3 (0.491 g, 1.50 mmol, 1.5 eq.) was dissolved in t-BuOH (15 mL) in a
Schlenk ﬂask. Aniline (86 μL, 0.95 mmol, 1 eq.), t-butyl 2-(4-bromophenyl)acetate
(0.310 mL, 1.43 mmol, 1.5 eq.) and Pd RuPhos G2 (20.4 mg, 3 mol%) were added
and the mixture was heated to 110 ℃ and stirred overnight. The reaction was
quenched by adding water. The mixture was extracted with diethyl ether (50
mL), dried over Na2SO4 and ﬁltered. The solvent was evaporated and the crude
product was impregnated on silica. This was puriﬁed using ﬂash chromatography
(SiliCycle, SiliaFlash P60, 40–63 μm, 230–400 mesh, heptane). The solvent was
removed to obtain product as a white solid. (0.255 g, 1.12 mmol, 118%)
1

H NMR (500 MHz, CD2Cl2): δ = 7.29 (t, 2H), 7.19 (d, 2H), 7.08 (m, 4H),

6.94 (t, 1H), 5.82 (s, 1H), 3.48 (s, 2H), 1.47 (s, 9H)
13

C NMR (500 MHz, CD2Cl2): δ = 171.11, 143.32, 141.91, 130.11, 129.28,

127.40, 120.71, 117.71, 117.44, 80.45, 41.71, 27.79.
HR-MS (FD): m/z [C18H21NO2+] = calculated: 283.15 found: 283.12
di-t-butyl 2,2’-((phenylazanediyl)bis(4,1-phenylene))diacetate
Cs2CO3 (0.455 g, 1.4 mmol, 1.4 eq.) was dissolved in t-BuOH (15 mL) in a Schlenk
ﬂask. t-butyl 2-(4-(phenylamino)phenyl)acetate (0.2301 g, 1.00 mmol, 1 eq.) was
added together with t-butyl 2-(4-bromophenyl)acetate (0.310 mL, 1.43 mmol, 1.5
eq.). Pd RuPhos G2 (21 mg, 3 mol%) was added and the reaction was heated to
110 ℃. The reaction was stirred overnight and quenched with water (20 mL). It
was then extracted with diethyl ether (50 mL), dried over Na2SO4 and ﬁltered.
The solvent was evaporated and the crude product was puriﬁed using ﬂash chromatography (SiliCycle, SiliaFlash P60, 40–63 μm, 230–400 mesh, hexane/THF).
Evaporation of the solvent yielded a colourless oil. (42.8 mg, 0.12 mmol, 11.9%)
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1

H NMR (500 MHz, CD2Cl2): δ = 7.28 (t, 2H), 7.17 (d, 4H), 7.09 (d, 2H),

7.04 (d, 5H), 3.50 (s, 4H), 1.48 (s, 18H)
13

C NMR (500 MHz, CD2Cl2): δ = 170.13, 134.11, 131.42, 131.10, 129.24,

128.37, 120.65, 80.83, 42.16, 27.77.
HR-MS (FD): m/z [C30H35NO4+] = calculated: 473.26 found: 473.22
di-t-butyl 2,2’-(((4-iodophenyl)azanediyl)bis(4,1-phenylene))diacetate
Iodine monochloride (13 μL, 0.23 mmol, 2.6 eq.) was put in a Schlenk ﬂask. Zinc
acetate (30 mg, 0.143 mmol, 1.5 eq.) and dioxane (2 mL) were added. Di-tbutyl 2,2’-((phenylazanediyl)bis(4,1-phenylene))diacetate (40 mg, 0.085 mmol, 1
eq.) was dissolved in dioxane (1 mL) and added dropwise. The mixture was stirred
for two hours and then quenched by pouring the reaction mixture in a aqueous
1 M sodium thiosulfate solution. This was extracted with CH2Cl2 (50 mL) and
ﬁltered. The solvent was evaporated and the crude product was impregnated on
silica. The product was puriﬁed by ﬂash chromatography (SiliCycle, SiliaFlash
P60, 40–63 μm, 230–400 mesh, hexane/THF). A colourless oil was collected. (13.6
mg, 0.023 mmol, 27.4%)
1

H NMR (500 MHz, CD2Cl2): δ = 7.54 (d, 2H), 7.19 (d, 4H), 7.05 (d, 4H),

6.84 (d, 2H), 3.51 (s, 4H), 1.48 (s, 18H)
13

C NMR (500 MHz, CD2Cl2): δ = 165.09, 150.43, 145.91, 143.56, 130.69,

126.35, 124.50, 122.54, 102.87, 80.54, 29.40, 27.97.
HR-MS (FD): m/z [C30H34INO4+] = calculated: 599.15 found: 599.06
N-(2,6-diisopropyl-phenyl)perylene-3,4-dicarboximide
Perylene-3,4,9,10-tetracarboxylic dianhydride (6.67 g, 17 mmol, 1 eq.), Zinc Acetate (6.64 g, 36.2 mmol, 2.1 eq.), 25 mL quinoline, 2,6-diisopropylamine (8.33
g, 47.0 mmol, 2.8 eq.) and N,N-dibutyl ethanolamine (3.37 g, 19.5 mmol, 1.1
eq.) were added to a 250 mL round bottom ﬂask and heated to 215 ℃ in a heating block for 28 hours. The color of the suspension went darker as the reaction
proceeded. The reaction was then cooled to 30°C after which ethanol (35 mL)
was added and stirred for 30 minutes. The suspension was then ﬁltered and the
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residue was again stirred in ethanol (35 mL) for 30 minutes. The residue was then
stirred in 16% aqueous sulphuric acid (75 mL) for 30 minutes and was then again
ﬁltered and washed until neutral to obtain N -(2,6-diisopropyl-phenyl)perylene-3,4dicarboximide as a red powder (10.4 g, 61%).
1

H NMR (500 MHz, CD2Cl2): δ = 8.65 (d, 2H), 8.51 (m, 4H), 7.97 (d, 2H),

7.69 (t, 2H), 7.54 (s, 1H), 7.39 (d, 2H), 2.79 (m, 2H), 1.19 (d, 12H))
13

C NMR (500 MHz, CD2Cl2): δ = 164.06, 146.13, 140.28, 137.57, 134.29,

131.80, 131.61, 131.02, 129.25, 129.08, 128.01, 127.07, 126.98, 124.95, 124.00,
120.93, 120.30, 29.06, 23.70.
HR-MS (FD): m/z [C34H27NO2+] = calculated 481.20 found 481.17
9-bromo-N -(2,6-diisopropyl-phenyl)perylene-3,4-dicarboximide
N-(2,6-diisopropyl-phenyl)perylene-3,4-dicarboximide (0.12 g, 0.25 mmol, 1 eq.),
was dissolved in glacial acetic acid (20 mL) in a 50 mL round bottom ﬂask. Iodine
(8 mg, 0.03 mmol, 13 mol%) and an excess of bromine (1.00 g, 6.25 mmol, 25 eq.)
was added and the mixture was stirred overnight. The mixture was then poured
into methanol (50 mL) and quenched with aqueous sodium sulphite solution. The
mixture was then extracted with CH2Cl2 (50 mL), washed with water, dried
with MgSO4 and ﬁltered to obtain 9-bromo-N -(2,6-diisopropyl-phenyl)perylene3,4-dicarboximide as a red powder (0.14 g, 96%)
1

H NMR (500 MHz, CD2Cl2): δ = 8.66 (m, 2H), 8.49 (d, 2H), 8.42 (d, 1H),

8.29 (dd, 2H), 7.91 (d, 1H), 7.73 (t, 1H), 7.55 (t, 1H), 7.40 (d, 2H), 2.81 (m, 2H),
1.19 (d, 12H)
13

C NMR (500 MHz, CD2Cl2): δ = 164.06, 146.13, 139.83, 137.57, 134.89,

133.93, 133.68, 131.80, 131.02, 129.25, 129.08, 128.01, 127.07, 126.98, 124.95,
124.00, 120.93, 120.30, 29.06, 23.70.
HR-MS (FD): m/z [C34H26BrNO2+] = calculated 559.15 found 559.16
PMI-Fl(8)-Bpin
(9,9-dioctyl-9H -ﬂuorene-2,7-diyl)bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolane) (0.44
g, 0.78 mmol, 1 eq.), 9-bromo-N -(2,6-diisopropyl-phenyl)perylene-3,4-dicarboximide
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(0.75 g, 1.17 mmol, 1.5 eq.) and Pd(PPh3)4 (0.09 g, 0.079 mmol, 10 mol%) were
dissolved in a 50 mL 0.2 M K2CO3 stock solution of 8 : 1 : 1 toluene : ethanol :
water. The emulsion was stirred vigorously at 80 ℃ overnight. It was then washed
with brine, extracted with CH2Cl2 three times and then washed with water three
times. The organic layer was then dried over Na2SO4, ﬁltered over Celite and
evaporated. The mixture was then puriﬁed via column chromatography using a 8
: 2, Hexane : Ethyl acetate mixture as the eluent to obtain PMI-Fl(8)-Bpin as a
red powder (0.54 g, 69%)
1

H NMR (500 MHz, CD2Cl2): δ = 8.65 (m, 2H), 8.49 (m, 4H), 8.12 (d, 1H),

7.98 (d, 1H), 7.87 (m, 3H), 7.72 (d, 1H), 7.61 (m, 3H), 7.56 (t, 1H), 7.41 (d, 2H),
2.85 (m, 2H), 2.15 (m, 4H), 1.44 (s, 12H), 1.22-0.8 (bm, 42H)
13

C-APT-NMR (500 MHz, CD2Cl2): δ = 151.68, 150.28, 146.14, 143.99,

143.52, 140.89, 139.01, 137.72, 137.56, 133.73, 132.68, 131.84, 131.78, 121.67,
130.54, 129.52, 129.28, 129.23, 128.36, 128.21, 126.92, 126.82, 124.89, 124.06,
124.01, 123.67, 120.86, 120.72, 120.31, 120.23, 120.05, 119.24, 83.80, 40.21, 31.81,
30.00, 29.29, 29.23, 29.10, 24.78, 23.96, 23.27, 22.63, 13.87.
HR-MS (FD): m/z [C69H78BNO4+] = calculated 996.20 found 996.50
PMI-Fl(8)-Me-TPA
K2CO3 (47.3 mg, 0.34 mmol, 15 eq..) was put in a dry Schlenk ﬂask.Di-t-butyl
2,2’-(((4-iodophenyl)azanediyl)bis(4,1-phenylene))diacetate (13.6 mg, 0.023 mmol,
1 eq.) was added with BPin-Fl(8)-PMI (25 mg, 0.025 mmol, 1.1 eq.). 5 mL of
solvent was added and the mixture was degassed. Pd(PPh3)4 (11 mg, 22 mol%)
was added and the mixture was heated to 75 ℃ and stirred for 48 hours. The
reaction was quenched with water and extracted with CH2Cl2 (20 mL). The organic layer was dried over Na2SO4 and ﬁltered. The solvent was evaporated and
the crude product was impregnated on silica. The product was puriﬁed by ﬂash
chromatography (SiliCycle, SiliaFlash P60, 40–63 μm, 230–400 mesh, CH2Cl2) to
yield a red solid. (5.5 mg, 0.0041 mmol, 17.8%)
1

H NMR (500 MHz, CD2Cl2): δ = 8.67 (m, 6H), 8.17 (d, 1H), 7.95 (d, 1H),

7.89 (d, 1H), 7.79 (d, 1H), 7.66 (m, 5H), 7.60 (m, 2H), 7.55 (m, 2H), 7.40 (d, 2H),
7.22 (m, 5H), 7.13 (d, 4H), 3.54 (s, 4H), 2.13 (h, 2H), 1.58 (s, 18H), 1.50 (s, 12H)
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C-APT-NMR (500 MHz, CD2Cl2): δ = 170.88, 164.08, 151.86, 151.37,

147.18, 146.34, 146.15, 144.14, 140.86, 139.90, 139.47, 138.38, 137.84, 137.69,
135.34, 134.86, 134.64, 132.77, 131.90, 131.84, 131.67, 130.63, 130.18, 130.13,
129.60, 129.45, 129.31, 129.26, 128.90, 128.44, 128.35, 128.23, 127.75, 127.20,
126.97, 126.92, 125.56, 124.81, 124.20, 124.13, 124.10, 124.00, 123.96, 123.86,
123.78, 121.08, 120.90, 120.75, 120.40, 120.20, 120.13, 119.73, 80.58, 55.45, 41.76,
40.30, 31.79, 30.01, 29.27, 29.22, 29.09, 27.80, 24.00, 23.72, 22.62, 13.85.
HR-MS (FD): m/z [C93H100N2O6+] = calculated: 1342.77 found: 1341.52
TBV2
PMI-Fl(8)-Me-TPA (87 mg, 0.066 mmol, 1 eq.) was dissolved in CH2Cl2 (5 mL)
in a ﬂame-dried schlenk. Triﬂuoroacetic acid (0.5 mL) was then added and the
mixture was stirred overnight. The content was then evaporated and dissolved
again in CH2Cl2, washed with a 1M Na2CO3 solution, washed with 1M hydrochloric acid solution, dried over Na2SO4, ﬁltered and evaporated to give TBV2 as a
red powder (74 mg, 93%)
1

H NMR (500 MHz, CD2Cl2): δ = 8.69 (m, 2H), 8.60 (m, 4H), 8.15 (d, 1H),

7.94 (d, 1H), 7.89 (d, 1H), 7.77 (d, 1H) 8.17 (d, 1H), 7.67 (m, 5H), 7.60 (m, 2H),
7.54 (t, 1H), 7.40 (d, 2H), 7.27 (d, 4H), 7.20 (d, 2H), 7.16 (d, 4H), 3.70 (s, 4H),
2.82 (h, 2H), 2.12 (t, 4H), 1.18 (m, 38H), 0.82 (d, 6H)
13

C-APT-NMR (500 MHz, CD2Cl2): δ = 176.99, 164.09, 151.86, 151.35,

146.95, 146.74, 146.15, 144.13, 140.82, 139.83, 139.52, 138.41, 137.88, 137.73,
135.50, 132.78, 131.93, 131.65, 130.65, 130.32, 129.63, 129.34, 129.26, 128.89,
128.46, 128.36, 128.28 127.79, 126.99, 126.94, 125.56, 124.81, 124.49, 124.15,
123.99, 123.76, 121.08, 120.91, 120.76, 120.43, 120.17, 119.73, 55.40, 40.29, 31.79,
30.00, 29.68, 29.26, 29.21, 29.07, 23.99, 23.70, 22.61, 13.84.
HR-MS (FD): m/z [C85H84N2O6+] = calculated 1201.56 found 1201.89
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PMI-Fl(8)-TPA
PMI-Fl(8)-Bpin (0.123 g, 0.123 mmol, 1 eq.), N,N-di(4-benzoic acid t-butyl ester)4-iodo-phenylamine (0.072 g, 0.126 mmol, 1 eq.) and Pd(PPh3)4 (0.03 g, 0.027
mmol, 20 mol%) were dissolved in a 0.2 M K2CO3 stock solution (10 mL) of 8
: 1 : 1 toluene : ethanol : water. The emulsion was stirred vigorously at 75
℃ for 2h. It was then washed with brine, extracted with CH2Cl2 (3 × 20 mL)
and then washed with water. The organic layer was then dried over Na2SO4, ﬁltered over Celite and evaporated. The mixture was then puriﬁed via ﬂash column
chromatography (SiliCycle, SiliaFlash P60, 40–63 μm, 230–400 mesh, CH2Cl2) to
obtain PMI-Fl(8)-TPA as a red powder (0.087 g, 54%)
1

H NMR (500 MHz, CD2Cl2): δ = 8.70 (dd, 2H), 8.57 (m, 4H), 7.93 (m, 6H),

7.72 (m, 7H), 7.61 (m, 3H), 7.41 (d, 2H), 7.29 (d, 2H), 7.18 (d, 4H), 2.82 (h, 2H),
2.14 (t, 4H), 1.62 (s, 18H), 1.21 (m, 36H) 0.85 (t, 2H)
13

C-APT-NMR (500 MHz, CD2Cl2): δ = 165.15, 164.08, 151.94, 151.39,

150.61, 146.15, 145.57, 144.08, 140.71, 139.95, 139.47, 138.57, 137.91, 137.85,
137.70, 132.78, 131.91, 131.86, 131.65, 130.71, 130.64, 129.59, 129.34, 129.26,
128.93, 128.45, 128.36, 128.27, 126.99, 126.93, 126.38, 126.32, 125.81, 124.84,
124.15, 123.99, 123.79, 122.58, 121.28, 120.78, 120.43, 120.27, 120.16, 119.83,
80.57, 55.45, 40.28, 31.79, 29.99, 29.26, 29.21, 29.07, 27.95, 23.99, 23.71, 22.61,
13.83.
HR-MS (FD): m/z [C91H96N2O6+] = calculated 1312.73 found 1312.76, (-OtBu), 1200.64 (- 2 Ot-Bu).

TB1
PMI-Fl(8)-TPA (87 mg, 0.066 mmol, 1 eq.) was dissolved in CH2Cl2 (5 mL) in a
ﬂame-dried schlenk. Triﬂuoroacetic acid (0.5 mL) was then added and the mixture was stirred overnight. The content was then evaporated and dissolved again
in CH2Cl2, washed with a 1M sodium carbonate solution, washed with 1M hydrochloric acid solution, dried over Na2SO4, ﬁltered and evaporated to give TB1
as a red powder (74 mg, 93%)
1

H NMR (500 MHz, CD2Cl2): δ = 8.61 (m, 6H), 7.98 (m, 4H), 7.94 (m, 2H),

7.77 (m, 7H), 7.72 (m, 3H), 7.34 (d, 8H), 2.82 (h, 2H), 2.14 (t, 4H), 1.18 (m, 38H)
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C-APT-NMR (500 MHz, CD2Cl2): δ = 166.89, 163.92, 151.83, 151.29,

150.81, 146.07, 145.51, 144.02, 140.73, 139.95, 139.47, 138.59, 138.06, 137.81,
137.67, 132.78, 131.83, 130.78, 131.66, 131.10, 130.60, 129.46, 129.37, 129.10,
128.85, 128.45, 128.29, 128.25, 126.94, 126.44, 125.79, 124.93, 124.75, 124.12,
123.83, 123.77, 122.51, 121.16, 120.94, 120.80, 120.43, 120.19, 119.77, 55.45, 40.25,
31.74, 29.95, 29.64, 29.21, 29.17, 29.04, 24.92, 24.75, 24.59, 24.43, 24.27, 24.11,
23.92, 23.57, 22.54, 12.68.
HR-MS (FD): m/z [C83H80N2O6+] = calculated 1201.56 found 1201.89
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Chapter 5
Towards a Supramolecular Dye-Sensitized
Photoelectrochemical Cell:

Using Supramolecular Catalyst–Dye Interactions
to Prevent Charge Recombination

“It is part of my thesis that all our knowledge grows only through the correcting of
our mistakes.” – Karl Popper

Chapter 5

Introduction
To this date, the energy for human consumption is mostly (>95%) supplied by
hydrocarbon fuel sources such as coal, oil and gas. 1–3 Although many renewable
energy options exist, including wind, geothermal and solar energy. The sheer
potential of the latter, causes it to likely have the largest share in the sustainable
energy portfolio to meet the sustainable energy demands of our planet. 4 One of
the major issues with solar energy is the intermittent nature of solar insolation,
emergent from diurnal and seasonal cycles from the respective terrestrial rotation
and revolution (around the Sun). The diurnal availability of solar insolation creates
periods where energy generation from the Sun can be abundant and times where it
is impossible. Furthermore, there are seasonal ﬂuctuations and cloud formations
that serve to decrease the solar insolation at the Earth’s surface. Ironically, the
evening, night and winter are the periods that require an abundance of energy for
residential lighting and heating.
The mismatch between supply and demand for solar energy production can be
overcome by partly storing the energy that is generated. Both short-term ﬂuctuations (day–night) and long-term ﬂuctuations (summer/winter) require a stable,
consistent form of energy storage. There are many technologies available to store
energy, based on converting solar energy into electrical, 5 thermal, 6 mechanical, 7
magnetic, 8 and chemical energy. 9 Storing solar energy in the form of fuels (chemical energy) seems the most promising option thanks to the long-term and stable
storage capabilities. In addition, the current infrastructure is based on the use of
fuels, simplifying the implementation of solar generated sustainable fuels.
Solar energy can be stored in fuels using either direct (solar-to-fuel) or indirect
(solar-to-electrical-to-fuel) photoelectrochemical conversion. Careful tuning of the
various components involved in direct photoelectrochemical conversion of solar to
fuels make it generally challenging. Fortunately, a signiﬁcant pool of inspiration
can be drawn from nature. This inspiration can be found by looking at photosynthesis, where CO2 is converted into carbohydrates by photoelectrochemical
conversion (Section 1.4.1.). The process of natural photosynthesis can be mimicked
by artiﬁcial photosynthesis, which is employed by the dye-sensitized photoelectrochemical cell (DSPEC).
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5.1. Dye-Sensitized Photoelectrochemical
Cells
The DSPEC of interest in this chapter, is one that can split water into molecular oxygen and hydrogen (Figure 5.1). This DSPEC consists of two separate
compartments ﬁlled with a protic solution. In each compartment there is a photoelectrode that consists of a semiconductor (SCA and SCC ) onto which a molecular
dye is chemisorbed (DA and DC ). The photocathode drives a proton reduction
catalyst (PRC) in one compartment, and a photoanode drives a water oxidation
catalyst (WOC) in the other compartment. The compartments are separated by
a membrane that is selective to protons, that are thus free to move from one
compartment to the other.

Figure 5.1. A typical DSPEC setup with the black arrows indicating the ﬂow of electrons
and the red arrow the diﬀusion of protons.

175

Chapter 5
The photocathode of the DSPEC produces a signiﬁcantly higher photocurrent
density (1.7 mA cm−2 ) than the photoanode (10–20 μA cm−2 ). 10 We will therefore only study the photocathode in this chapter, since the photocathode is the
performance determining electrode in the overall device. The device setup can
be changed to a three-electrode conﬁguration by replacing the photoanode with
a simple counter electrode, while a reference electrode is employed that can be
used to apply a bias potential if necessary. Keep in mind that, the lower that
the bias potential is to drive the proton reduction photoelectrode, the lower the
overpotential of the photocathode needs to be. This three-electrode variation of
the DSPEC is also termed the p-type DSPEC, and a schematic representation of
the operational principle of this DSPEC for proton reduction is shown in Figure
5.2.

Figure 5.2. Schematic diagram of a three-electrode DSPEC setup for studying the
photocathode with the relevant electron transfer processes. (1) excitation, (2) electron
transfer from the semiconductor to the excited dye, (3) electron diﬀusion, (4) electron injection into PRC, (5) proton reduction, (6) water oxidation, (7) ﬂuorescence, (8) catalyst
recombination, (9) dye recombination.
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The p-type DSPEC is assembled by sintering a wide bandgap semiconductor
paste—typically NiO in p-type DSPECs for proton reduction—onto a transparent
conductive oxide (TCO) substrate (FTO, ITO, metal foil). The resulting transparent high porosity photoelectrode is then dipped into a molecular dye solution,
where the dye will be chemisorbed onto the photoelectrode. This dyed photoelectrode is then connected to a potentiostat, and placed inside a protic solution
containing the PRC. This potentiostat is connected to the reference electrode and
the counter electrode where water oxidation takes place.
The various processes that are needed to successfully reduce protons in a DSPEC
are denoted by green arrows in Figure 5.2. First, an electron is excited from the
highest occupied molecular orbital (HOMO) to the lowest unoccupied molecular
orbital (LUMO) in a molecular dye (DC ) by an incoming solar photon (1). The
excited dye is then reduced by an electron from the valence band (VB) of the semiconductor (2), which is replenished by electron diﬀusion from the TCO (3). The
reduced dye subsequently reduces a PRC (4), that in turn catalyses the reaction
from protons to molecular hydrogen (5). At the counter electrode (CE) water is
split into protons and molecular oxygen (6).
Indicated in red in Figure 5.2, are processes that are detrimental to the eﬃciency of
the DSPEC. First, there is ﬂuorescence, where the excited electron falls back to the
HOMO (7) of the dye. This process is only relevant when dye regeneration by the
catalyst (4) and electron injection from the VB of the semiconductor to the HOMO
of the excited dye (2) are slow. Second, there are the recombination processes that
constitute back electron transfer, either from the catalyst to the VB (8), or from
the reduced dye to the VB (9). These recombination processes are the main reason
for the low eﬃciencies found in DSPECs. In the following section, considerations
from literature regarding the various components of the DSPEC design is given to
provide insight into the various eﬀorts to enhance DSPEC eﬃciency.
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5.1.1. Considerations from Literature
A precise comparison of diﬀerent DSPEC systems reported in literature is complicated, due to the fact that these systems diﬀer often in multiple ways. These
diﬀerences include the surveying of diﬀerent molecular components, such as the
dye and the electrolyte, as well as the semiconductor material and the solvent.
The testing conditions, such as the overpotential or illumination intensity, are
often also diﬀerent. Even though the systems may diﬀer in composition, the output parameters of a DSPEC system are always presented. Here, we compare the
generated photocurrent density of diﬀerent studies to evaluate the performances.
To prevent the comparison between systems that vary too much from the system
presented in this chapter, we limit the scope to systems that employ molecular
dyes to drive molecular catalysts. Systems that employ quantum-dots as the light
harvester, or heterogeneous PRCs, will not be included in our comparison. 10,11
We will compare three diﬀerent DSPEC conﬁgurations: a conﬁguration with the
PRC in solution, a conﬁguration with the dye and PRC co-adsorbed to the semiconductor and a conﬁguration where the PRC is attached to the dye.

Conﬁguration I: Catalyst in Solution
Figure 5.3 shows the conﬁguration where the PRC is present into the solution.
There are several components of this system that have been studied individually,
including the solvent, the dye, and the semiconductor to which the dye is attached.
The eﬀect of the buﬀer solution on DSPEC performance has been explored by
Zhang et al. 12 In this study, a perylene-based dye in conjunction with a cobalt
oxime PRC and a NiO semiconductor was studied in diﬀerent buﬀer solutions.
It was found, that phosphate buﬀers yielded the highest photocurrents (25 μA
cm−2 ), while acetate buﬀers ensured the highest stability (10 min). From this
study it is evident that the eﬀect of the buﬀer solution should be considered when
designing DSPECs.
Yun et al. studied the eﬀect of dye anchoring groups in aqueous media in the
DSPEC. 13 Here two diﬀerent perylene-based dyes were used with the same PRC
and semiconductor as Zhang et al. This study showed that carboxylic compared
to the hydroxamic anchoring group provided the highest photocurrents (10 vs. 6
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Figure 5.3. Schematic representation of a DSPEC system where the PRC is in solution,
with the black arrows indicating the ﬂow of electrons and the red arrows indicating the
ﬂow of protons.

μA cm−2 ) at pH 5, while the former produced unstable photocurrents at pH 9 in
contrast to the latter.
A PRC in solution is often in contact with the semiconductor surface, which may
lead to charge recombination from the catalyst to the NiO. Kamire et al. explored
the eﬀect of a thin Al2O3 blocking layer (2 – 3 nm) that was applied onto the semiconductor surface using atomic layer deposition. 14 A perylene-based dye was used
with the cobalt oxime PRC and NiO semiconductor. Slightly higher photocurrent
densities of 25 μA cm−2 were found but no turnover numbers (TONs) or faradaic
eﬃciencies were reported. The increased eﬃciency of the DSPEC was attributed
to the stabilization of the dye and the prevention of charge recombination from
the PRC to the NiO.
The eﬀect of surface protection was also reported by Click et al. in the same
year, where the still standing record photocurrent density (183 μA cm−2 ) was
obtained. 15 Here a perylene-based dye with several long alkyl chains was used,
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together with cubane molybdenum sulﬁde cluster as the PRC in solution. The
long alkyl chains shields the surface from the aqueous solution. Thanks to this
surface protection, the system could sustain acidic solutions with a pH of 0, without
any visible decomposition of the photoelectrode.
Finally, the eﬀect of dropcasting the PRC onto the photoelectrode surface on the
performance of a DSPEC by was studied by Li et al. In this study a push–pull
molecular dye (P1), chemisorbed on a NiO semiconductor, with a cobalt oximebased PRC dropcasted onto the surface was employed. 16 The photoelectrode was
immersed into a pH 7 phosphate buﬀer and a bias potential of -0.4 V vs. Ag/AgCl
was applied. This system achieved a photocurrent density of 20 μA cm−2 , but
no hydrogen formation was reported. It was argued that the PRC is likely to
leach from the surface into the solution, and thereby breaking the contact between
the dye and the PRC. From this study it became apparent that immobilization
of the catalyst to the surface is essential for a good performing and stable DSPEC.

Conﬁguration II: Co-Adsorbed Dye and Catalyst
One way to immobilize the catalyst onto the surface is by co-adsorbing the PRC
to the NiO surface (Figure 5.4), which has been explored in depth in several studies. 17–19 Transient absorption spectroscopy revealed that eﬃcient electron transfer
from the excited coumarin C343 dye to the iron-based PRC occurs when the catalyst is co-adsorbed onto NiO. In the study of Antilla et al., a biomimetic Fe-Fe
was used in conjunction with the C343 dye, a system that resulted in photocurrent densities of 10 μA cm−2 . 18 It seems that co-adsorption of the catalyst, while
eﬃcient for the electron transfer from the dye to the catalyst, might also increase
the rate of charge recombination to the semiconductor as the NiO–PRC distance
between the NiO and the PRC is also reduced.
Similar results of Antilla et al. were reported by a study of Van den Bosch et al.,
who made a nickel PRC that was co-adsorbed with the dye to the NiO surface. 20
Also here, charge recombination is a likely reason for low photocurrent densities
in co-adsorbed systems. Interestingly, it was also found in this study that the
eﬀect of stirring the solution increased the photocurrents from 3 μA cm−2 to 6
μA cm−2 . This increase in photocurrent (thanks to stirring the solution), shows

180

Chapter 5

Figure 5.4. Schematic representation of a DSPEC system where the PRC is co-adsorbed
with the dye, with the black arrows indicating the ﬂow of electrons and the red arrows
indicating the ﬂow of protons.

that diﬀusion limitations of protons to the surface is hampering the performance
of the DSPEC.
Li et al. achieved higher photocurrent densities (35 μA cm−2 ) by using a P1
molecular dye and a cobalt oxime-based PRC with a phosphonate group to anchor
the catalyst to the NiO surface. 21 Interestingly, the distance between the PRC
and the NiO is signiﬁcantly larger than the previous systems. It has already been
investigated (in the ﬁeld of dye-sensitized solar cells (DSSCs)), that an increased
distance between the redox mediator (RM) and the semiconductor, prevents charge
recombination. 22 It is likely that the increased distance between the PRC and the
NiO lowers charge recombination and thus increases the photocurrent densities.
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Conﬁguration III: Catalyst Attached to the Dye
Increasing the distance between the NiO surface and the PRC can be achieved
by attaching the catalyst directly to the molecular dye (Figure 5.5), which was
ﬁrst done by Ji et al. in 2013. 23 In this system a cobalt oxime catalyst was
attached axially to a ruthenium-based dye, producing photocurrent densities of 10
μA cm−2 . It was later found, that the axially connected cobalt oxime is unstable
during catalysis. 10 Kaeﬀer et al. studied a system where an organic push–pull dye
was attached directly to the planar ligand of an cobalt oxime-based analog, and
obtained photocurrent densities up to 15 μA cm−2 . 24

Figure 5.5. Schematic representation of a DSPEC system where the PRC is attached
to the dye, with the black arrows indicating the ﬂow of electrons and the red arrows
indicating the ﬂow of protons.

Attaching the PRC covalently to the dye, requires signiﬁcant synthetic eﬀorts, and
to this end, Gross et al. presented a device where supramolecular Zr4+ interactions
were used to attach a PRC to a ruthenium-based dye. 25 This supramolecular
approach is interesting, since it leads to a large distance between the semiconductor
and the PRC without the use of elaborate synthetic routes. The relatively low
photocurrent of 14 μA cm−2 can be attributed to the ruthenium-based dye, which
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is non-optimal for p-type systems. Shan et al. signiﬁcantly improved upon this
system, by also increasing the distance between the ruthenium-based dye and
the NiO by a redox relay. 26 This device that used a nickel-based PRC achieved
photocurrent densities of 56 μA cm−2 .
From the three conﬁgurations shown in these sections, several design principles
can be formulated. First, diﬀerent electrolyte solutions need to be screened to
ensure optimal DSPEC performance and stability. 12 Second, if the NiO surface
is shielded, charge recombination is suppressed, and higher photocurrent densities
are obtained. 14,15 Third, stirring the protic solution reduces diﬀusion limitations,
and allows for higher photocurrent densities. 20 Finally, attachment of the PRC
to the dye or the photoelectrode is needed for the stability of the DSPEC, and
to ensure fast electron transfer from dye to the PRC as a result of the close
proximity. 17–19,24,26
Unfortunately, it seems that there is a trade-oﬀ between the second and the last
design principle. Co-adsorption of the PRC to the semiconductor mitigates any
form of shielding, but does allow fast electron transfer since the PRC and dye
are next to each other. However, a blocking layer (such as Al2O3), that shields
the semiconductor from the PRC generally reduces the electron transfer rate by
increasing the distance between the dye and PRC. Similarly, PRC attachment to
the dye is generally associated with a increased dye–PRC distance, and therefore
also a lower electron transfer rate.
For this study we designed a DSPEC that should break the trade-oﬀ between
shielding the surface and enhancing the electron transfer from dye to PRC. We
envisioned a system where the PRC is attached via supramolecular interactions to
a layer that shields the semiconductor surface, while also being in close proximity
to the dye. We asked ourselves the question: can a PRC that is bound to a
shielding layer in a supramolecular fashion in close proximity to the dye enhance
the eﬃciency of a dye-sensitized photoelectrochemical cell?
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5.2. Results and Discussion
5.2.1. Benchmark System
To properly answer our research question, a benchmark system was made, from
which the envisioned system can be built upon. We developed a custom made
DSPEC reactor that allows for continuous monitoring of the hydrogen production,
the details of which are shown in Section 5.3. A schematic diagram including the
energy levels of the components in the benchmark system is shown in Figure 5.6.

Figure 5.6. Schematic diagram of the benchmark DSPEC system using a NiO semiconductor, TB1 dye and Co-Ox homogeneous PRC.

While better performing options for the p-type semiconductor than NiO exist,
the non-triviality of using NiO as a semiconductor for photoelectrode fabrication
made it an obvious choice. 27–30 The TB1 dye that was introduced in Chapter 4
is chemisorbed onto the NiO semiconductor. The Co(DO)(DOH)pnCl2 (Co-Ox)
cobalt oxime-based complex was chosen as the PRC, because it displays catalytic
activity at a low overpotential (∼250 mV), 24 and is frequently used in DSPEC
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studie,s and therefore the new DSPEC can be compared to those reported in
these studies. 12–14,16
The energy levels shown in Figure 5.6 are indicated for slightly acidic conditions
(pH 4.5), at which all of the experiments were performed. It has been shown, that
the ﬂatband potential of the valence band edge (EV ) of NiO is 0.95 V vs. NHE
at pH 0. 31 Using the Nernst equation we have estimated the EV to be 0.69 V vs.
NHE at pH 4.5. The HOMO and LUMO of the TB1 dye are 1.45 V and -0.60 V
respectively as was shown in Section 4.1.3.
The onset potential for proton reduction with the Co-Ox was determined by cyclic
voltammetry (CV) at -0.4 V vs. NHE in a pH 4.5 Na2SO4 buﬀer solution (Figure
5.7). A dye regeneration energy (ΔGREG ) of -0.2 V should typically be enough
driving force for an optimal electron transfer from oxidized dye to PRC. 32

Figure 5.7. CV of 1 mM Co-Ox in a 0.1 M pH 4.5 Na2SO4 aqueous buﬀer solution,
showing the catalytic onset potential for proton reduction at -0.4 V vs. NHE.

The DSPEC device was assembled by using a custom made reactor cell (Section
5.3.3.). A TB1 sensitized NiO photoelectrode was used as the photocathode and
a Pt nanoparticle-based CE was used as the anode. The two compartments of the
reactor were ﬁlled with a Na2SO4 aqueous buﬀer solution (0.1 M, pH 4.5), that
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were separated by a Naﬁon proton-exchange membrane. The photocathode compartment contained 1mM of Co-Ox, and was connected to a GC for H2 detection.
Chronoamperometry (1 sun illumination for 9 hours) showed stable photocurrents
of 10 μA cm−2 using the DSPEC system described in Figure 5.6 (Figure 5.8).

Figure 5.8. Photocurrent density (black) and total hydrogen production (blue) of the
benchmark DSPEC with the TB1 dye, Co-Ox in a pH 4.5 NaSO4 buﬀer. Background
current density was subtracted from the total current density to obtain the photocurrent
density.

A small amount of H2 was detected (2.51 μL) that corresponds to a low faradaic
eﬃciency of 3%. Methane as an internal standard indicated that the GC connected to the reactor cell suﬀered from leakage problems. The amount of hydrogen produced is therefore higher than the 2.51 μL that was obtained by the GC
measurement. These leakage problems also explain the relationship between the
stable photocurrent density and H2 production shown in Figure 5.8. While the
photocurrent density seems to remain stable over the course of the experiment,
the total amount of H2 seems to decrease over time, indicating a leakage of H2.
These chronoamperometry results conﬁrm that the benchmark DSPEC setup does
produce hydrogen, and that the relative energy levels have been properly chosen.
For the envisioned system, in which the PRC is attached via supramolecular interactions to a layer that shields the semiconductor surface, the benchmark system
has to be altered. We aimed to apply several modiﬁcations, which are presented
in the next sections.
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5.2.2. Dye Design
An illustration of the envisioned system is depicted in Figure 5.9. The alkyl chains
of the TB1 dye can be exploited to facilitate supramolecular binding of the PRC,
while the alkyl chains already serve the function as a shielding agent. Hydrophobic
interactions can be used to bind a PRC to this layer, allowing the catalyst to be
close to the dye. This design (Figure 5.9), should prevent recombination from
the PRC to the NiO by the aliphatic shielding layer, while promoting electron
transfer from the dye to the PRC, thanks to their close proximity to each other.
An illustration of the envisioned system is depicted in Figure 5.9

Figure 5.9. Schematic representation of the envisioned photoelectrode of the DSPEC
in this study. The processes that are indicated correspond to those shown in Figure 5.2
and are (1) excitation, (2) electron transfer from the semiconductor to the excited dye,
(3) electron diﬀusion, (4) electron injection into PRC, (5) proton reduction, (8) catalyst
recombination, (9) dye recombination.
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While the energy levels of the TB1 dye are suﬃcient to drive the PRC, the amount
of alkyl chains is fairly low. For this system, we therefore designed the new TB2
dye, which is shown in Figure 5.10.

Figure 5.10. Molecular structure of the TB2 dye (left), HOMO (blue/red) of the TB2
dye (middle), LUMO (orange/cyan) of the TB2 dye (right). Orbitals were calculated by
DFT using ADF 2019.3 (DFT/B3LYP/D3 dispersion corrections/ BJ damping).

Figure 5.10 depicts the chemical structure and the DFT calculated HOMO and
LUMO orbitals of the TB2 dye. The dye has a similar push–pull design as the
TB1 dye, which has been introduced in Chapter 4. Compared to the TB1 dye,
the TB2 dye contains an extended π- system, thanks to one additional ﬂuorene
moiety. By adding one extra ﬂuorene moiety, there are now four octyl chains
present on the TB2 dye. These alkyl chains shield the surface in a similar fashion
as the record DSPEC of Click et al. 15
The HOMO and LUMO levels of the TB2 dye were estimated using CV and are
1.50 V and -0.60 V vs. NHE respectively. The energy levels of the TB2 dye are
similar to those of the TB1 dye used in the benchmark system, and we therefore
expect similar behavior. The potential of the VB electrons (0.69 V vs. NHE)
should be able to reduce the excited dye.
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5.2.3. Dye-Sensitized Solar Cells
−
I−
3 /I -based DSSCs were studied, to ensure that the performance of the DSPEC

with the TB2 dye is not hampered by a lower injection eﬃciency, due to the
switching from the TB1 dye to the TB2. We compared TB1 dye-based DSSCs
to the TB2, and the J –V curves and performance parameters are shown in Figure
5.11 and Table 5.1, respectively.

Figure 5.11. J–V curves of the champion solar cells of the TB1 and TB2 dye using 1
sun AM1.5 illumination (solid lines) and in the dark (dashed lines).

Table 5.1. Solar cell performance parameters.
Dye

J SC
V OC
Fill Factor
(mA cm−2 )
(mV)
TB1
0.69 ± 0.15
99 ± 2
0.26 ± 0.02
TB2
0.83 ± 0.23
101 ± 3
0.26 ± 0.02
Note: Averages were taken from 6 diﬀerent solar cells for each dye

η
(%)
0.017 ± 0.013
0.023 ± 0.045

From the data presented in Table 5.1, it can be seen that the DSSCs based on
the TB2 dye have an overall higher power conversion eﬃciency (PCE) (0.023%)
than those based on the TB1 dye (0.017%). This increased performance is mainly
attributed to the increased short-circuit current density (J SC ) (0.83 mA cm−2 for
TB2 vs. 0.69 mA cm−2 for TB1), while the open-circuit voltage (V OC ) is only
slightly increased (101 mV for TB2 vs. 99 mV for TB1). It is noteworthy that the
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TB1-based solar cells studied here, perform signiﬁcantly worse than those studied
in Chapter 4 (0.017 % in this chapter vs. 0.06 % in Chapter 4). We attribute
this diﬀerence in performance to the quality of the NiO, which was freshly prepared
for the DSSCs in Chapter 4, in contrast to the DSSCs of this chapter. For the
purpose of dye comparison, the lower performing NiO is not considered relevant.
Figure 5.12 shows, that the IPCE of TB2-based DSSCs (14.1% @ 525 nm) compared to the TB1-based DSSCs (12.5% @ 525 nm), in line with the diﬀerence in
J SC of the DSSCs.

Figure 5.12. The IPCE of the TB1 and TB2-based DSSCs.

Electrical impedance spectroscopy (EIS) experiments were performed, to investigate the origin of the increased performance of the TB2 over the TB1-based
DSSCs (Figure 5.13).
The EIS results (Figure 5.13) show, that the charge recombination resistance (Rrec ,
A) and hole lifetime (τ , B) of the TB2 DSSC are higher (402 Ω cm−2 , 0.03 s @
101 mV) than the TB1 DSSC (881 Ω cm−2 , 0.06 s @ 101 mV), which indicates
a decrease in recombination. We attribute this decreased recombination to the
extended π-system, and the increased shielding, thanks to the additional alkyl
chains. Furthermore, the chemical capacitance (Cμ ) from EIS (Figure 5.13 C) are
virtually identical across all voltages, indicating little (if any) diﬀerence in EV or
the density of states (DOS).
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Figure 5.13. Results from the EIS experiments showing the A) recombination resistance
(Rrec ), B) lifetime (τ ) and C) chemical capacitance (Cμ ) of the TB1 and TB2-based
DSSCs.
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5.2.4. Supramolecular Binding Experiments
Two experiments were performed, to evaluate whether a PRC with extended
alkyl chains, can bind to a photoelectrode with an aliphatic shielding layer, in
a supramolecular fashion. For these experiments, a PRC was chosen that is a
derivative of the Co(aPPy) complex, which was ﬁrst studied by Bachmann et
al. 33 To provide the supramolecular interaction between the dye and the PRC a
C18-alkyl chain was attached to the Co(aPPy) to yield the PRC (Co(aPPy)-C18,
Figure 5.14) that was also reported by Bachmann et al. 34 Unfortunately, the onset potential for proton reduction of this catalyst was determined to be -1.0 V vs.
NHE (MeCN, 0.1M TBAPF6, 0.20 mM HNEt3PF6), which makes it unsuitable for
a DSPEC system based on TB2 because of potential mismatches.

Figure 5.14. Structure of the Co(aPPy)-C18 complex used in the supramolecular binding experiments, adapted from Bachmann et al. 34

The TB2 dye was chemisorbed onto an ITO coated glass electrode (THF/MeCN),
which was subsequently dipped (18 h) into a MeCN solution, containing the
Co(aPPy)-C18 complex. The electrode was then dipped (1 h) into a MeCN solution, without the complex, to rinse oﬀ any (physisorbed) complex. The Co(aPPy)C18-coated and uncoated electrode were then subjected to CV, and the results are
shown in Figure 5.15. With the Co(aPPy)-C18, an additional redox event around
0.7 V and 1.6 V vs. NHE appears. The Co(aPPy) complex has an oxidation
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potential of 0.5 V vs. NHE (Co(II)/Co(III) in solution, according to Bachmann
et al., 33 and this potential is likely raised by the increased distance between the
catalyst and the electrode. We therefore believe that the oxidation potential at
1.6 and 0.7 V vs. NHE correspond to the oxidation of the Co(II) and reduction of
the Co(III) complex respectively.

Figure 5.15. CV of a TB2 dye coated ITO electrode (black) and a TB2 dye coated
ITO electrode that was dipped into a Co(aPPy)-C18 solution. (red) The arrows indicate
the scanning direction.

Next, ESI mass spectrometry was employed to determine whether Co(aPPy)-C18
was attached to the photoelectrode. This experiment was performed using TB2
dye coated NiO that was dipped into a Co(aPPy)-C18-containing MeCN solution.
The photoelectrode was placed in a THF solution, that deliberately leached some
of the Co(aPPy)-C18 molecules into the solution. The content of the solution was
then scanned for the presence of Co(aPPy)-C18 molecules using ESI mass spectrometry (Figure 5.16).
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Figure 5.16. ESI mass spectrum of the leached photoelectrode solution.

The largest peak (m/z [M+] = 763) corresponds to the mass of the Co(aPPy)-C18
(m/z [M2+ Cl-] = 763), also clearly indicating that the complex was present and
physisorbed on the photoelectrode. Having investigated the dye and the motif of
supramolecular binding, we now turn to the PRC design in the following section.
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5.2.5. Catalyst Design
The LUMO of the TB2 provides a reduction potential of -0.6 V vs. NHE and
the thermodynamic potential for proton reduction is 0 V vs. NHE (pH = 0)
by deﬁnition. A PRC with a low overpotential is therefore needed to facilitate
eﬃcient electron transfer. Cobalt oxime catalysts generally exhibit one of the
lowest overpotentials for homogeneous catalysts, and we have already shown their
capability to produce hydrogen in the benchmark system (Section sec:Benchmark).
The design for the envisioned C18-PRC is shown in Figure 5.17.

Figure 5.17. The envisioned C18-PRC for the DSPEC system.

The C18-PRC is similar to the complex used in the benchmark study. The
bridging proton of the catalyst will point into the protic solution, and can function
as a proton relay. The C18-PRC has two C18 alkyl chains attached to the ligand
scaﬀold to maximize binding to the photoelectrode. Since it has been shown that
the axial ligand is unstable under catalytic conditions, we refrained from attaching
the C18 chain to this position. The synthesis of this complex showed to be nontrivial, and in the following section the attempts to synthesize this complex are
shown.
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5.2.6. Catalyst Synthesis
The envisioned route to the C18-PRC is shown in Scheme 5.1. In this route
malonitrile is ﬁrst deprotonated using a strong base, followed by a nucleophilic
attack onto two bromo-alkyl reagents. Next, a condensation reaction with a monooxime and the alkylated malonitrile is performed to obtain the ligand, and ﬁnally
the C18-PRC is obtained by reacting the ligand with cobalt dichloride.

Scheme 5.1: Envisioned synthetic route to the C18-PRC.
While this reaction sequence seems straightforward, complications with the ﬁrst
two reactions prevented the synthesis of the ﬁnal complex. The analysis by 1 HNMR of the alkylated malonitrile proved to be diﬃcult, due to the overlap of the
protons of the bromo-alkyl reagent and the product. TLC studies with iodine as
a staining agent showed almost full conversion of the malonitrile, but could not
indicate whether bromo-alkyl reagent was still present. After numerous attempts
to obtain the pure alkylated malonitrile we continued with the possibly impure
product.
The second reaction also showed problematic, due to the incompatibility of the
solubilities of the mono-oxime and the alkylated malonitrile. Toluene as a solvent
was chosen for the condensation reaction with a Dean–Stark setup to remove water
from the reaction mixture. The mono-oxime was however, only slightly soluble in
toluene even at higher temperature,s preventing the reaction from succeeding.
Diﬀerent reaction conditions and new synthetic routes are still under investigation in order to obtain the C18-PRC. For this reason, we were at this stage
unfortunately unable to perform any catalyst characterization studies or DSPEC
performance studies.
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Conclusion and Outlook
In this chapter, we presented a device design aiming for a high eﬃciency DSPEC
that breaks the trade-oﬀ between a blocking layer and close dye–PRC proximity.
To facilitate this, the DSPEC employs van der Waals interactions to anchor the
PRC to the hydrofobic layer on the electrode surface generated by the dye. First,
we created a benchmark system with a Co-Ox PRC and the TB1 dye, introduced
in Chapter 4. This system achieved acceptable stable photocurrent densities of
10 μA cm−2 with a faradaic eﬃciency of at least 3%.
The new dye (TB2) that was synthesized for this study has four alkyl chains that
serve as the blocking layer, and provide a hydrophobic phase for the anchoring
of the PRC. We have shown that this dye performs better than the TB1 dye
introduced in Chapter 4 in a DSSC. This increased performance is attributed
to decreased recombination rates, thanks to the extended π system and shielding
layer. The energy levels of the DSPEC system were carefully chosen in order to
drive a PRC with a relatively low overpotential ( 400 mV), such as cobalt oximebased catalysts.
Furthermore, we have shown, based on mass spectroscopy and CV studies, that
aliphatic anchoring of a cobalt complex to the TB2 dye is possible. We also
introduced the design of our envisioned cobalt oxime-based PRC, to which two
C18 alkyl chains are attached. Unfortunately, we were so far unable to synthesize
this PRC to perform the DSPEC performance experiments.
Naturally, the next step in this study is to synthesize the C18-PRC and assess
its performance in the DSPEC system. If successful, this can form the basis for
future DSPEC devices for diﬀerent photocatalytic reactions. Also, a ﬂow setup is
envisioned, since the catalyst is securely anchored onto the photoelectrode surface.
We therefore hope that this system will pave the path to future highly eﬃcient
DSPEC systems.
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5.3. Experimental
5.3.1. General
Commercial reagents and solvents were obtained Sigma-Aldrich and Fluorochem
and were used without puriﬁcation. Conducting FTO glass was obtained from
Solaronix (L × W × D 100 × 100 mm × 2.3 mm, surface resistivity 15 Ω cm−2 )
All reactions were carried out under nitrogen, in ﬂame dried glassware. MeCN,
CH2Cl2, and THF were dried by a solvent puriﬁcation system. Column chromatography was performed using silica gel (SiliCycle, SiliaFlash P60, 40–63 μm,
230–400 mesh). NMR analysis was performed on a Bruker AV500 spectrometer
and are reported in ppm using a solvent residual signal as internal standard (7.26
ppm for CDCl3 and 5.32 ppm for CD2Cl2). Exact mass of the compounds was
obtained on an AccuTOF GC v 4g, JMS-T100GCV Mass spectrometer (JEOL,
Japan) equipped with an FD Emitter, Carbotec or Linden (Germany), FD 13
μm. Current rate 51.2 mA min−1 over 1.2 min machine using ﬁeld desorption
(FD) as ionization method. Electrochemistry experiments were performed on a
PGSTAT302N potentiostat from Autolab, with a leakless Ag/AgCl reference electrode (eDAQ, ET069) and a Pt wire counter electrode. The 0.5 mM analyte
solution contained 100 mM TBAPF6 as supporting electrolyte, and was prepared
in absence of air. EIS measurements were performed similar to those described in
Chapter 4.
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5.3.2. Synthesis

Scheme 5.2: Synthesis of TPA-Fl(8)-Bpin.
TPA-Fl(8)-Bpin
TPA-I (1.00 g, 1.75 mmol, 1.0 eq.) (synthesis is described in Chapter 4) , BpinFl(8)-Bpin (1.13 g, 1.76 mmol, 1.0 eq.) and K2CO3 (2.46 g, 17.8 mmol, 10.0 eq.)
were dissolved in Toluene : EtOH : H2O (8:1:1, 50 mL) degassed mixture in a
ﬂamedried schlenk. To this solution Pd(PPh3)4 (0.249 g, 0.21 mmol, 12.5 mol %)
was added. The solution was heated to 75 °C and stirred overnight. The product was then extracted with CH2Cl2, washed with water, dried over Na2SO4 and
ﬁltered over celite. The product was then impregnated onto silica and run over
a Flash Column (SiliCycle, SiliaFlash P60, 40–63 μm, 230–400 mesh, gradient:
100% heptane to 95% heptane : 5% EA) to yield an oﬀ white solid TPA-Fl(8)Bpin (0.90 g, 0.93 mmol, 54 % yield).
1

H-NMR (500 MHz, CD2Cl2): δ = 7.95 (d, 4H), 7.81 (m, 6H), 7.27 (d, 2H),

7.19 (d, 4H), 2.10 (m, 4H), 1.57 (s, 18H), 1.32 (s, 12H), 1.16 (m, 24H), 0.70 (t,
6H)
13

C-APT-NMR (500 MHz, CD2Cl2): δ = 165.19, 152.10, 150.63, 150.48,

150.20, 145.52, 143.89, 143.66, 140.23, 139.63, 137.95, 133.63, 133.48, 130.77,
128.80, 128.29, 126.38, 126.32, 125.63, 122.59, 121.21, 120.44, 119.34, 119.01, 83.81,
80.60, 40.34, 31.81, 29.98, 29.18, 27.97, 24.79, 23.79, 22.58, 13.85
HR-MS (FD): m/z [C63H82BNO6+] = calculated 959.625 found 959.618
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Scheme 5.3: Synthesis of PMI-Fl(8)-Br.
PMI-Bpin
PMI-Br (2.80 g, 5.00 mmol, 1.0 eq.) (synthesis is described in Chapter 4), KOAc
(1.50 g, 15.2 mmol, 3.0 eq.) and bis(pinacolato)-diboron (1.58 g, 6.21 mmol, 1.2
eq.) were dissolved in 100 mL degassed dioxane in a 250 mL ﬂamedried round
bottom ﬂask. To this solution Pd(dppf)Cl2 (0.36 g, 0.50 mmol, 10.0 mol %) was
added. The solution was heated to 90 °C and stirred overnight. The product was
then extracted with CH2Cl2, washed with water, dried over Na2SO4 and ﬁltered
over celite. The product was then impregnated onto silica and puriﬁed by column
chromatography using CH2Cl2 as the eluent to obtain the product as a red solid
(2.36 g, 3.88 mmol, 77 % yield).
1

H-NMR (500 MHz, CD2Cl2): δ = 8.92 (d, 1H), 8.66 (m, 2H), 8.53 (m, 4H),

8.23 (d, 1H), 7.72 (t, 1H), 7.54 (t, 1H), 7.40 (d, 2H), 2.80 (m, 2H), 1.51 (s, 12H),
1.18 (d, 12H)
13

C-APT-NMR (500 MHz, CD2Cl2): δ = 164.04, 146.22, 137.94, 137.41,

136.10, 131.76, 129.28, 127.17, 123.97, 123.83, 122.87, 120.89, 120.39, 84.31, 29.05,
24.77, 23.65
HR-MS (FD): m/z [C40H38BNO4+] = calculated 607.290 found 607.294
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PMI-Fl(8)-Br
PMI-Bpin (0.30 g, 0.50 mmol, 1.0 eq.), Br-Fl(8)-Br (1.932 g, 3.52 mmol, 7.0 eq.)
and K2CO3 (2.56 g, 18.1 mmol, 36.0 eq.) were dissolved in 20 mL Toluene : EtOH
: H2O (8:1:1) degassed mixture in a 50 mL ﬂamedried schlenk. To this solution
Pd(PPh3)4 (0.126 g, 0.10 mmol, 20.0 mol %) was added. The solution was heated
to 75 °C and stirred overnight. The product was then extracted with CH2Cl2,
washed with water and dried over Na2SO4. The product was then impregnated
onto silica and run over a Flash Column (gradient: 100 % heptane to 95 % heptane
: 5 % Ethyl Acetate) to yield the product as a red powder (0.35 g, 0.37 mmol, 73
% yield).
1

H-NMR (500 MHz, CD2Cl2): δ = 8.65 (m, 2H), 8.50 (m, 4H), 8.10 (d, 1H),

7.92 (d, 1H), 7.73 (t, 2H), 7.59 (m, 6H), 7.41 (d, 2H), 2.84 (m, 2H), 2.09 (m, 4H),
1.19 (m, 36H), 0.87 (t, 6H)
13

C-APT-NMR (500 MHz, CD2Cl2): δ = 164.10, 153.42, 150.79, 146.13,

143.81, 140.02, 139.75, 138.99, 137.68, 137.50, 132.66, 131.82, 131.77, 131.66,
130.53, 130.10, 129.41, 129.29, 129.26, 129.05, 128.37, 128.29, 128.28, 126.94,
126.82, 126.40, 124.80, 124.06, 124.01, 123.63, 121.37, 121.33, 120.90, 120.77,
120.33, 120.12, 119.93, 55.68, 40.17, 31.80, 29.95, 29.27, 29.22, 23.92, 23.75, 22.63,
13.87
HR-MS (FD): m/z [C63H66BrNO2+] = calculated 949.427 found 949.430
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Scheme 5.4: Synthesis of TB2.
PMI-2Fl(8)-TPA
PMI-Fl(8)-Br (0.12 g, 0.13 mmol, 1.0 eq.), TPA-Fl(8)-Bpin (0.28 g, 0.29 mmol,
2.2 eq.) and K2CO3 (0.10 g, 0.72 mmol, 5.5 eq.) were dissolved in 20 mL Toluene
: EtOH : H2O (8:1:1) degassed mixture in a 50 mL ﬂamedried schlenk. To this
solution Pd(PPh3)4 (0.024 g, 0.02 mmol, 15.0 mol %) was added. The solution
was heated to 75 °C and stirred overnight. The product was then extracted with
CH2Cl2, washed with water and dried over Na2SO4. The product was then impregnated onto silica and run over a Flash Column (gradient: 100 % heptane to
50 % heptane : 50 % Ethyl Acetate) to yield the product as a dark red powder
(0.05 g, 0.03 mmol, 23 % yield).
1

H-NMR (500 MHz, CD2Cl2): δ = 8.70 (m, 2H), 8.61 (m, 4H), 8.18 (d, 1H),

7.99 (d, 1H), 7.83 (m, 5H), 7.89 (t, 2H), 7.77 (m, 7H), 7.65 (m, 5H), 7.41 (d, 2H),
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7.28 (d, 2H), 7.18 (d, 4H), 2.83 (m, 2H), 2.18 (m, 8H), 1.63 (m, 18H), 1.19 (m,
60H), 0.85 (m, 12H)
13

C-APT-NMR (500 MHz, CD2Cl2): δ = 164.10, 153.42, 150.79, 146.13,

143.81, 140.02, 139.75, 138.99, 137.68, 137.50, 132.66, 131.82, 131.77, 131.66,
130.53, 130.10, 129.41, 129.29, 129.26, 129.05, 128.37, 128.29, 128.28, 126.94,
126.82, 126.40, 124.80, 124.06, 124.01, 123.63, 121.37, 121.33, 120.90, 120.77,
120.33, 120.12, 119.93, 55.68, 40.17, 31.80, 29.95, 29.27, 29.22, 23.92, 23.75, 22.63,
13.87.
HR-MS (FD): m/z [C120H136NO6+] = calculated 1702.04 found 1702.00
TB2
PMI-2Fl(8)-TPA (0.05 g, 0.03 mmol, 1.0 eq.) was dissolved in 5 mL dry CH2Cl2.
0.5 mL TFA was added and the solution was stirred at room temperature overnight.
The solvent was evaporated, redissolved in CH2Cl2, washed with water and dried
over Na2SO4. The product was then impregnated onto silica and run over a Flash
Column (gradient: 100 % CH2Cl2 to 100 % Ethyl Acetate) to yield the product
as a dark red powder (0.04 g, 0.03 mmol, 84 % yield).
1

H-NMR (500 MHz, CD2Cl2): δ = 8.70 (m, 2H), 8.61 (m, 4H), 8.18 (d, 1H),

8.08 (d, 4H), 7.99 (d, 1H), 7.95 (d, 1H), 7.89 (t, 2H), 7.78 (m, 7H), 7.69 (m, 3H),
7.63 (m, 2H), 7.55 (t, 1H), 7.41 (d, 2H), 7.35 (d, 2H), 7.28 (d, 4H), 2.82 (m, 2H),
2.18 (m, 8H), 1.17 (m, 60H), 0.85 (m, 12H)
13

C-APT-NMR (500 MHz, CD2Cl2): δ = 164.10, 151.93, 151.62, 151.42,

146.15, 144.12, 140.85, 140.51, 140.33, 140.04, 139.87, 138.97, 138.52, 137.86,
137.72, 132.79, 131.93, 131.65, 130.65, 129.35, 128.93, 128.51, 128.47, 128.37,
128.28, 127.00, 126.94, 126.16, 125.79, 124.88, 124.15, 124.00, 123.80, 122.57,
121.55, 121.29, 120.92, 120.77, 120.43, 120.15, 119.83, 55.49, 55.43, 53.86, 53.64,
53.43, 53.21, 52.99, 40.34, 31.80, 31.78, 30.02, 29.99, 29.70, 29.29, 29.23, 29.20,
29.08, 24.05, 23.92, 23.72, 22.62, 22.60, 13.85, 13.83.
HR-MS (FD): m/z [C112H120NO6+] = calculated 1589.91 found 1589.92
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5.3.3. Reactor Design
Figure 5.18 shows the schematic drawing of the DSPEC reactor designed for this
study. The base of the reactor has been designed to be securely placed into a
ZAHNER-Elektrik light exclusion box. The numbers in Figure 5.18 indicate the
various component involved.
These components in the left picture include the Swagelok attachments for gas
detection by a GC (1), the contact point to a potentiostat (2), a mount for a photodiode to measure the illumination intensity (3) and the reference electrode (4).
On the right picture the components are: the photomask (5), the photoelectrode
(6), a septum (7), the counter electrode (8), a Naﬁon membrane (9), a cavity in
which ﬁts a small stirring bean (10) and ﬁnally a magnetic cuvette stirrer (11)
that is driven by an electronic stirrer model 300 by the Rank Brother LTD.

Figure 5.18. CAD drawing of the DSPEC reactor used in this study.

Two pictures of the assembled DSPEC are shown in Figure 5.19. This setup does
not show the lines that are connected to the GC via the Swagelok connections.
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Figure 5.19. Pictures of the reactor cell inside the ZAHNER-Elektrik light exclusion
box.
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Dye-Sensitized Solar and Photoelectrochemical Cells
Fundamental Insights and Design Principles

Summary
The Sun can be considered the center of life, and therefore (by extension) central
to humankind. From agricultural endeavors to the burning of fossil fuels, humans
have adopted a multifaceted approach in exploiting solar energy. The burning of
fossil fuels and—the concomitant releasing of years of stored solar energy back
into the Earth’s atmosphere—is causing detrimental consequences to the planet.
Given our dependence on this energy source, it is only natural for humans to turn
to the Sun once more, to see if we can directly use solar energy to sustain our
modern lifestyle.
Directly harvesting the energy from the Sun can be achieved by solar cells that
can convert energy from light into electrical current. The ﬁeld of solar cells has
been subjected to many years of constant innovation, with dye-sensitized solar
cells (DSSCs) as a most promising category. The aim of these solar cells is to
create high-eﬃciency and low-cost devices that can even be used under low lighting
intensity and integrated into the interior of buildings.
Besides converting solar energy into useable energy, eﬀectively storing this energy
to create a constant ﬂow of energy from an intermittent energy source is equally
important. Dye-sensitized photoelectrochemical cells (DSPECs) are devices that
mimic natural photosynthesis to store solar energy into chemical energy by splitting water into oxygen and hydrogen as the chemical energy source. In this thesis,
fundamentals and design principles of both dye-sensitized solar and photoelectrochemical cells are explored.
Some historical background information is required to fully comprehend the fundamentals of traditional silicon-based solar cells and DSSCs, which is presented
in Chapter 1. This is followed by the basic working principles of DSSCs and
accompanied by an exploration of the literature of DSSCs relevant to this thesis. Chapter 1 also describes the fundamentals of DSPECs, starting with a brief
description of natural photosynthesis and transitioning into the ﬁeld of artiﬁcial
photosynthesis.
During our studies, we discovered that the ﬁeld of DSSCs involves many diﬀerent
disciplines, including: spectroscopy, electrical engineering, nanofabrication, electrochemistry, organic chemistry, inorganic chemistry, condensed matter physics,
environmental sciences and techno-economics. All of these ﬁelds are subjected to
their own terminology and background knowledge and starting DSSC scientists
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are therefore often confronted with disciplinary barriers in the ﬁeld. Therefore,
we believe that advancements in the interdisciplinary ﬁeld of DSSC research demands an interdisciplinary approach. Chapter 2 was written to facilitate this
interdisciplinary approach by creating common grounds for all ﬁelds of research.
In this chapter, we presented the diﬀusion model that describes the J –V curve
of DSSCs (Figure 5.20), from which the most important performance parameters:
open-circuit voltage (V OC ), short-circuit current density (J SC ), ﬁll factor (FF)
and power conversion eﬃciency (PCE) can be derived. A total of 18 parameters
are embedded within the diﬀusion model that can be measured using various techniques, and these are described in depth within Chapter 2. Finally, commercial
aspects regarding DSSCs that need to be taken into consideration are also discussed in this chapter.

Figure 5.20. A theoretical J–V curve in the dark and under illumination indicating the
JSC , VOC , M P P and M P Pth from which the PCE can be calculated.
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The redox mediator is an important component of the electrolyte of the DSSC,
since it determines the maximal attainable V OC . In Chapter 3, Lindqvist polyoxometalate (POM)-based redox mediators (Figure 5.21) were explored to exploit
their high redox potentials for reduction (-0.40 and -0.90 V vs. NHE), which can
be favorably used in p-type DSSCs. We indeed found that p-type DSSCs based
on POM redox mediators with these high reducing redox potentials provide cells
that display a high V OC (423 and 514 mV). However, the low solubility of the
−
POMs compared to the traditional I−
redox couple results in a low overall
3 /I

PCE (0.0012 and 0.0016%) of the POM-based DSSCs. Nevertheless, the POMbased electrolyte, clearly illustrates the eﬀect that a greater reduction potential
can have on the V OC of a p-type DSSC.

Figure 5.21. DSSC with a Lindqvist Mo6 O219− polyoxometalate used in Chapter 3.

The molecular dyes of p-type DSSCs were explored in detail in Chapter 4. Here
two dyes (TB1 and TBV2, Figure 5.22) are presented that diﬀer only in the
electron donating properties to the dye by the introduced anchoring groups. The
TB1 dye has the traditional, benzoic acid anchor (in n-type DSSCs) conjugated
to the electronic system of the dye, while the TBV2 dye features a methylene
linkage between the carboxylic acid anchoring group and the dye. It has been
found that a more donating anchoring group redistributes the energy levels of the
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orbitals of the dye in such a way that the electron density of the highest occupied
molecular orbital (HOMO) is close to the surface of the semiconductor and that of
the lowest unoccupied molecular orbital (LUMO) is more distant from the surface.
This proximity of the HOMO to the semiconductor surface reduces the detrimental
eﬀect of charge recombination processes and increases the PCE of the DSSC. From
this we concluded that design principles and structural motifs traditionally used
in n-type DSSCs need to be re-evaluated for the application in p-type systems to
enhance their performance.

Figure 5.22. Molecular orbital structures of the TB1 and TBV2 illustrating the change
of HOMO, HOMO-1 (red/blue) and LUMO (cyan/orange) between the two dyes.
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In Chapter 5, we turned our attention to DSPECs, where a system was envisioned
where electron transfer from dye to proton reduction catalyst (PRC) is rapid, while
also shielding the photoelectrode surface from charge recombination processes.
The system that was envisioned incorporated a new dye (TB2) that has long alkyl
chains to shield the surface, and providing a hydrophobic layer for supramolecular
binding of the PRC (Figure 5.23).

Figure 5.23. Schematic representation of the envisioned photoelectrode of the DSPEC
in Chapter 5. The processes that are indicated are (1) excitation, (2) electron transfer
from the semiconductor to the excited dye, (3) electron diﬀusion, (4) electron injection
into PRC, (5) proton reduction, (8) catalyst recombination and (9) dye recombination.

TB2-based DSSCs outperform the TB1-based devices that were already introduced in Chapter 4. This increased performance was attributed to a reduced
charge recombination, thanks to the extended π-system. Furthermore, we showed
that supramolecular binding of a model PRC to the TB2 dye could be achieved by
hydrophobic interactions. While we demonstrated that the supramolecular binding could be achieved, the envisioned PRC could not be synthesized at this stage
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and further investigation is needed to obtain a proof-of-concept. Nevertheless,
the supramolecular binding and the initial experiments with a benchmark system
show promising results.
The research presented in this thesis contributes to a better understanding of the
fundamentals and design principles of p-type DSSCs and DSPECs. We believe that
an interdisciplinary approach is crucial in this research topic due to the multiple
disciplines involved. Future researchers need to take this approach into account
and together with these foundations and design principles, we believe that high
eﬃciency DSSCs and DSPECs are achievable.
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Samenvatting
Dye-sensitized zonne- en foto-elektrochemische cellen
basisinzichten en ontwerpprincipes

Samenvatting
De zon kan worden beschouwd als het middelpunt van al het leven en daarmee ook
van de mensheid. Van de ontwikkeling van landbouw tot aan het gebruik van fossiele brandstoﬀen, de mens heeft in de loop der eeuwen tal van manieren ontwikkeld
om de zon in te zetten als energiebron. Inmiddels is het evident dat het verbranden
van fossiele brandstoﬀen en het daarmee in relatief korte tijd vrijgeven van de op
aarde opgeslagen zonne-energie nadelige gevolgen heeft voor de planeet. Op dit
moment in de geschiedenis is het dan ook logisch om onze methoden te heroverwegen door te onderzoeken of we zonne-energie rechtsreeks kunnen gebruiken om
onze moderne leefstijl duurzaam te ondersteunen. Eén manier om direct energie
uit de zon te oogsten is door zonne-energie om te zetten naar elektrische stroom.
Zonnecellen maken een dergelijke omzetting mogelijk.
Binnen het onderzoeksveld van zonnecellen is de afgelopen decennia constant
geïnnoveerd, met de dye-sensitized zonnecel (DSZC) als een van de meest veelbelovende innovaties. De doelstelling is om met op kleurstof gebaseerde technologie zonnecellen te ontwikkelen die relatief goedkoop en zeer eﬃciënt zijn, ook
bij omstandigheden met weinig zonlicht. Zonlicht omzetten in bruikbare energie
is van beperkte betekenis als er geen sprake is van degelijke energieopslag. Effectieve opslag garandeert tenslotte het constant presteren van een energiebron
die van nature alleen intermitterend energie levert. Hierin kan de dye-sensitized
foto-elektrochemische cel (DSFEC) een sleutelrol vervullen. Dit apparaat imiteert natuurlijke fotosynthese door water in zuurstof- en energiehoudende waterstofatomen te splitsen en zonne-energie als chemische energie op te slaan. Dit
proefschrift werpt licht op de bouw, werking en ontwerpprincipes van zowel dyesensitized zonnecellen als dye-sensitized foto-elektrochemische cellen.
Om de beginselen van de traditionele zonnecel (op siliciumbasis) en van de DSZC’s
volledig te begrijpen, is het noodzakelijk om een blik op de geschiedenis van
de zonnecel te werpen. In hoofdstuk 1 wordt die geschiedenis dientengevolge
uiteengezet. Vervolgens worden de werkingsprincipes van de traditionele zonnecel en de DSZC beschreven en wordt ook de relevante literatuur geïntroduceerd.
Ook behandelt het eerste hoofdstuk de werking van de DSFEC’s. Daarbij worden
natuurlijke fotosynthese en de ontwikkeling van kunstmatige fotosynthese onder
de loep genomen.
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Het onderzoeksveld van de DSZC’s omvat een groot aantal disciplines, zoals spectroscopie, elektrotechniek, nanotechnologie, elektrochemie, anorganische chemie,
organische chemie, vastestoﬀysica, milieuwetenschappen en techno-economie. Elke
discipline heeft een eigen uitgangspunt en een eigen terminologie. Beginnende
DSZC-onderzoekers worden daarom vaak geconfronteerd door barrières tussen de
verschillende vakgebieden. Wij zijn deswege van mening dat dit vakgebied een
brede aanpak vereist, willen we het wetenschappelijk veld werkelijk vooruithelpen.
In hoofdstuk 2 wordt de basis voor zo een aanpak gelegd door de raakvlakken
van de verschillende disciplines in kaart te brengen.

Figure 5.24. Een theoretische J–V curve in het donker en in het licht, met de JSC ,
VOC , M P P en M P Pth gemarkeerd, waarmee de PCE berekend kan worden.

In dit hoofdstuk wordt ook het diﬀusiemodel uiteengezet. Dit model beschrijft
de J –V curve van de DSZC’s (ﬁguur 5.24). Hiermee kunnen de belangrijkste
prestatieparameters worden getoetst, zoals de nullastspanning (V OC a ), de korta
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sluitstroomdichtheid (J SC a ), de vulfactor (FFa ) en de eﬃciëntie van stroomconversie (PCEa ). In totaal zijn er achttien parameters in het diﬀusiemodel geïntegreerd. De diverse technieken die deze parameters meetbaar maken worden ook
in het hoofdstuk besproken. Aan het einde van het hoofdstuk worden een aantal
belangrijke commerciële aspecten van de DSZC’s behandeld.
De redoxbemiddelaar is een belangrijk onderdeel van de elektrolyt van de DSZC,
aangezien het de maximaal haalbare V OC bepaalt. In hoofdstuk 3 is het eﬀect
van de hoge reductiepotentialen (-0,40 en -0,90 V vs. NHEa ) van redoxbemiddelaars op basis van het Lindqvist-polyoxometalaat (POM) in het p-type DSZC’s
onderzocht. Hieruit wordt duidelijk dat de hoge reductiepotentialen resulteren in
een hoge V OC (423 en 514 mV). De lage oplosbaarheid van de POM’s vertaalt zich
naar een lage PCE (0,0012% en 0,0016%) van de op POM gebaseerde zonnecellen.
Toch laat de op POM gebaseerde elektrolyt duidelijk zien wat het eﬀect is van
een hoog reductiepotentiaal van de redoxbemiddelaar op de V OC van het p-type
DSZC.

Figure 5.25.
hoofdstuk 3.

a
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DSZC met een Lindqvist Mo6 O219− polyoxometalaat die gebruikt is in
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De moleculaire kleurstoﬀen van p-type DSZC’s worden uitvoerig onderzocht in
hoofdstuk 4. Hierbij komen twee kleurstoﬀen (TB1 en TBV2, ﬁguur 5.25) aan
bod die alleen van elkaar verschillen in de elektrondonerende vermogens van hun
verankeringsgroep. De TB1-kleurstof heeft de traditionele benzoëzuurverankeringsgroep (in n-type DSZC’s) die in dit geval geconjugeerd is met het elektronische
systeem van de kleurstof, terwijl de TBV2-kleurstof een methyleengroep tussen
het carbonzuur en de kleurstof heeft. Uit ons onderzoek wordt duidelijk dat een
verankeringsgroep met een hoger donatiepotentieel de moleculaire orbitalen van de
kleurstof dusdanig reorganiseert dat de highest occupied molecular orbital (HOMO)
dicht bij het oppervlak van de halfgeleider zit, terwijl de lowest unoccupied molecular orbital (LUMO) van dit oppervlak verwijderd is. De nabijheid van de HOMO
bij het halfgeleideroppervlak verzacht de negatieve eﬀecten van recombinatie van
de ladingen en verhoogt daardoor de PCE van de DSZC’s. Om de prestaties te
verbeteren is het dus nodig om de ontwerpprincipes die normaliter gebruikt worden
bij n-type DSZC’s te revalueren.

Figure 5.26. Moleculaire orbtitalen van de TB1 en TBV2 kleurstof, waarbij de verandering tussen de HOMO, HOMO-1 (rood/blauw) en LUMO (cyaan/oranje) geïllustreerd
is.
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In hoofdstuk 5 vestigen we onze aandacht op de DSFEC’s. Hierbij wordt een
systeem voorgesteld waarin de elektronenoverdracht van de moleculaire kleurstof
naar de protonreductiekatalysator (PRK) snel verloopt, terwijl de foto-elektrode
ook beschermd wordt tegen recombinatieprocessen. Het systeem gebruikt een
nieuwe kleurstof (TB2) met lange alkylstaarten die het oppervlak beschermen.
Tegelijkertijd biedt de kleurstof ook plaats aan de supramoleculaire binding van
de PRK.

Figure 5.27. Schematische weergave van de beoogde fotoelectrode van de DSFEC in
hoofdstuk 5. De weergegeven processen zijn: (1) excitatie, (2) elektron overdracht van
de halfgeleider naar de geëxiteerde kleurstof, (3) elektron diﬀusie, (4) elektron injectie in
de PRK, (5) proton reductie, (8) recombinatie vanuit de katalysator en (9) recombinatie
vanuit de kleurstof.

De op TB2 gebaseerde DSZC’s presteren beter dan de op TB1 gebaseerde zonnecellen die in het vierde hoofdstuk het onderwerp waren. Dit komt door een
verlaging van recombinatie van de ladingen, hetgeen te danken is aan het verlengde π-systeem. Ook wordt aangetoond dat het supramoleculair binden van een
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model-PRK aan de TB2-kleurstof mogelijk is. Helaas is de beoogde katalysator
vooralsnog niet gesynthetiseerd. Er is dan ook verder onderzoek vereist om een
proof-of-concept te kunnen leveren. Desalniettemin zijn de initiële resultaten van
het supramoleculaire binden en de eerste experimenten met het referentiesysteem
zeer veelbelovend.
Het onderzoek dat in deze thesis gepresenteerd wordt heeft bijgedragen tot een
beter begrip van de bouw, werking en ontwerpprincipes van p-type DSZC’s en
DSFEC’s. Omdat dit onderzoeksveld veel verschillende disciplines samenbrengt,
zijn wij ervan overtuigd dat goed en betrouwbaar onderzoek een brede benadering
vereist. Als toekomstige onderzoekers een brede aanpak hanteren en de conclusies
van dit proefschrift in acht nemen, achten wij hen beslist in staat om zeer eﬃciënte
DSZC’s en DSFEC’s te verwezenlijken.
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Ook al staat er één auteur op de voorkant van deze thesis, kan al dit werk niet
gedaan zijn zonder de hulp van collega’s, vrienden en familie. In dit dankwoord
zou ik graag deze mensen in het zonnetje willen zetten.
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begeleid. Ik kon met elk gek idee naar jou toekomen en heb je me alle middelen
en de vrijheid gegeven om deze ideeën uit te werken. Na mijn master wist ik bijna
zeker dat ik geen PhD wilde doen, maar toen jij mij een PhD-positie aanbood in de
Homkat groep, op zo’n interessant onderwerp, kon ik natuurlijk moeilijk weigeren.
Tijdens mijn PhD heb je me (zoals gewoonlijk) heel erg vrijgelaten. Ik kon zelf
met ideeën komen en deze werden dan ontvangen met kritische vragen en goede
’out-of-the-box’ aanvullingen. Deze aanpak van jou waardeer ik enorm en heeft
mij doen groeien in de afgelopen jaren. Ik hoop dat we in de toekomst nog veel
samen kunnen werken en dat we nog mooie projecten kunnen neerzetten.
Next, I would like to thank my co-promotores. Simon for everything he has done
during my PhD. At the beginning of my PhD, you taught me everything I need
to know regarding solar cell assembly and dye synthesis. Together we ﬁgured out
what equipment would be needed to properly measure these solar cells. Finally,
you helped me tremendously with writing academic papers, proposals and this
thesis. Besides all the help in the lab, I also enjoyed our beer sessions and conversations about pretty much everything. I wish you all the best in your new home,
and I hope to do many more beers and projects with you.
Remco, de gesprekken met jou tijdens de mini-meetings of tijdens de Merck presentaties zijn ontzettend waardevol voor mij geweest. Jij bent in staat om het
grote plaatje voor je te zien en kan hierdoor kritische vragen stellen. De link die
jij kan leggen tussen de fundamentele wetenschap en de vraag van de maatschappij
vind ik ook erg interessant. Tot slot vond ik het ook leuk dat jij samen met TNO
interesse hebben in de DSPEC-reactor die we aan de UvA ontwikkeld hebben.
This thesis would not have been possible without our ﬁnancial partner Merck. I
would like to thank Matthias Koch for his supervision and his input during the
semi-annual meetings
The defense and the evaluation of this thesis would not be possible without the help
of the committee. Jarl, ik heb ontzettend veel respect voor jou als wetenschapper
en jouw werkmentaliteit. Ik ben daarom ook vereerd dat jij deel wilt nemen aan
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mijn commissie. Jan, Bij de scheikundecolleges van het vak ’van de Oerknal naar
het Leven’, in de Bèta-Gamma studie, heb jij mij kunnen overtuigen om de richting
van de scheikunde op te gaan. Sindsdien heb jij altijd deel uitgemaakt van mijn
projectpresentaties en kwam je altijd met ﬁlosoﬁsche vragen, om mijn Gammakant toch nog wat aan te scherpen. René, de colleges die jij hebt gegeven over de
raakvlakken tussen chemie en licht hebben mij altijd gegrepen. Ik ben met veel
plezier naar deze colleges gegaan. Ook met vragen die ik had tijdens mijn PhD kon
ik bij jou terecht. Hierdoor ben ik ontzettend blij dat jij ook deel wilde nemen aan
mijn commissie. Sonja, you were the last one that I added to my list of committee
members, and I am very happy that you agreed to participate. You are very social
and a pristine scientist. I really enjoyed working on the GC together, and I hope
we will have some nice collaborations soon. Elizabeth, you introduced me to the
beautiful, yet complicated ﬁeld of electrical impedance spectroscopy. You are very
inspirational and always happy to have some nice discussions. I am glad that you
agreed to be in my committee and I hope to stay in touch in the future. Erwin
Reisner, when I ﬁrst started this PhD, your papers and presentations were an
inspiration for many of the projects involved. For me, it was therefore logical to
ask whether you would like to be part of my committee. When you agreed to this,
I felt (and still feel) very honored. I hope to have some collaborations in the future
and that you enjoy your time in the Netherlands.
Op naar drie personen die tijdens mijn gehele studie achter mij hebben gestaan. Als
eerste mijn broertje, brow, kamergenoot, collega (baas) en nu paranimf: Tobias.
Wij hebben ons hele leven samen opgetrokken en kennen elkaar door en door.
Je hebt een ontzettend groot empatisch vermogen en wil graag iedereen helpen.
Deze eigenschap waardeer ik enorm en heeft mij ook met de gehele studietijd
geholpen. Nu ik weer in Den Bosch woon zullen we vast weer meer tijd samen gaan
doorbrengen. Hierbij hoop ik ook dat jij en Anne-Claire, wiens veerkracht en
karakter inspirerend is, een mooi huisje gaan vinden. Ook Andrea wil ik bedanken
voor haar gezelligheid en Maurice voor het plaatjes draaien. Ten tweede, Tessel,
vanaf het begin van de studie konden wij het al snel met elkaar vinden. Samen
hebben we ﬂink wat boeken verslonden en ook ﬂink wat biertjes mogen nuttigen.
Tijdens onze PhD-tijd bij Homkat is onze band alleen maar sterker geworden. We
hebben samen zonnecellen gemaakt, data geïnterpreteerd en moleculen gemaakt.
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Jouw manier van werken en gevoel van recht en onrecht is opmerkelijk en zeer
inspirerend. Met jouw kwaliteiten ligt een fantastische academische carrière in het
verschiet en ik verwacht dat wij elkaar nog vaak gaan treﬀen. Ten derde, Klaas,
zonder dat wij het wisten stonden wij samen in een moshpit op het Sziget festival
voordat wij samen gingen studeren. Wie had toen kunnen weten wat wij allemaal
mee zouden maken in die jaren daarop. Jij bent in mijn ogen de verwezenlijking
van het ’work hard, play hard’ gezegde. Zolang je dit niet verliest ben ik ervan
overtuigd dat ik je binnen de kortste keren Professor van Leest mag noemen.
Geniet van je tijd in Hong-Kong en dan gaan we snel weer hossen op de markt,
een terrasje of festivalletje pakken of een avondje ﬁlosoferen.
Tijdens mijn PhD heb ik mogen genieten van de inzet, kennis en capaciteiten
van een aantal talentvolle studenten. Maartje en Rens, ik was nog niet zo lang
bezig met mijn PhD toen jullie bij mij jullie bachelor project gingen doen. De
leergierigheid en het analytisch denkvermogen van jullie beide is mij ontzettend
bijgebleven. Bas, samen hebben wij een interessant project mogen opzetten en heb
je veel synthese gedaan. Ik ben blij dat dit project gepubliceerd gaat worden, want
dat heb je ook zeker verdiend. Emma, jouw discipline en netheid is inspirerend
en is beter dan ikzelf ooit zou kunnen. Robin, ik heb genoten van jouw optimisme
(zelfs tijdens de lockdown) en ik denk dat jij alles in je hebt om een super leraar te
worden! Myrthe, vanaf dag één was jij al ontzettend zelfstandig en doortastend.
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maar door en door gaan, iets wat zeer noemenswaardig is.
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beginnen met mijn partner in crime: Didjay. Wij zijn samen begonnen aan het
’Merck’ project en gingen natuurlijk al snel samenwerken. Ik heb genoten van de
enorme bonk energie die jij bent. Je geeft ontzettend veel om je medemens en weet
al snel wat iemand nodig heeft. Dit zijn erg waardevolle eigenschappen die ik ook
erg bij je ben gaan waarderen. Ik weet zeker dat jij je PhD ook snel zal afronden
en dat je heel trots zal op wat je de afgelopen jaren gedaan hebt. Ik ben in ieder
geval trots op je! Marie, ook wij hebben al ﬂink wat dingen samen meegemaakt.
Een paar leuke buitenlandexcursies, een geweldig bestuursjaar en nu samen een
PhD op ongeveer hetzelfde onderwerp. Op de discipline en drive die jij hebt, kan
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ik af en toe wel jaloers zijn. Ook jouw leergierigheid is ﬁjn om mee te maken. Met
deze eigenschappen weet ik zeker dat jij alles kan doen wat je zou willen in de
toekomst. Wojchiech, you joined the Homkat-gang when I was already halfway
during my PhD. We immediately found that we have many things in common and
had some very nice parties together. I really admire your proactiveness and your
social skills. In academia you want to learn everything in the ﬁnest details, before
you consider yourself an expert. Thank you for being a nice fumehood-neighbour
and I expect many beers and vodkas in the future. Tom, mijn andere buurman.
Jij staat altijd klaar om tips te geven over van alles en nog wat. Ook tijdens de
mini-meetings stel je kritische vragen en heb je goede antwoorden. Ik denk dat wij
snel weer een potje Smash Bros. tot diep in de nacht moeten doen. Valentinos,
thanks for all of the nice times we had. Our time at Schiermonnikoog and in Italy
was amazing and we had some good laughs during our paranimf-time for Klaas.
Good luck with your defense and we will keep in touch.
Ming-hui, thank you for your beautiful smile every morning when I come into the
oﬃce. David, thank you for your good suggestions, and good luck with ﬁnishing
your thesis. Roel, ik heb ontzettend genoten van jouw memes en droge humor.
Eddy, keep up the amazing work in the lab, and at thank you for the music
at the parties. Eline, dankjewel voor alle feestjes en we zien elkaar vast een
keer met Carnaval. Johan, ik heb genoten van jouw presentatie-skills. Xander,
succes met de laatste loodjes van je onderzoek, het gaat allemaal vast goedkomen.
Eva, ik bewonder jouw inzet voor het onderzoek en je eerlijkheid. We moeten
maar snel weer gaan hossen op de markt. Nicole, dankjewel voor je hulp bij de
glovebox. Dirk, laten we snel weer wat biertjes gaan drinken en goed bijkletsen!
Lukas, ik heb ontzettend gelachen met jou op Schiermonnikoog in de Tox bar en
tijdens de pubquiz. Pieter, thanks voor de gezellige tijd op de terrasjes. Felix,
thanks voor alle ﬁjne BBQ avonden! Lotte, dankjewel voor je goede vragen
tijdens mijn presentaties. Cat, ik ben onder de indruk hoe snel jij Nederlands
geleerd hebt. Fatna en Taasje dankjewel voor al jullie hulp achter de schermen.
Xavier, thank you for all the nice times during the parties. Zohar, dankjewel
voor de leuke gesprekken. Bas, jouw colleges van anorganische chemie vond ik
fantastisch. Ook tijdens mijn PhD heb je altijd goede feedback gegeven en was
je altijd in voor een biertje. Ed, bedankt dat je mij hebt geleerd hoe ik FD-MS
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